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Integrated single-cell and bulk
RNA-Seq analysis enhances
prognostic accuracy of PD-1/
PD-L1 immunotherapy response
in lung adenocarcinoma

through necroptotic anoikis gene
signatures

Ping Sui'%, Xueping Liu*¢, Cheng Zhong*“** & Zhanming Sha***

In addition to presenting significant diagnostic and treatment challenges, lung adenocarcinoma
(LUAD) is the most common form of lung cancer. Using scRNA-Seq and bulk RNA-Seq data, we
identify three genes referred to as HMR, FAM83A, and KRT6A these genes are related to necroptotic
anoikis-related gene expression. Initial validation, conducted on the GSE50081 dataset, demonstrated
the model’s ability to categorize LUAD patients into high-risk and low-risk groups with significant
survival differences. This model was further applied to predict responses to PD-1/PD-L1 blockade
therapies, utilizing the IMvigor210 and GSE78220 cohorts, and showed strong correlation with patient
outcomes, highlighting its potential in personalized immunotherapy. Further, LUAD cell lines were
analyzed using quantitative PCR (qQPCR) and Western blot analysis to confirm their expression levels,
further corroborating the model’s relevance in LUAD pathophysiology. The mutation landscape of
these genes was also explored, revealing their broad implication in various cancer types through a
pan-cancer analysis. The study also delved into molecular subclustering, revealing distinct expression
profiles and associations with different survival outcomes, emphasizing the model’s utility in precision
oncology. Moreover, the diversity of immune cell infiltration, analyzed in relation to the necroptotic
anoikis signature, suggested significant implications forimmune evasion mechanisms in LUAD.

While the findings present a promising stride towards personalized LUAD treatment, especially in
immunotherapy, limitations such as the retrospective nature of the datasets and the need for larger
sample sizes are acknowledged. Prospective clinical trials and further experimental research are
essential to validate these findings and enhance the clinical applicability of our prognostic model.

Current- and ex-smokers, as well as non-smokers, are at high risk of lung adenocarcinoma (LUAD), the pre-
dominant histologic subtype of lung cancer. Accounting for about 40% of lung cancer cases', LUAD has a
bad prognosis with an only approximately 16% 5-year survival rates®. Patients with early-stage LUAD may be
able to undergo standard surgery, but those with advanced LUAD will still face considerable challenges from
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conventional radiology and chemotherapy**. This critical situation has led to the development of immune check-
point inhibitors, particularly those targeting PD-1 and PD-L1, have transformed the therapeutic landscape, offer-
ing hope for better outcomes®. However, the variability in response to these therapies underscores the necessity
of identifying novel approaches and refining patient selection to enhance the efficacy of treatment in LUAD.

In recent research on the tumor microenvironment, cancer-associated fibroblasts (CAFs) have been identified
as playing a pivotal role in various cancers®. These cells originate from normal fibroblasts, which are transformed
under the influence of hormones and cytokines within the tumor microenvironment. GPX8 has been impli-
cated in fostering an immunosuppressive tumor microenvironment, which contributes to the adverse prognosis
observed in LUAD’.

Diverse forms of programmed cell death have long been focal points of tumor research. There are numerous
factors making tumor progression possible, but necroptosis, mediated by RIP1 kinase and RIP3, is one of the
most important. Necroptosis has a significant impact on tumor outcome®. Additionally, necroptosis regulatory
factors and their transcriptional changes could markedly impact cancer prognosis in various solid tumors®'!.
Found by Seifert el al, relationship exists between necroptosis and tumor microenvironment (TME) signaling
through the RIP1/RIP3 pathway'?. Additionally, several studies have demonstrated that necroptosis can also
promote tumor growth by recruiting inflammatory immune cells’.

Anoikis occurs when cells detach from the extracellular matrix (ECM), disrupting integrin ligation, a neces-
sary function of tumor cells after detachment from the ECM'. Through both intrinsic and extrinsic pathways,
various molecular markers including TNF-a, Bcl-2 and novel signal pathways induced by anoikis have been
identified as a crucial factor in tumor progression'>~”. Anoikis is uniquely capable of influencing cancer progres-
sion and metastatic spread due to its immune-related checkpoints, offering new immunotherapeutic approaches.

All mentioned evidence suggests a significant interplay between necroptotic anoikis in the context of lung
adenocarcinoma (LUAD). To address these above challenges, our study initially focuses on unraveling the intri-
cate interactions at the single-cell level to unveil the underlying mechanisms driving LUAD progression. Expand-
ing our exploration to the transcriptomic landscape. Building on these results, we develop predictive models
to assess immune infiltration and identify potential therapeutic targets. Ultimately, our aim is to enhance the
treatment against lung cancer, particularly by improving the efficacy of PD-1 and PD-L1 checkpoint inhibitors,
thus paving the way for more personalized and effective therapeutic strategies.

Materials and methods

Single cell and bulk RNA-seq data sources and processing

Lung carcinoma tissue samples, sourced from the Cancer Genome Atlas (TCGA) database (https://cancergeno
me.nih.gov/), were analyzed for gene expression patterns. This analysis incorporated vital clinical factors like
patient’s survival status, total lifespan post-diagnosis, demographic details (age and gender), and the grading
of the lung carcinoma. Samples missing comprehensive survival data were omitted from the study. The TCGA
database provided a wealth of information, including RNA sequencing transcriptome profiles (quantified as
FPKM values) and in-depth clinicopathological characteristics from a cohort of 500 lung carcinoma cases and
59 healthy lung tissue samples. A thorough examination of genetic alterations in these lung carcinoma patients
was undertaken, with a focus on identifying patterns in somatic mutations and copy number variations (CNVs).
To further substantiate these findings, additional comparative analysis was carried out, involving 127 lung carci-
noma specimens, retrieved from the GEO database with the accession of GSE50081. This comparative approach
aimed to validate the initial observations and explore any potential genomic markers or trends unique to lung
carcinoma.

Adenocarcinoma tissues from the GSE149655 and GSE162498 datasets were sequenced on the 10X Genomics
platform using single-cell RNA sequencing (scRNA-seq). A comprehensive bioinformatics protocol was applied
to the scRNA-seq data. Initially, we used the Seurat analytical package for preprocessing. As part of this project,
a correlation assessment was conducted to determine relationships between sequencing depth, mitochondrial
gene representation, and intracellular gene counts using the PercentageFeatureSet function for quantifying mito-
chondrial gene expression compared to total gene expression.

For a rigorous analytical framework, gene expression was filtered, retaining only those genes expressed in a
minimum of 5 cells. Cell selection criteria were stringently applied, encompassing a range of gene expression
(over 300 and under 5000 genes), a mitochondrial gene percentage below 10%, and a threshold of 1000 unique
molecular identifiers (UMIs) per cell. Post-filtering, scRNA-seq data normalization was conducted via the Log-
Normalize method, laying the groundwork for accurate subsequent analyses.

Determination and annotation of necroptotic anoikis-associated DEGs
Genes associated with anoikis were identified through comprehensive database searches in GeneCards [https://
www.genecards.org/] and Harmonizome [https://maayanlab.cloud/Harmonizome/], using ‘Anoikis’ as the prin-
cipal search parameter. This approach resulted in the identification of 640 genes related to anoikis and 67 genes
connected to necroptosis. These genes were then rigorously screened, applying a relevance threshold of 0.4. An
unsupervised clustering analysis, focusing on the expression patterns of these necroptotic anoikis-related genes,
was performed using the consensusClusterPlus package in the R programming framework.
Necroptosis-related genes were extracted from a curated selection of existing scientific publications. A Pear-
son correlation examination was initiated to delineate the associations between genes governing overall anoikis
and necroptosis, adhering to strict parameters: a Correlation Coefficient (Cor) exceeding 0.6 and a significance
level (P-value) below 0.05. This meticulous process unveiled 25 genes distinctly linked to necroptotic anoikis.
Further, a comparative analysis of these genes was undertaken. In this phase, the overall profile of differentially
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expressed genes (DEGs) was ascertained, guided by criteria of an absolute fold change surpassing 0.585 and a
p-value under 0.05.

Unsupervised clustering of necroptotic anoikis-associated differentially expressed genes
Cluster analysis devoid of supervision was executed utilizing the ConsensusClusterPlus package in R, leverag-
ing the k-means algorithm, a mainstay in machine learning. This approach involves categorizing cases into
distinct groups based on specific biomarkers or signatures indicative of certain biological states or processes.
The expression patterns of these hallmark gene sets mirror these specific biological dynamics. After multiple
sampling, the optimal k value was identified when the number of clusters k=2, 3, 4, ... 9. Analyzing variations
in the Cumulative Distribution Function (CDF) curve areas by employing tools like the Item-Consensus plot
and the Proportion of Ambiguous Clustering score, the determination of the ideal cluster quantity was achieved
when the index was up to the approximate maximum. This led to the delineation of two separate clusters in the
context of necroptotic anoikis, designated as cluster A and B. Following this, a comparative analysis of the Overall
Survival (OS) rates between these clusters was conducted, employing Kaplan-Meier survival plots.

Correlations between necroptotic anoikis-associated gene signature and clinical parameters
From the univariate Cox regression scrutiny of the intersected genes related to necroptotic and immune responses
in lung cancer, P-values exceeding 0.01 were deemed statistically significant. Following this, a Cox regression
construct, underpinned by the LASSO (Least Absolute Shrinkage and Selection Operator) approach, was devel-
oped. This model integrated genes with identified prognostic value from training cohorts within The Cancer
Genome Atlas (TCGA). The prognostic coefficients for these genes were determined by implementing a tenfold
cross-validation on the lambda values extracted from the ‘glmnet’ package.

This process led to the identification of a risk signature correlating with both necroptotic and immune
response, effectively prognosticating patient outcomes in lung carcinoma. The risk score was computed using
the formula:

n
Riskscore = E ) 1Coeﬁ * Xi
i=

On the basis of the median risk score, lung carcinoma patients were grouped into high-risk and low-risk
categories. Kaplan-Meier analysis and log-rank tests were used to compare overall survival times between the
groups. To evaluate the predictive accuracy of the gene signature, survival, survivalminer, and timeROC pack-
ages were used. A similar statistical method and formula were used in order to confirm the prognostic validity
of this gene signature in lung carcinoma in the GEO cohort.

Identifying a prognostic signature of necrotic anoikis subcluster and its response to chemo-
therapy drugs

Using single-sample gene set enrichment analysis (ssGSEA), we examined the differences in immune cell infiltra-
tion between populations at high and low risk. To determine the efficacy of riskscore as a predictor of immuno-
therapy response, a comparative analysis of immune checkpoint expression levels was performed. Additionally,
the oncoPredict R package was used to identify disparities in the effectiveness of targeted therapies among
different patient cohorts.

Function enrichment analysis

ClusterProfiler R package’s Gene Set Enrichment Analysis (GSEA) feature was used to analyze function enrich-
ment. As part of this analysis, MSigDB was used as the source of the gene set ‘c2.cp.kegg.v7.4.symbols.gmt’
from the C2 gene set. It was found that the top five hallmark gene sets in each subgroup, prioritizing those with
a p-value below 0.05, were related to functional pathway differences between these subtypes. Moreover, func-
tional pathway differences between these subtypes were determined by gene set variation analysis. To determine
whether differentially expressed genes (DEGs) have gene ontology (GO) and Kyoto Encyclopedia of Genes and
Genomes (KEGG) features, we used the ‘clusterProfiler’ R package, focusing on g-values less than 0.05 to deter-
mine statistical significance. To visually delineate the enriched KEGG pathways among the subtypes, heatmaps
were meticulously crafted using the ggkegg function within the ggplot2 R package. This method involved map-
ping statistically significant KEGG pathways to their corresponding gene expression profiles'®-’. The resulting
heatmaps were then color-coded based on the degree of enrichment, providing a detailed and intuitive visu-
alization that underscored the distinct biochemical pathways active in each subtype, essential for interpreting
complex biological differences.

Predictive nomogram development and validation
Evaluating the prognostic efficacy of a risk score for lung cancer involved both univariate and multivariate Cox
regression analyses, coordinated with clinical factors like age and sex. These analyses identified independent
factors for prognosis, adhering to a p-value significance criterion under 0.05. An interactive graphical repre-
sentation, a nomogram, was developed using the ‘regplot’ package in R, designed to forecast overall survival
probabilities at 1, 3, and 5 years for individuals with lung cancer.

The accuracy of these prognostic estimations was validated through the construction of calibration curves.
To appraise the predictive significance and discriminatory power for 3, 5, and 10-year survival intervals,
Kaplan-Meier survival plots were employed along with time-dependent receiver operating characteristic (ROC)
analyses. Further, a decision curve analysis (DCA) was executed to affirm the predictive utility and clinical
applicability of the nomogram in the context of lung cancer prognosis.
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Immune infiltration analysis

The ESTIMATE algorithm, which utilizes gene expression signatures to approximate the proportion of immune
and stromal cells within tumor samples, was employed to calculate the ImmuneScore, StromalScore, and ESTI-
MATEScore for predicting tumor purity. These scores were correlated with DRG expression using Spearman’s
method, with results depicted in scatter plots that include p-values and correlation coefficients.

For the assessment of tumor microenvironment (TME) cell infiltration, we employed the single-sample gene
set enrichment analysis (ssGSEA) approach using the “GSVA” R package. This method facilitates the evaluation of
immune cell presence based on gene expression profiles indicative of specific immune cells. Using Spearman cor-
relation analysis, we investigated the associations between key genes and various immune cell types, streamlining
the focus to include key immune populations such as activated B cells, CD4+ and CD8+ T cells, dendritic cells,
and natural killer cells among others, providing a comprehensive yet concise assessment of immune landscape
within the tumor microenvironment.

Process of epigenetic mutation data

Somatic alteration data for the TCGA-LUAD cohort were acquired from the TCGA database, facilitating an in-
depth analysis of genetic variations. Tumor Mutational Burden (TMB) was meticulously defined as the total count
of somatic, coding, base substitution, and insertion-deletion mutations per megabase of the genome sequenced.
This calculation included non-synonymous and frameshift indels, adhering to a stringent 5% detection threshold
to ensure precision. For the quantitative assessment of somatic non-synonymous point mutations within indi-
vidual samples, the “maftools” R package was employed. This package not only provides comprehensive tools
for the analysis, visualization, and summarization of mutation annotation format (MAF) files but also supports
comparative studies and co-occurrence analysis. All analyses were performed using R version 4.1.3 (14/12/2023),
providing a reliable and consistent computational environment.

Cell culture

The lung cancer cell lines A549, along with normal lung fibroblast cells (MRC-5), were sourced from the Ameri-
can Type Culture Collection (ATCC). To prevent bacterial growth, a culture medium composed of Dulbecco’s
Modified Eagle Medium (DMEM, Gibco, USA) enriched with 10% fetal bovine serum (FBS) and supplemented
with 100 g/mL of a 1% penicillin-streptomycin solution was utilized. Cell cultures were maintained in an incu-
bator set at 37 °C with a 5% humidity level, ensuring optimal conditions for cellular proliferation and health,
which are critical for the validity of lung cancer research experiments.

RNA isolation followed by quantitative reverse transcription-polymerase chain reaction
(qRT-PCR) analysis

Quantitative real-time PCR (qRT-PCR) was utilized to evaluate gene expression levels in the human lung adeno-
carcinoma cell lines A549, as well as in MRC-5 normal lung fibroblasts. Total RNA was extracted using Trizol
reagent (ThermoFisher, 15596026), and its purity and concentration were assessed using a NanoDrop 2000 spec-
trophotometer. Reverse transcription and qRT-PCR were conducted in accordance with the protocols provided
with the TSK301 Reverse Transcription System Kit (Masterbio TSK301M).

The SYBR Green RT-qPCR Master Mix, essential for qRT-PCR, was supplied by Tsingke Biotechnology Co.,
Ltd. (Beijing, China). Primers targeting specific genes were designed and synthesized by GeneWIZ Bioengineer-
ing Co. in Suzhou. The PCR conditions included a denaturation step at 95 °C for 10 s, annealing at 60 °C for 30's,
and an elongation phase at 60 °C for 30 s. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) served as an
internal control, and gene expression levels were normalized against it for quantitative assessments.

Cell cultures of A549 and MRC-5 lines were grown in DMEM (Gibco, USA) enriched with 10% fetal bovine
serum (ABW, AB-FBS-1050S, Uruguay) and 100 g/mL penicillin-streptomycin (Invitrogen, Carlsbad, CA, USA).
Cultivation occurred in a humidified atmosphere containing 5% CO2 at 37 °C, adhering to standard protocols.
Cells were used for experimental purposes when they reached approximately 80% confluence during the loga-
rithmic phase of growth. The study details specific primer sequences for each investigated gene, which include:

For KRT6A: Forward primer: ACCAGACCTTGCCGTTCATTAT, Reverse primer: TGACGTGGGAGTTGT
GGATG.

For HMMR: Forward primer: GCTTGAGGTGTAGATGTGTCC, Reverse primer: CCCACGGGGCAAGAT
TTGAA.

For FAM83A: Forward primer: GCAAAACAGGGAAGAGTGTTCAT, Reverse primer: TAAGCCAACTCC
AAGCCTGA.

Western blotting

In this lung cancer investigation, Western blot analysis was conducted with proteins extracted from human
lung adenocarcinoma cell lines (A549) and normal lung fibroblast cells (MRC-5). Protein extraction entailed
lysing cells in RIPA buffer supplemented (Beyotime, Shanghai, China) with a PMSF protease inhibitor (CoWin
Biosciences, Jiangsu, China) at a 1:100 ratio. Total protein was quantified using a bicinchoninic acid (BCA)
protein assay kit (Thermo Scientific, Guangzhou, China). After quantification, each protein sample, measuring
10 pg, was loaded onto a 10% sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE). Following
electrophoresis, proteins were transferred to a 0.45 um polyvinylidene difluoride membrane. These membranes
were initially incubated with primary antibodies overnight at 4 °C, targeting KRT6A (BS, 1:1000), HMMR (BS,
1:1000), FAMS83A (BS, 1:1000), and GAPDH (CST, 1:1000) as a standard reference. Protein band visualization
was achieved using a chemiluminescence imaging system (Beijing, China) and an ECL chromogenic substrate
kit (Thermo Fisher Scientific, Guangzhou, China).
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Statistical analysis

In this research, version 4.3.1 of the R software environment was utilized for rigorous data processing, analysis,
and visualization. The Kaplan-Meier method, facilitated by the ‘survival’ package in R, was employed to assess
survival data, along with log-rank test computations for survival analysis. LASSO regression, integrating cross-
validation techniques, was performed using the ‘glmnet’ package. Receiver operating characteristic curves (ROCs)
were generated in conjunction with the survival package, utilizing the ‘survminer’ package. For data following a
Gaussian distribution, the Student’s ¢-test was applied, while the Wilcoxon rank-sum test was used for datasets
deviating from normal distribution. Comparative statistical assessments between two distinct datasets involved
methods such as the ¢-test and the Mann-Whitney U test. For multi-group comparisons, one-way analysis of
variance (ANOVA) was the chosen method. Data visualization was achieved with ‘ggpubr’ and ‘ggplot2’, which
are well-regarded R packages for producing high-quality graphical representations. A p-value of 0.05 was estab-
lished as the criterion for statistical significance across all comparative evaluations, barring specific exceptions.

Results

ScRNA-Seq analysis of necroptotic anoikis genes in LUAD

The gene expression profiles related to necroptotic anoikis in lung adenocarcinoma (LUAD) were meticulously
evaluated. Clustering analysis, based on data from 10 patients in the GEO database (GSE149655 and GSE162498),
was performed (as shown in Fig. 1A,B). This analysis involved assessing the association between two programmed
cell death pathways and identified clusters by computing a “necroptosis score” and “anoikis score” (Fig. 1C,D).
The role of cancer-associated fibroblasts (CAFs) in the immune microenvironment was acknowledged by select-
ing marker genes ACTA2, FAP, PDGFRB, and NOTCH3* ", aiding in dimensionality reduction for the clustering
analysis, which identified five CAF clusters (Fig. 1E).

The study also analyzed the proportion of each CAF subtype in various samples (Fig. 1F). Pathway analysis
revealed functional differences among clusters, with ECM-receptor interaction and focal adhesion being promi-
nent in certain clusters, potentially contributing to anoikis resistance (Fig. 1G). UMAP clustering differentiated
malignant from non-malignant cells (Fig. 1H).

The relationship between the counts of unique molecular identifiers (UMIs) and mRNAs was investigated,
showing a strong association, but no clear correlation with mitochondrial gene content (Supplementary Fig. 1A).
Pre- and post-quality assurance data were visualized using violin plots (Supplementary Fig. 1B,C). Principal
component analysis (PCA) indicated the exclusion of the 10th principal component from further analysis, given
its statistical significance (Supplementary Fig. 1D,E).

To further explore necroptotic anoikis-related signatures, the study detailed the differential gene expression
across the identified clusters (Supplementary Fig. 2A). Variations in gene expression among these clusters were
quantified, providing a deeper understanding of the diverse gene expression patterns related to necroptotic
anoikis in LUAD. In Supplementary Fig. 2B, we showed the top five marker genes among these identified clusters,
which illustrated the difference in signature gene expression. Furthermore, we next explored various genes across
different cell clusters in Supplementary Fig. 2C. These results clearly indicated there were significant differences
among the clusters we categorized.

Mutation landscape of necroptotic anoikis genes in LUAD

The mutation analysis of necroptotic anoikis genes in lung adenocarcinoma (LUAD) revealed significant genetic
alterations within a subset of the cohort, as derived from the GEO dataset. An OncoPrint visual representation
highlighted these mutations in 224 out of 616 samples (36.36%), underscoring the prevalence of genetic aberra-
tions (Fig. 2A). Notable genes with frequent alterations included ITGA8 (9%), ZEB1 (7%), ZEB2 (6%), among
others, exhibiting a range of mutation types from missense to frameshift deletions. These genes were proved to
relate with programed cell deaths and cancer immune in previous studies®*-%.

The study further examined the distribution of these mutations across various LUAD patient samples, uncov-
ering a heterogeneous pattern of genetic changes. Boxplots illustrating the expression levels of these genes
revealed significant variability across patients, suggesting potential links to diverse clinical outcomes (Fig. 2B).
A frequency plot was used to detail mutation frequencies for each gene (Fig. 2C), coupled with boxplots that
outlined the expression levels of these genes (Fig. 2D). This approach shed light on the complex mutation land-
scape of necroptotic anoikis regulatory genes in LUAD, laying the groundwork for subsequent investigations
into their functional roles and therapeutic implications.

Construction of necroptotic anoikis genes-related molecular subclusters

Using the ConsensusClusterPlus package, Consistent Clustering Analysis (CCA) was conducted using a set of
necroptotic anoikis-related genes identified in lung adenocarcinoma (LUAD). On the basis of gene expression
levels, LUAD patients were grouped into distinct groups. Differential gene expression analysis further delineated
two molecular subclusters within the cohort, centered around key necroptotic anoikis genes (Supplementary
Fig. 3A). These subclusters exhibited unique expression profiles, as evidenced in the heatmap, with significant
gene expression differences outlined (Supplementary Fig. 3B).

Principal Component Analysis (PCA) was employed to discern specific necroptotic anoikis-related patterns,
leading to the stratification of patients into two clusters (Supplementary Fig. 3C,D). The determination of the
optimal number of subclusters was guided by a delta area plot (Supplementary Fig. 3E). Survival analysis indi-
cated that patients in cluster A had a more favorable outcome compared to those in cluster B, underscoring the
potential prognostic significance of these gene signatures (Supplementary Fig. 3F).

Scientific Reports |

(2024) 14:10873 | https://doi.org/10.1038/s41598-024-61629-8 nature portfolio



www.nature.com/scientificreports/

15 ACTA2 FAP
15 15 15
s 6
10 12° : o s ¢ s 25
10 =20« o i 20
< 3 < 15
B 23 0 10
1 1 05
GSM4506699 ¢ °0 12 -5 0 -5 oo
5 GSM4506701 1 e s
GSM4952953 5 ©2 o4 -0 -10
N GSM4952954 ®3 15 B0 5 0 % TR T
% GSM4952955 ~ i e e 5 o - 5 0
E 4 GSM4952956 < 9 N UMAP_1 UMAP_1
S, GSM49s2957 H PR PDGFRB NOTCH3
GSM4952958 0 o e
° GSM4952959 09 o2 * *
- GSM4952960 o100 2
EE N ° 1102 © ©
— 4
5 " NI 3 s 3
o o
ES I 2
2 0 12 1
-5 o -5 0
o - 10 10
15 -10 -5 0 5 -15 -10 5 45 0 5 0 5 -5 10 5 0 5
UMAP_1 UMAP_1 UMAP_1
E ACTA2 FAP
5 LS 5
4 B
C D :
~ 0 S0 25
N By o 1o 20
Necroptosis score Anokis score % 1% 15
o 0 B 5% 5 10
’ S ] 05
. . i it
N K 0 -1 -
o P w
A
o~ 0 -5 0 5 10 5 0 5 10
0
o ; ' "o Yolg ! UMAP_1 UMAP_1
o | g o K .
RN 3 ; w § |9 © |3 o3 PDGFRB NOTCH3
o] \ . 25 o 25 -5 4
EEN . - 5 5 4
-s{ =+ ® ¥
By o 0 oy 0 3
-104 -10- 10 o 3 & 2
Y e 5 R 15 '
Uwae_t Uap_t
- . 0 o
2 -10 -10
-5 0 10 5 6 5 10 6 5 10
UMAP_1 UMAP_1 UMAP_1
F . H
°
— °
GSM4952958 ® GeneRati
® o 5
o o | @
Sampl
cluster GSMa952057 amples R 3 ® o
® o @ o o
CAF_0 @ o @ o o~
GSM4952954 GSM4506699 b4 ol
[ car comissa080 st % ® malignant
B car2 4 ™ = 5 ® no_malignant
GSM4952960 GSMags2954 . =] -
CAF_3 002
GSM4952957 .
CAF_4 Y 001
GSM4506699 GSM4952958 ¢ 4 -10
. L1
GSM4506701 .
L4 L4 -5 0 5 10
000 025 050 075 1.0( 0500GEEB0 S NN UMAP 1
proportion cell_num & o5 € & =
ser

Figure 1. Comprehensive single-cell RNA sequencing analysis of lung adenocarcinoma tissue samples. (A)
Uniform Manifold Approximation and Projection (UMAP) visualization depicting the heterogeneity of lung
adenocarcinoma samples, each color representing a unique sample from the GEO dataset. (B) UMAP plot
showing discrete cell populations based on expression profiles of cancer-associated fibroblast (CAF) marker
genes ACTA2, FAP, PDGFRB, and NOTCH3. To the right, expression density plots for each marker gene across
the UMAP coordinates. (C) Necroptosis score distribution across lung adenocarcinoma samples overlayed

on UMAP coordinates. (D) Anoikis score distribution across lung adenocarcinoma samples overlayed on
UMAP coordinates. (E) Dimensionality reduction clustering analysis depicting the presence of distinct clusters
based on the expression of ACTA2, FAP, PDGFRB, and NOTCH3 marker genes. (F) Bar plot representing the
proportion of different CAF clusters within individual lung adenocarcinoma samples from the GEO dataset. (G)
Bubble plot illustrating the enriched pathways and biological processes across identified clusters, with bubble
size representing the strength of association. KEGG pathway information was utilized for pathway enrichment
analysis. (H) UMAP plot differentiating malignant from non-malignant cells based on gene expression
signatures.

Identification of DEGs in clusters and function enrichment analysis
In the analysis presented in Supplementary Fig. 4A, GSVA enrichment highlighted distinct biological functions in
two identified subgroups. Cluster A predominantly featured pathways related to vascular smooth muscle activity
and calcium signal transduction, whereas Cluster B was characterized by enrichment in cellular proliferation
processes, including cell cycle regulation, DNA replication, and RNA degradation. This analysis also identified
510 genes that exhibited differential expression between Clusters A and B. Supplementary Fig. 4B further illus-
trates that these differentially expressed genes are integral to critical tumor-related processes such as division of
nuclear material, segregation of chromosomes, and specifically, the segregation within nuclear chromosomes.
Additionally, as shown in Supplementary Fig. 4C, KEGG pathway analysis underscored a significant enrich-
ment of pathways related to oncogenesis and immune response in Cluster B, highlighting mechanisms involved
in cell cycle progression, DNA replication, and the pathogenic impact of Human T-cell leukemia virus 1.
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Figure 2. Overview of necrotic anoikis-related gene alterations in lung adenocarcinoma. (A) OncoPrint visualization
detailing the frequency and types of genetic alterations for necrotic anoikis-related genes in a lung adenocarcinoma
cohort, with mutations such as missense, frameshift insertion, and deletion marked across samples (top panel). The
right panel quantifies the proportion of lung adenocarcinoma samples exhibiting specific genetic alterations. (B)

The distribution of genetic alterations for each necrotic anoikis-related gene is represented in a stacked bar chart,
with distinct colors indicating the type of alteration (middle panel). (C) A frequency plot delineates the incidence

of copy number variations (CNVs) across the cohort, identifying gains and losses in these genes (lower left panel).
(D) Differential gene expression of necrotic anoikis-related genes is illustrated via boxplots, with each data point
representing expression variation in individual lung adenocarcinoma samples (bottom panel). The visualizations were
crafted using the R packages ggplot2 for general plotting and ComplexHeatmap, which provides capabilities for more
advanced visual representations. The analysis and visualization were performed in RStudio (version 2023), which can
be downloaded from https://posit.co/download/rstudio-desktop/.
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Development and immune analysis of the necroptotic anoikis signature

Analysis of patient survival related to the three genes demonstrated a notable association: elevated expression of
these genes corresponded with lower overall survival rates, as depicted in Fig. 3A-C. Figure 3D presents heatmaps
illustrating variances in gene expression profiles and associated biological pathways, particularly those involv-
ing DNA replication and repair processes. Further, Fig. 3E delineates the disparity in immune cell infiltration
among different types of immune cells between groups with high and low gene expression. This suggests that
divergent immune evasion strategies might contribute to the observed variations in infiltration levels of resting
NK cells and M0 macrophages. Moreover, a scatter plot analysis (Fig. 3F) demonstrated a correlation between
gene expression and biomarker prevalence, highlighting the complex interplay between these genes and tumor
biology. Figure 3G further detailed the correlation strengths between the genes and key biological processes,
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«Figure 3. Novel signature model genes and their prognostic and immunological correlations in lung
adenocarcinoma. (A-C) Kaplan-Meier survival curves for lung adenocarcinoma patients stratified by
expression levels of the novel signature model genes FAM83A, HMMR, and KRT6A, showing a significant
correlation between high gene expression and reduced survival probability (p <0.001). (D) Heatmap detailing
the expression patterns of the novel signature model genes alongside their interaction with critical biological
pathways such as cell cycle regulation and p53 signaling, highlighting potential mechanisms influencing
tumor behavior. The visualizations were crafted using the R packages ggplot2 for general plotting and
ComplexHeatmap, which provides capabilities for more advanced visual representations. The analysis and
visualization were performed in RStudio (version 2023), which can be downloaded from https://posit.co/downl
oad/rstudio-desktop/. (E) Correlation heatmap displaying the interactions between the novel signature genes
and various immune cell infiltrates within the tumor microenvironment, including T cells, B cells, and myeloid
cell populations, suggesting their potential influence on immune evasion and response. The visualizations were
crafted using the R packages ggplot2 for general plotting and CIBERSORT, which provides capabilities for more
advanced visual representations. The analysis and visualization were performed in RStudio (version 2023),
which can be downloaded from https://posit.co/download/rstudio-desktop/. . (F) Scatter plot analysis indicating
the correlation between HMMR expression and the gene signatures of immune cells, with the trend line
providing a visual representation of the predictive relationship. (G) Summary bar graph illustrating the degree
of correlation between the signature genes and key oncogenic pathways, with the color gradient representing the
strength of the correlation from negative (blue) to positive (red).

accentuating the multifaceted nature of their influence on cellular functions. These mentioned results revealed
the association between immune environment and both the necroptotic anoikis signature.

Our next step was to use multivariate Cox regression analysis and LASSO regression analysis to classify LUAD
patients into low- and high-risk groups based on their overall survival (OS). This approach involved selecting
three genes for the construction of the prognostic signature. The stratification results for the two groups are
presented in Supplementary Fig. 5A,B. Our model showed excellent stratification capability in training cohort,
internal cohort and external cohort (respectively Supplementary Fig. 5C-K). The K-M curves in Supplementary
Fig. 5L,M further demonstrated the model divided patients into two distinct groups statistically significantly
(p<0.05). Additionally, as illustrated in Supplementary Fig. 5N, our model effectively differentiated patient
subgroups according to survival probability, underscoring its potential utility in predicting clinical outcomes
and guiding precision medicine strategies.

Predictive nomogram development and validation

In the context of lung adenocarcinoma (LUAD), clinical characteristics are pivotal in prognostic determination.
To evaluate the prognostic significance of a developed risk score, multivariable Cox regression analyses were
utilized. Forest plots (Fig. 4A,B) illustrated the hazard ratios associated with various clinical factors, such as age,
gender, tumor stage, and the calculated risk score. The risk score emerged as a significant prognostic indicator
(p<0.001), with higher scores correlating with increased hazard ratios. With these results, we constructed a
predictive nomogram as shown in Fig. 4D.

ROC curve analyses validated the constructed nomogram, yielding areas under the curve (AUCs) of 0.720
after 1 year, 0.733 after 3 years, and 0.669 after 5 years (Fig. 4C). Clearly, our nomogram performed well in terms
of prediction.

Overall survival for 1, 3, and 5 years was concordant with nomogram-predicted OS (Fig. 4E). Using
Kaplan-Meier survival curves, patients are classified as high-risk or low-risk according to their median risk
score. The prognostic relevance of the nomogram was confirmed by the fact that LUAD patients in the high-risk
group had significantly lower overall survival than those in the low-risk group (Fig. 4F). These findings indicate
that the nomogram can be applied to precision treatment strategies for patients with LUAD, emphasizing its
predictive capability.

GSVA, GSEA and ssGSEA of novel signature

In the gene set variation analysis (GSVA) and gene set enrichment analysis (GSEA) of a novel gene signature
in lung adenocarcinoma (LUAD), distinct expression patterns related to immune cell fractions were observed
(Fig. 5A). The heatmap in Fig. 5A delineates differential expression profiles across samples, with red indicating
upregulation and blue denoting downregulation within the context of identified pathways.

Enrichment plots for both low and high-risk groups are presented in Fig. 5B, demonstrating distinct pathway
activations in these cohorts. Notably, in our low-risk group, identified pathways including the GNRH signaling
pathway, whereas the high-risk group showed enrichment in pathways such as cell cycle and DNA replication.
Additionally, the analysis of enrichment scores across immune-related gene sets revealed significant disparities
between low and high-risk groups (Fig. 5C,D), with the latter showing enhanced activation of key oncogenic
pathways.

The proportion of immune cells is positively correlated with a lower risk score, according to statistical analy-
sis. Based on single-sample GSEA (ssGSEA), we determined the amount and type of immune cells infiltrating
the tumor microenvironment, and we found that low-risk and high-risk groups expressed different levels of
checkpoint molecules. Upregulated expression was observed in the low-risk group, hinting at potential benefits
from immune therapy (Fig. 5E). Lastly, for both Gefitinib and Cisplatin, which are important chemotherapy
drugs®?, it demonstrated a higher sensitivity for low-risk patients, corroborating its potential as a prognostic
indicator (Fig. 5F).
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Figure 4. Multifaceted prognostic evaluation using novel signature model in lung adenocarcinoma. (A) Forest
plot displaying the univariate Cox proportional hazards analysis, indicating hazard ratios for age, gender, tumor
stage, and risk score, with the risk score showing a significant association with patient outcomes (p <0.001). (B)
Forest plot from multivariate Cox analysis, confirming the independent prognostic value of tumor stage and
risk score in lung adenocarcinoma after adjusting for other clinical factors. (C) Receiver operating characteristic
(ROC) curves illustrating the discriminative performance of the novel signature model at 1, 3, and 5 years, with
areas under the curve (AUCs) demonstrating the model’s predictive accuracy. (D) A nomogram integrating
clinical variables and the novel risk score, offering a quantitative tool for predicting the probability of survival
at specified time points. (E) Calibration plots comparing the nomogram-predicted overall survival (OS) with
actual observed OS at 1, 3, and 5 years, assessing the predictive accuracy of the nomogram. (F) Box plots of
nomogram components, scoring individual clinical parameters and risk score, facilitating personalized risk
assessment. (G) The Kaplan-Meier curve stratifies patients into high- and low-risk groups based on the median
risk score derived from the novel signature model, with significant differences in survival outcomes.

Prediction of immunotherapy response to drugs and PD/PDL1 treatment

A predictive model, incorporating four critical genes, was constructed and subsequently verified across three
separate lung adenocarcinoma (LUAD) patient cohorts, encompassing both the IMvigor210 and GSE78220
datasets. This prognostic framework initially segregated LUAD patients into two risk strata: high and low, as
demonstrated in Fig. 6A within the IMvigor210 cohort. A marked distinction in survival likelihood (P <0.0001)
was observed between these risk groups.

Within the IMvigor210 cohort, diverse therapeutic responses to PD-1/PD-L1 checkpoint inhibition were
recorded, ranging from complete responses (CR) and partial responses (PR) to stable disease (SD) and progres-
sive disease (PD). Patients exhibiting PD/SD presented higher risk scores compared to those with CR/PR, as
shown in Fig. 6B. The incidence of SD/PD was notably higher in the high-risk group, and this group was also
linked with significantly poorer outcomes, as indicated in Fig. 6C.

Consistent validation of the model was seen across additional cohorts, including the IMvigor210 dataset.
Figure 6D specifically represents the responses of stage I+1I patients within the IMvigor210 cohort to PD-1/
PD-L1 inhibition therapy. Figure 6D demonstrates consistent validation of the predictive model in this subgroup,
with all p-values being less than 0.05. Similarly, Fig. 6E represents the responses of stage IIT+IV patients within
the IMvigor210 cohort, reinforcing the model’s credibility for this stage.

Moreover, Fig. 6F furnishes insights into the therapeutic responses of patients within the GSE78220 cohort,
specifically delineating the responses of stage III + IV patients to PD-1/PD-L1 inhibition therapy within the
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GSE78220 dataset. Figure 6F underscores the dependability of the model and its extension of applicability to a
distinct dataset. Furthermore, Fig. 6G elucidates the proportions of PD versus CR/PR in high and low-risk groups
from another patient cohort, accentuating a pronounced predilection for PD in the high-risk group.

Validation of novel genes expression levels in mMRNA and protein levels in cell lines

To ascertain the expression levels of these three candidate genes in lung adenocarcinoma, we conducted a
meticulous quantitative PCR (qQPCR) analysis on a range of cell lines. This qRT-PCR analysis (Fig. 7A,B) revealed
a distinct expression profile in lung adenocarcinoma cells, showcasing variations in gene expression when com-
pared to normal pulmonary cells. These differences in expression patterns may be indicative of the genes’ roles
in the oncogenic processes of lung adenocarcinoma.

Complementing the qPCR analysis, Western blot analysis in Fig. 7C,D was employed to evaluate the protein
expression levels of the genes KRT6A, HMMR, and FAM83A. This protein analysis provided a deeper insight into
the cellular mechanisms at play, revealing that the protein expression of these genes in lung adenocarcinoma cells
was notably different from that in normal lung cells. Such variations in protein expression levels could reflect the
functional implications of these genes in the pathophysiology and progression of lung adenocarcinoma. This dual
approach of qRT-PCR and Western blot analysis offers a comprehensive understanding of both the transcriptional
and translational modifications associated with these genes in the context of lung cancer.

Pan cancer of model genes and risk signature

To broaden the scope of our research and validate the widespread applicability of our model, an expanded
investigation was conducted to evaluate its validation and predictive performance in a pan-cancer cohort. Fig-
ure 8A,B showcase the mutations of KRT6A, HMMR, and FAMS83A across 28 different cancer types, detailing
the specific mutation types. These findings suggest that the impact of the identified genes extends beyond lung
adenocarcinoma (LUAD), influencing a wide array of cancer types. The mutation frequency heatmap in Fig. 8C
further corroborates the mutations of these three genes across the pan-cancer spectrum.

The analysis indicates that the distribution of the necroptotic anoikis-related RiskScore varies across cancer
types, further highlighting the unique characteristics of our lung cancer-derived gene signature. Additionally,
the association of this signature with key outcomes such as disease-specific survival, overall survival, and pro-
gression-free intervals further underscores its potential relevance and applicability across various oncological
contexts. Notably, while this signature was initially derived from lung cancer-specific genes, its effectiveness
across different cancers underlines its broad relevance, reinforcing the value of our initial findings. This supports
the initial hypothesis of the model’s credibility and applicability, as evidenced in Fig. 8D.

Discussion

In this study, we elucidated the relationship between lung adenocarcinoma (LUAD) and two forms of pro-
grammed cell death: necroptotic anoikis. Given the rapidly progressive development of LUAD, it has been
difficult to improve the patients’ prognosis through singular targeted therapies. Through revealing necroptotic
anoikis-related gene expressions, we identified three key genes significantly correlated with LUAD outcomes,
by which, we developed a predictive model, providing important tools for risk assessment and validation for
patients. The model not only aids in understanding disease progression but also provides guidance for personal-
ized therapeutic strategies.

Among malignant tumors, lung adenocarcinoma has the highest mortality and morbidity rates in China and
even in world®. Given the limited efficacy associated with standard treatments, there is a pressing need for the
advancement of immunotherapeutic approaches in the treatment of LUAD. As the most common type of lung
cancer’, there is a critical need to investigate molecular markers related to diagnosis and prognosis in LUAD
patients. Related to necroptosis, which played an important role in tumorigenesis and metastasis®!, the evasion
of anoikis been identified as a significant factor facilitating tumor invasion and progression®2. Therefore, the
signature of necroptotic anoikis-related genes were identified to affect outcomes and guide for precision treat-
ment in LUAD, especially for immunotherapy.

The aim of this study was to evaluate the relevance of necroptotic anoikis-related genes in LUAD by analyz-
ing both single-cell and bulk RNA sequencing data. To further analyze the pool of individual cells, we identified
and isolated cancer-associated fibroblasts (CAFs) after RNA-seq quality control and normalization procedures.

Cancer-associated fibroblasts (CAFs), a predominant cell type within the tumor microenvironment (TME),
have gained considerable attention due to their multifaceted roles in tumor progression and therapeutic
responses. These fibroblasts not only influence the TME through inflammation modulation, extracellular matrix
(ECM) remodeling, and immune cell interactions but also through processes such as angiogenesis and immune
evasion. CAFs can exhibit both pro-tumorigenic activities, including T-cell exclusion and enhanced cancer cell
survival, and anti-tumorigenic effects, such as the production of a dense collagen matrix that may inhibit tumor
growth and metastasis. Interestingly, certain CAF subtypes are associated with improved therapy outcomes,
highlighting their potential as therapeutic targets. However, clinical trials broadly targeting the tumor stroma
have yet to achieve significant success, suggesting the complexity of CAF functions. This complexity is further
illustrated by single-cell RNA sequencing (scRNA-seq) studies that have unveiled significant heterogeneity among
CAFs in various cancer contexts, including breast cancer, pancreatic ductal adenocarcinoma, and lung cancer.
This heterogeneity and the dual functional roles of CAFs emphasize the need for refined therapeutic strategies
that precisely target these fibroblasts within the TME.

To explore the mechanisms of the necroptotic anoikis-based molecular subtype, we employed a consensus
clustering approach, which enabled the classification of the LUAD patients into two distinct subtypes, strati-
fied according to their expression profiles of necroptotic anoikis-related genes. Patients classified in Cluster A
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exhibited a more favorable prognosis compared to those in Cluster B. By analyzing gene set variation (GSVA),
the functional differences between the two clusters were uncovered, with cluster A showing a notable enrichment
in immune pathways, including arachidonic acid metabolism which might be an apoptotic signal that regulates
programmed cell death processes®. The observed differences between the two clusters further revealed a sig-
nificant association between necroptotic anoikis and immune environments in LUAD.

The necroptotic anoikis-related-related gene signature was further defined through univariate Cox and LASSO
Cox regressions using HMMR, FAMS83A, and KRT6A. The AUC values of this signature were 0.720, 0.733, and
0.669 respectively across all cohorts. Based on these gene signatures, and clinical parameters, we developed
a nomogram that provides a comprehensive forecast of patient outcomes. The calibration curve in our study
confirms that the nomogram is clinically robust in its prognosis. Differentially expressed genes between the
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«Figure 5. Integrated analysis of the necrotic anoikis-related risk signature in lung adenocarcinoma (LUAD).
(A) Heatmap displaying gene expression profiles across LUAD samples, clustered by low and high necrotic
anoikis-related risk scores. The expression levels are color-coded, with red representing upregulation and blue
representing downregulation. The side bar indicates the risk category of each sample. The visualizations were
crafted using the R packages ggplot2 for general plotting and ComplexHeatmap, which provides capabilities for
more advanced visual representations. The analysis and visualization were performed in RStudio (version 2023),
which can be downloaded from https://posit.co/download/rstudio-desktop/. (B) Gene set enrichment analysis
(GSEA) for low and high-risk groups. The top plot shows the enriched pathways in the low-risk group, while the
bottom plot displays those in the high-risk group, with the normalized enrichment score (NES) plotted along
the x-axis. (C) Box plots comparing the infiltration scores of various immune cells between low and high-risk
groups, demonstrating significant differences in the immune landscape associated with the risk categories. (D)
Comparison of selected immune-related functional activities between low and high-risk groups, highlighting
differences in checkpoint regulation, cytotoxic activity, and other immune functions. (E) Box plots detailing the
expression of immune checkpoint genes, comparing low and high-risk groups, indicating potential implications
for immunotherapy responsiveness. (F) Box plots represent the sensitivity to chemotherapy agents, comparing
the gene expression variability and its association with treatment response in low versus high-risk LUAD groups,
indicating the potential for personalized therapy based on the risk signature.

two subtypes were identified as 510 in total. These DEGs significantly enriched in pathways related to immune
response and tumor growth based on GO and KEGG analyses.

The tumor microenvironment (TME) in lung adenocarcinoma constitutes a complex interplay of immune
cells, stromal cells, and tumor cells?, each crucial in modulating tumor progression and influencing clinical
outcomes. Solid tumors with higher ratios of CD163+ macrophages, non-classical monocytes, and intermedi-
ate monocytes have poorer survival rates, while solid tumors with an increased proportion of mast cells have a
prolonged survival rate®. Additionally, a greater number of B cells is significantly associated with better overall
survival®. Through our comprehensive analysis between the necroptotic anoikis-related signature and immune
environment for LUAD, the patients in low-risk group demonstrated higher expression thus could receive a better
outcome for standard chemotherapy and specially for immunotherapy like PD-1/PD-L1 blockade.

Subsequently, our model demonstrated robustness in stratifying LUAD patients into low- and high-risk
groups for the overall survival (OS) across three independent cohorts. Notably, our analysis indicates that patients
with poorer outcomes exhibit higher RiskScores, which also correlate with reduced sensitivity to PD-1/PD-L1
blockade. High-risk groups identified by our model consistently presented with worse prognoses. The results
showed the potential utility of our model in guiding immunotherapy for lung adenocarcinoma.

Apart from analysis on single-cell sequencing results, we demonstrated that the role of these three genes
utilizing RT-qPCR and Western blotting. The cell experiments further confirmed the value of our neoteric
anoikis-related signature.

Finally, a comprehensive pan-cancer analysis in TCGA cohort was performed to conduct the expression and
mutational landscape of HMMR, FAM83A, and KRT6A, aiming to understand their roles across diverse cancer
types. Our study found that not only in LUAD patients, but the mutations of these genes were also observed in
various tumors, which has been reported in previous studies®”~*. These fundings mentioned still require to be
proved in the future.

HMMR, also known as CD168 and located on chromosome 5, plays a multifaceted role in cancer progres-
sion. It is involved in cell cycle regulation, promotes macrophage polarization, and facilitates epithelial-to-
mesenchymal transition*’. Moreover, HMMR’s interaction with low molecular weight hyaluronic acid (HA)
fragments notably enhances immune cell recruitment and exacerbates patient prognosis by activating tumor
microenvironment dynamics and influencing pathways such as CD44 expression*'. FAM83A, found on chro-
mosome 8q24 and overexpressed in various cancers, impacts lung adenocarcinoma through the Wnt/p-catenin
signaling pathway and is linked to PD-L1 expression, affecting immune responses in cancer therapy*?. Addition-
ally, FAMB83A’s expression is further promoted by the antisense RNA FAM83A-AS1, enhancing lung cancer cell
growth®. KRT6A, a type II keratin involved in the epidermalization of squamous epithelium, plays a critical
role in cell migration and cancer metastasis. Its elevated levels in lung adenocarcinoma are associated with poor
prognosis, primarily through mechanisms that promote the epithelial-mesenchymal transition**.

While our findings contribute valuable insights, it's important to acknowledge the limitations of this study,
which include: Firstly, all of our data were gathered from the GEO database, which may impact the compre-
hensiveness of the proposed model as well as the clarity of potential mechanisms. Secondly, the relatively small
sample size of lung adenocarcinoma cases in the GEO database may have affected the statistical significance of
some findings. Lastly, further experimental research and clinical research are required to verify our conclusions.

In the context of personalized lung cancer treatment, the riskScore we've introduced becomes paramount.
By categorizing patients based on this score, we can precisely stratify patients into different risk groups, each
potentially requiring a distinct therapeutic approach. For instance, individuals with higher riskScores may require
more aggressive treatment modalities or novel agents that specifically target genes identified in our study. On
the other hand, patients with lower riskScores might derive greater benefit from immunotherapies, particularly
due to the increased expression of immune checkpoint molecules. This kind of precision in patient stratification
ensures that treatment modalities are not ‘one-size-fits-all} but rather tailored to each patient’s unique genomic
profile. As the medical community advances toward more individualized care, such riskScore analyses will be
pivotal in optimizing therapeutic strategies for lung cancer patients.
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Figure 6. Prognostic value of necrotic anoikis-related risk score in patient outcomes and response to therapy
in lung adenocarcinoma (LUAD). (A) Kaplan-Meier survival curves depicting the difference in survival
probability between high and low-risk groups based on the necrotic anoikis-related risk score, with significant
separation indicating prognostic relevance (p =0.00041). (B) Box plot illustrating risk scores in relation to
patient response to therapy, categorizing complete response/partial response (CR/PR) and progressive disease/
stable disease (PD/SD), indicating a higher risk score is associated with poorer response. (C) Stacked bar graph
showing the proportion of patients with CR/PR versus PD/SD in high and low-risk groups, demonstrating a
higher percentage of PD/SD in the high-risk category. (D) Kaplan-Meier analysis for a separate patient cohort,
confirming the prognostic significance of the risk score (p=0.0068). (E) Another Kaplan-Meier survival curve
for an additional patient subset, further validating the risk score’s prognostic impact (p =0.034). (F) Kaplan-
Meier curve depicting long-term survival probability, reinforcing the risk score’s predictive capacity for patient
outcomes (p <0.0001). (G) Proportions of PD versus CR/PR in high and low-risk groups from another patient
cohort, highlighting a greater tendency for PD in the high-risk group.
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Figure 7. External validation. (A) The mRNA level (relative to GAPDH) of KRT6A, HMMR, and FAM83A
in lung adenocarcinoma cells compared to normal pulmonary cells. (P <0.05). (B) The protein expression of
KRT6A, HMMR, and FAM83A in lung adenocarcinoma cells compared to normal pulmonary cells.

Conclusion

We have developed a novel prognostic signature with remarkable predictive accuracy for lung adenocarcinoma
(LUAD) prognosis. As a result of this study, necroptotic anoikis is highlighted as an important component
of LUAD pathogenesis and provided insight into clinical decision-making and therapeutic strategies for lung
adenocarcinoma management.
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Figure 8. Pan-cancer analysis of necrotic anoikis-related model genes KRT6A, HMMR, and FAM83A. (A) OncoPrint visualization
demonstrating the alterations of KRT6A, HMMR, and FAM83A across 457 pan-cancer samples, with a summary stack bar indicating
the percentage of samples affected by mutations in each gene. (B) Horizontal bar graph depicting the distribution and variance of
mutation types for each gene across different cancer types, providing a mutation landscape across the pan-cancer spectrum. (C)
Heatmap showing the mutation frequency of each model gene in different cancer types, with the intensity of red correlating to higher
mutation frequencies, offering a clear visual of gene-specific mutation prevalence. The visualizations were crafted using the R packages
ggplot2 for general plotting and ComplexHeatmap, which provides capabilities for more advanced visual representations. The analysis
and visualization were performed in RStudio (version 2023), which can be downloaded from https://posit.co/download/rstudio-deskt
op/. (D) Violin plots representing the signature scores (derived from Cox regression analysis) for each cancer type, with the colors
indicating different clinical outcomes such as disease-specific survival (DSS), overall survival (OS), and progression-free interval (PFI).
Below, a bubble chart illustrates the hazard ratios (HR), with color coding denoting risk (risky or protective) and size corresponding to
the significance level (-1og10 p-value).

Scientific Reports|  (2024) 14:10873 | https://doi.org/10.1038/s41598-024-61629-8 nature portfolio


https://posit.co/download/rstudio-desktop/
https://posit.co/download/rstudio-desktop/

www.nature.com/scientificreports/

Data availability
Data generated or used in this study are available from the corresponding authors upon reasonable request.

Received: 13 December 2023; Accepted: 8 May 2024
Published online: 13 May 2024

References

1.

Siegel, R. L., Miller, K. D., Fuchs, H. E. & Jemal, A. Cancer statistics, 2022. CA Cancer J. Clin. 72, 7-33. https://doi.org/10.3322/
caac.21708 (2022).

2. Spella, M. & Stathopoulos, G. T. Immune resistance in lung adenocarcinoma. Cancers (Basel) https://doi.org/10.3390/cancers130
30384 (2021).
3. Rudin, C. M., Brambilla, E., Faivre-Finn, C. & Sage, J. Small-cell lung cancer. Nat. Rev. Dis. Primers 7, 3. https://doi.org/10.1038/
541572-020-00235-0 (2021).
4. Leiter, A., Veluswamy, R. R. & Wisnivesky, J. P. The global burden of lung cancer: Current status and future trends. Nat. Rev. Clin.
Oncol. 20, 624-639. https://doi.org/10.1038/s41571-023-00798-3 (2023).
5. Boiléve, A., Hilmi, M., Delaye, M., Tijeras-Raballand, A. & Neuzillet, C. Biomarkers in hepatobiliary cancers: What is useful in
clinical practice?. Cancers https://doi.org/10.3390/cancers13112708 (2021).
6. Glabman, R. A., Choyke, P. L. & Sato, N. Cancer-associated fibroblasts: Tumorigenicity and targeting for cancer therapy. Cancers
https://doi.org/10.3390/cancers14163906 (2022).
7. Bai, Y. et al. GPX8(+) cancer-associated fibroblast, as a cancer-promoting factor in lung adenocarcinoma, is related to the immu-
nosuppressive microenvironment. BMC Med. Genom. 17, 77. https://doi.org/10.1186/s12920-024-01832-8 (2024).
8. Sprooten, J. et al. Necroptosis in immuno-oncology and cancer immunotherapy. Cells https://doi.org/10.3390/cells9081823 (2020).
9. Song, N. et al. Ferritin: A multifunctional nanoplatform for biological detection, imaging diagnosis, and drug delivery. Acc. Chem.
Res. 54, 3313-3325. https://doi.org/10.1021/acs.accounts.1c00267 (2021).
10. Wang, Y., Liu, Y,, Liu, J., Kang, R. & Tang, D. NEDD4L-mediated LTF protein degradation limits ferroptosis. Biochem. Biophys.
Res. Commun. 531, 581-587. https://doi.org/10.1016/j.bbrc.2020.07.032 (2020).
11. Mancias, J. D., Wang, X., Gygi, S. P, Harper, J. W. & Kimmelman, A. C. Quantitative proteomics identifies NCOA4 as the cargo
receptor mediating ferritinophagy. Nature 509, 105-109. https://doi.org/10.1038/nature13148 (2014).
12. Seifert, L. et al. The necrosome promotes pancreatic oncogenesis via CXCL1 and Mincle-induced immune suppression. Nature
532, 245-249. https://doi.org/10.1038/nature17403 (2016).
13. Wang, R. et al. Gut stem cell necroptosis by genome instability triggers bowel inflammation. Nature 580, 386-390. https://doi.org/
10.1038/s41586-020-2127-x (2020).
14. Xiao, T. et al. Loss of TP53111 enhances the extracellular matrix-independent survival by promoting activation of AMPK. IUBMB
Life 71, 183-191. https://doi.org/10.1002/iub.1949 (2019).
15. Yu, Y. et al. CircCEMIP promotes anoikis-resistance by enhancing protective autophagy in prostate cancer cells. J. Exp. Clin. Cancer
Res. 41, 188. https://doi.org/10.1186/s13046-022-02381-7 (2022).
16. Han, H. J. et al. Fibronectin regulates anoikis resistance via cell aggregate formation. Cancer Lett. 508, 59-72. https://doi.org/10.
1016/j.canlet.2021.03.011 (2021).
17. Mazzaferro, V., Gorgen, A., Roayaie, S., Droz Dit Busset, M. & Sapisochin, G. Liver resection and transplantation for intrahepatic
cholangiocarcinoma. J. Hepatol. 72, 364-377. https://doi.org/10.1016/j.jhep.2019.11.020 (2020).
18. Kanehisa, M. & Goto, S. KEGG: Kyoto encyclopedia of genes and genomes. Nucleic Acids Res. 28, 27-30. https://doi.org/10.1093/
nar/28.1.27 (2000).
19. Kanehisa, M. Toward understanding the origin and evolution of cellular organisms. Protein Sci. 28, 1947-1951. https://doi.org/
10.1002/pro.3715 (2019).
20. Kanehisa, M., Furumichi, M., Sato, Y., Kawashima, M. & Ishiguro-Watanabe, M. KEGG for taxonomy-based analysis of pathways
and genomes. Nucleic Acids Res. 51, D587-D592. https://doi.org/10.1093/nar/gkac963 (2023).
21. Chen, X. & Song, E. Turning foes to friends: Targeting cancer-associated fibroblasts. Nat. Rev. Drug Discov. 18, 99-115. https://
doi.org/10.1038/s41573-018-0004-1 (2019).
22. Luo, H. et al. Pan-cancer single-cell analysis reveals the heterogeneity and plasticity of cancer-associated fibroblasts in the tumor
microenvironment. Nat. Commun. 13, 6619. https://doi.org/10.1038/s41467-022-34395-2 (2022).
23. Mao, X. et al. Crosstalk between cancer-associated fibroblasts and immune cells in the tumor microenvironment: New findings
and future perspectives. Mol. Cancer 20, 131. https://doi.org/10.1186/s12943-021-01428-1 (2021).
24. Dominguez Conde, C. et al. Cross-tissue immune cell analysis reveals tissue-specific features in humans. Science 376, eabl5197.
https://doi.org/10.1126/science.abl5197 (2022).
25. Wang, Y. et al. The transcription factor Zeb1 controls homeostasis and function of type 1 conventional dendritic cells. Nat. Com-
mun. 14, 6639. https://doi.org/10.1038/s41467-023-42428-7 (2023).
26. Jiang, M. et al. Exosome-mediated miR-144-3p promotes ferroptosis to inhibit osteosarcoma proliferation, migration, and invasion
through regulating ZEB1. Mol. Cancer 22, 113. https://doi.org/10.1186/s12943-023-01804-z (2023).
27. Rossi, A. et al. Carboplatin- or cisplatin-based chemotherapy in first-line treatment of small-cell lung cancer: The COCIS meta-
analysis of individual patient data. J. Clin. Oncol. 30, 1692-1698. https://doi.org/10.1200/JC0O.2011.40.4905 (2012).
28. Sim, E. H,, Yang, I. A., Wood-Baker, R., Bowman, R. V. & Fong, K. M. Gefitinib for advanced non-small cell lung cancer. Cochrane
Database Syst. Rev. 1, CD006847. https://doi.org/10.1002/14651858.CD006847.pub2 (2018).
29. Herbst, R. S., Morgensztern, D. & Boshoff, C. The biology and management of non-small cell lung cancer. Nature 553, 446-454.
https://doi.org/10.1038/nature25183 (2018).
30. Lahiri, A. et al. Lung cancer immunotherapy: Progress, pitfalls, and promises. Mol. Cancer 22, 40. https://doi.org/10.1186/5s12943-
023-01740-y (2023).
31. Bertheloot, D., Latz, E. & Franklin, B. S. Necroptosis, pyroptosis and apoptosis: An intricate game of cell death. Cell. Mol. Immunol.
18, 1106-1121. https://doi.org/10.1038/s41423-020-00630-3 (2021).
32. Taddei, M. L., Giannoni, E., Fiaschi, T. & Chiarugi, P. Anoikis: An emerging hallmark in health and diseases. J. Pathol. 226, 380-393.
https://doi.org/10.1002/path.3000 (2012).
33. Xu, C. et al. FADS]1-arachidonic acid axis enhances arachidonic acid metabolism by altering intestinal microecology in colorectal
cancer. Nat. Commun. 14, 2042. https://doi.org/10.1038/s41467-023-37590-x (2023).
34. Chan, J. M. et al. Signatures of plasticity, metastasis, and immunosuppression in an atlas of human small cell lung cancer. Cancer
Cell 39, 1479-1496 e1418. https://doi.org/10.1016/j.ccell.2021.09.008 (2021).
35. Shinohara, S. et al. New evaluation of the tumor immune microenvironment of non-small cell lung cancer and its association with
prognosis. J. Immunother. Cancer https://doi.org/10.1136/jitc-2021-003765 (2022).
36. Sorin, M. et al. Single-cell spatial landscapes of the lung tumour immune microenvironment. Nature 614, 548-554. https://doi.
0rg/10.1038/s41586-022-05672-3 (2023).
Scientific Reports|  (2024) 14:10873 | https://doi.org/10.1038/s41598-024-61629-8 nature portfolio


https://doi.org/10.3322/caac.21708
https://doi.org/10.3322/caac.21708
https://doi.org/10.3390/cancers13030384
https://doi.org/10.3390/cancers13030384
https://doi.org/10.1038/s41572-020-00235-0
https://doi.org/10.1038/s41572-020-00235-0
https://doi.org/10.1038/s41571-023-00798-3
https://doi.org/10.3390/cancers13112708
https://doi.org/10.3390/cancers14163906
https://doi.org/10.1186/s12920-024-01832-8
https://doi.org/10.3390/cells9081823
https://doi.org/10.1021/acs.accounts.1c00267
https://doi.org/10.1016/j.bbrc.2020.07.032
https://doi.org/10.1038/nature13148
https://doi.org/10.1038/nature17403
https://doi.org/10.1038/s41586-020-2127-x
https://doi.org/10.1038/s41586-020-2127-x
https://doi.org/10.1002/iub.1949
https://doi.org/10.1186/s13046-022-02381-7
https://doi.org/10.1016/j.canlet.2021.03.011
https://doi.org/10.1016/j.canlet.2021.03.011
https://doi.org/10.1016/j.jhep.2019.11.020
https://doi.org/10.1093/nar/28.1.27
https://doi.org/10.1093/nar/28.1.27
https://doi.org/10.1002/pro.3715
https://doi.org/10.1002/pro.3715
https://doi.org/10.1093/nar/gkac963
https://doi.org/10.1038/s41573-018-0004-1
https://doi.org/10.1038/s41573-018-0004-1
https://doi.org/10.1038/s41467-022-34395-2
https://doi.org/10.1186/s12943-021-01428-1
https://doi.org/10.1126/science.abl5197
https://doi.org/10.1038/s41467-023-42428-7
https://doi.org/10.1186/s12943-023-01804-z
https://doi.org/10.1200/JCO.2011.40.4905
https://doi.org/10.1002/14651858.CD006847.pub2
https://doi.org/10.1038/nature25183
https://doi.org/10.1186/s12943-023-01740-y
https://doi.org/10.1186/s12943-023-01740-y
https://doi.org/10.1038/s41423-020-00630-3
https://doi.org/10.1002/path.3000
https://doi.org/10.1038/s41467-023-37590-x
https://doi.org/10.1016/j.ccell.2021.09.008
https://doi.org/10.1136/jitc-2021-003765
https://doi.org/10.1038/s41586-022-05672-3
https://doi.org/10.1038/s41586-022-05672-3

www.nature.com/scientificreports/

37. Liu, C. et al. Positive feedback loop of FAM83A/PI3K/AKT/c-Jun induces migration, invasion and metastasis in hepatocellular
carcinoma. Biomed. Pharmacother. 123, 109780. https://doi.org/10.1016/j.biopha.2019.109780 (2020).

38. Huang, J. et al. LATPS, a novel prognostic signature based on tumor microenvironment of lung adenocarcinoma to better predict
survival and immunotherapy response. Front. Immunol. 13, 1064874. https://doi.org/10.3389/fimmu.2022.1064874 (2022).

39. Heldin, P. et al. Deregulation of hyaluronan synthesis, degradation and binding promotes breast cancer. J. Biochem. 154, 395-408.
https://doi.org/10.1093/jb/mvt085 (2013).

40. Yang, D., Ma, Y., Zhao, P, Ma, ]. & He, C. HMMR is a downstream target of FOXMI in enhancing proliferation and partial
epithelial-to-mesenchymal transition of bladder cancer cells. Exp. Cell Res. 408, 112860. https://doi.org/10.1016/j.yexcr.2021.
112860 (2021).

41. Veiseh, M. et al. Uncovering the dual role of RHAMM as an HA receptor and a regulator of CD44 expression in RHAMM-
expressing mesenchymal progenitor cells. Front. Cell Dev. Biol. 3, 63. https://doi.org/10.3389/fcell.2015.00063 (2015).

42. Ji, H. et al. FAM83A promotes proliferation and metastasis via Wnt/B-catenin signaling in head neck squamous cell carcinoma. J.
Transl. Med. 19, 423. https://doi.org/10.1186/s12967-021-03089-6 (2021).

43. Zhao, C. et al. Sense and anti-sense: Role of FAM83A and FAM83A-AS1 in Wnt, EGFR, PI3K, EMT pathways and tumor progres-
sion. Biomed. Pharmacother. 173, 116372. https://doi.org/10.1016/j.biopha.2024.116372 (2024).

44. Yang, B. et al. KRT6A promotes EMT and cancer stem cell transformation in lung adenocarcinoma. Technol. Cancer Res. Treat.
19, 1533033820921248. https://doi.org/10.1177/1533033820921248 (2020).

Acknowledgements
We wish to appreciate all the authors who have participated in this Research Topic and to the reviewers for their
hard work and insightful comments.

Author contributions

Conception and design: Ping Sui and Cheng Zhong. Acquisition of data: Xueping Liu, Ping Sui. Analysis and
curation of data: Ping Sui, Xueping Liu. Drafting the article: Ping Sui, Xueping Liu. Critically revising the article:
all authors. Study supervision: Zhanming Sha. All authors read and approved the final manuscript.

Funding
This study was supported by the Natural Science Foundation of Shandong Province (ZR2021MH402).

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/s41598-024-61629-8.

Correspondence and requests for materials should be addressed to C.Z. or Z.S.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

Scientific Reports |

(2024) 14:10873 | https://doi.org/10.1038/s41598-024-61629-8 nature portfolio


https://doi.org/10.1016/j.biopha.2019.109780
https://doi.org/10.3389/fimmu.2022.1064874
https://doi.org/10.1093/jb/mvt085
https://doi.org/10.1016/j.yexcr.2021.112860
https://doi.org/10.1016/j.yexcr.2021.112860
https://doi.org/10.3389/fcell.2015.00063
https://doi.org/10.1186/s12967-021-03089-6
https://doi.org/10.1016/j.biopha.2024.116372
https://doi.org/10.1177/1533033820921248
https://doi.org/10.1038/s41598-024-61629-8
https://doi.org/10.1038/s41598-024-61629-8
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Integrated single-cell and bulk RNA-Seq analysis enhances prognostic accuracy of PD-1PD-L1 immunotherapy response in lung adenocarcinoma through necroptotic anoikis gene signatures
	Materials and methods
	Single cell and bulk RNA-seq data sources and processing
	Determination and annotation of necroptotic anoikis-associated DEGs
	Unsupervised clustering of necroptotic anoikis-associated differentially expressed genes
	Correlations between necroptotic anoikis-associated gene signature and clinical parameters
	Identifying a prognostic signature of necrotic anoikis subcluster and its response to chemotherapy drugs
	Function enrichment analysis
	Predictive nomogram development and validation
	Immune infiltration analysis
	Process of epigenetic mutation data
	Cell culture
	RNA isolation followed by quantitative reverse transcription-polymerase chain reaction (qRT-PCR) analysis
	Western blotting
	Statistical analysis

	Results
	ScRNA-Seq analysis of necroptotic anoikis genes in LUAD
	Mutation landscape of necroptotic anoikis genes in LUAD
	Construction of necroptotic anoikis genes-related molecular subclusters
	Identification of DEGs in clusters and function enrichment analysis
	Development and immune analysis of the necroptotic anoikis signature
	Predictive nomogram development and validation
	GSVA, GSEA and ssGSEA of novel signature
	Prediction of immunotherapy response to drugs and PDPDL1 treatment
	Validation of novel genes expression levels in mRNA and protein levels in cell lines
	Pan cancer of model genes and risk signature

	Discussion
	Conclusion
	References
	Acknowledgements


