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Abstract

The classical factors for predicting prognosis currently cannot meet the developing requirements of individualized and accurate
prognostic evaluation in lung adenocarcinoma (LUAD). With the rapid development of high-throughput DNA sequencing
technologies, genomic changes have been discovered. These sequencing data provide unprecedented opportunities for identifying
cancer molecular subtypes. In this article, we classified LUAD into two distinct molecular subtypes (Cluster 1 and Cluster 2) based
on Copy Number Variations (CNVs) and mRNA expression data from the Cancer Genome Atlas (TCGA) based on non-negative
matrix factorization. Patients in Cluster 1 had worse outcomes than that in Cluster 2. Molecular features in subtypes were assessed
to explain this phenomenon by analyzing differential expression genes expression pattern, which involved in cellular processes and
environmental information processing. Analysis of immune cell populations suggested different distributions of CD4+ T cells, CD8+
T cells, and dendritic cells in the two subtypes. Subsequently, two novel genes, TROAP and RASGRF1, were discovered to be
prognostic biomarkers in TCGA, which were confirmed in GSE31210 and Tianjin Medical University Cancer Institute and Hospital
LUAD cohorts. We further proved their crucial roles in cancers by vitro experiments. TROAP mediates tumor cell proliferation,
cycle, invasion, and migration, not apoptosis. RASGRF1 has a significant effect on tumor microenvironment. In conclusion, our
study provides a novel insight into molecular classification based on CNVs related genes in LUAD, which may contribute to identify
new molecular subtypes and target genes.
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Introduction

Lung cancer remains the most prevalent cancer type with the highest
mortality throughout the world (1). Lung adenocarcinoma (LUAD) is
the main histologic subtype and accounts for over 40% among lung
cancer with enormous morphological and genomic heterogeneity (2). The
classical factors for predicting prognosis in non-small-cell lung cancer
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(NSCLC), such as TNM stage and histological differentiation, currently
cannot meet the developing requirements of individualized and accurate
prognostic evaluation. Transcriptional, proteomic, genomic, and epigenomic
profiles provided more strategies to classify molecular subtypes for precision
management of tumors patients (3-7). With the increasing molecular targeted
and immune therapies, the treatment options of lung adenocarcinoma have
changed drastically over the past decade (8). However, improvements in
clinical outcomes were limited to small subgroups because of phenotypic and
molecular heterogeneity (9). More attention has been paid to the integration
of molecular and genomic analysis in LUAD for the diagnosis and treatment
(10), owing to high rates of somatic mutations and genome rearrangements
occurs in LUAD (11).

Copy Number Variations (CNVs) is a kind of DNA structural variation
that leads to the abnormal copy number of DNA fragments in genome during
tumorigenesis (12). CNVs has been shown to be involved in the development
of various cancers by regulating mRNA level and affecting transcription
regulation (13). Whole genome duplication and CNVs are early evolution
events in NSCLC, the number or the complexity of which were high risk
indicator for recurrence or death (14). In recent years, CNVs has be used
to distinguish malignant and non-malignant tissues by inferCNV algorithm
(15).

Initially, the classification of cancer subtypes was mostly based on
clinical pathology (16). With the rapid development of high-throughput
DNA sequencing technologies, genomic changes have been discovered.
These sequencing data provide unprecedented opportunities for identifying
cancer molecular subtype (17). A recent research discovered that CNVs
characteristics distinguished malignant ductal cells subtypes in pancreatic
ductal adenocarcinoma using single-cell RNA-seq (18). Not only that, it
has been found that CNVs can affect antitumor immunity by affecting
immune cell subsets and tumoricidal activity, which is expected to become
a new immunotherapy prediction biomarker (19). This indicates that there
has been a growing recognition of the role of CNVs in tumorigenesis. At
present, there are several researches on molecular genotyping identified using
immune related transcriptome data in LUAD (20,21). Based on these reports,
we attempted to use the DNA copy-number-correlated (CNVcor) genes to
conducte molecular subtypes in LUAD.

In this research, we have identified two molecular subtypes (Cluster 1 and
Cluster 2) with distinct molecular characteristics in LUAD based on CNVcor
genes from the Cancer Genome Atlas (TCGA). Furthermore, expression
features, functional characteristics, and the prognostic values of patients can
be evaluated by the two subtypes. Then, we discovered two key differentially
expressed genes (DEGs) between the two subtypes: Trophinin-associated
protein (TROAP) and Ras protein specific guanine nucleotide releasing
factor 1 (RASGRF1), which served as prognostic predictors. Finally, we
explored their prognostic values by immunohistochemistry (IHC) in Tianjin
Medical University Cancer Institute and Hospital (TMUCIH) LUAD tissue
microarray (TMA) cohorts, and functional roles in vitro experiments.
TROAP and RASGRF1 have been extensively studied as critical genes that
play a major role in cancer cell survival or immune regulation. In conclusion,
our study provides a novel insight into molecular subtypes by CNVcor genes
in LUAD, which might be helpful in revealing more mechanism behind
cancers, identifying new prognostic indicators, and finding new therapeutic
targets in cancers.

Materials and methods

Download and preprocessing of DNA copy numbers and mRNA
expression

DNA copy numbers, mRNA expression FPKM values and the
corresponding clinical information of patients in the LUAD project were
obtained from the TCGA data portal (https://portal.gdc.cancer.gov/). A total

of 443 samples with CNVs, RNA-Seq and clinical data were included in
the research. DNA copy numbers from TCGA were preprocessed as follows.
Regions with probes < 5 of copy number segment data in LUAD were
removed. Two regions with 50% overlaps were considered as the same
region. We quantified the CNVs region with its corresponding gene using
the GENCODE GRCh38 release 22 annotations. Multiple CNVs regions
annotated to the same gene were merged into one region, then we took the
average of the multiple CNVs regions as the final CNVs region value. Genes
with FPKM = 0 had less than 0.5% of all the samples were filtered out. SN'Vs
with a mutation allelic fraction (MAF) were downloaded for copy number
alterations, tumor mutational burden (TMB), and microsatellite instability
(MSI) calculation, by “Maftools” package.

Determination of molecular subgroups by CNVeor genes

The correlation coefhicients between CNVs data and FPKM value were
calculated by Pearson’s correlations and then converted into Z-values by using
formula In ([1+r]/[1-r]). Genes with P values < 0.05 were considered as the
CNVecor gene sets, which were provided in Table S1. Non-negative matrix
factorization (NMF) clustering was performed to cluster CNVcor datasets
using NMF bioconductor package (R version 3.3.5). With standard “brunet”
method, 50 iterations were employed and cluster number K was set at 2 to
5, which were sufficient to achieve the optimal cluster K=2 on the basis of
cophenetic, dispersion and silhouette. Two molecular subtypes (CNVcorCl
and CNVcorC2 cluster) were identified as Cluster 1 and Cluster 2.

Identification of DEGSs and fuctional enrichment analysis

Differential expression genes between Cluster 1 and Cluster 2 cluster were
calculated using the Limma package with False Discovery Rate (FDR) <
0.05 and cut-off values of |log2FC| > 1. The defined DEGs were subjected
to Kyoto Encyclopedia of Genes and Genomes (KEGG) pathyway (http:
/Iwww.kegg.jp) and Gene Ontology (GO) (http://www.geneontology.org)
functional enrichment analysis using “ggplot2” and “clusterProfiler” packages
in R version 3.3.5. Two-side wilcoxon test was used to compare RASGRF1
or TROAP between two subgroups. Kruskal-Wallis test was used to test for
multiple groups. Gene Set Enrichment Analysis (GSEA) was conducted using
GSEA v3.0 (http://www.broadinstitute.org/gsea), the results of which were
provided in Table S2.

Tumor Tissue Samples and Immunohistochemistry

All samples were obtained from TMUCIH, which was approved by
the Ethical Committee of TMUCIH and each participator with informed
consent. A total of 216 NSCLC patients receiving pulmonary resection
and systemic lymph node dissection had no neoadjuvant therapy before
the sample collection between January 2013 and June 2014. All patients
were followed up until April 2020. The 2 mm TMA were generated from
formalin-fixed paraffin sections of NSCLC. TMA were deparaffinized and
rehydrate. Then, antigen retrieval was performed by EDTA pH 9.0 in a
microwave. After blocking with 3% hydrogen peroxide and 5% goat serum,
slides were incubated with primary antibodies overnight at 4°C, followed by
EIVISON plus (kit-9903, MXB, China) and DAB kit (ZLI-9019, ZSGB-
BIO, China). Inmunostaining was evaluated under light microscopy at 400X
magnification. RASGRF1 and TROAP IHC staining were assessed by two
pathologists using histologic score (H score) by multiplying fraction score
and intensity score (range, 0-300). The absolute number of immune cells
were manually counted. Primary antibodies and specific concentrations are

listed in Table S3.
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Immune cells infiltration analysis

The tumor immunological infiltration features between Cluster 1 and
Cluster 2 were systematically and comprehensively analyzed by ESTIMATE
in the Tumor immune estimation resource (TIMER) (https://cistrome.
shinyapps.io/timer/), and GSVA algorithm in TISIDB (http://cis.hku.hk/
TISIDB/), which contains samples from TCGA. The immune cells included
CD4+ T cell, CD8+ T cell, CD20+ B cell, CD68+ macrophage, and
CDllc+ dendritic cells (DCs) were calculated by IHC. Correlations of
RASGRF1 and immune cells were tested by Spearman rank test.

Kaplan-Meier survival analysis

Overall survival (OS) was the period between surgical resection and death
or the last follow-up. Progression-free survival (PFS) was the time between
surgical resection and progression. Disease-free survival (DFS) was the time to
relapse or death from any cause. Survival estimations were employed to assess
the survival of the patients from TCGA project or TMUCIH cohort using
Kaplan-Meier curves with a log-rank test. HR calculated by cox regression
analysis. Maxstat package was used to determine the optimal cutoff point for
the continuous variables in R 3.3.5. GSE31210 dataset was used to validated
the prognostic values of RASGRF1 and TROAP from Kaplan-Meier plotter
(htep://kmplot.com/analysis/).

Cell culture and transfection

BEAS-2B, A549, and NCI-H1299 cell lines were purchased from ATCC.
GLC-82 and LTEP-A2 cell lines were purchased from the Tumor Cell
Bank of Chinese Academy of Medical Science (Shanghai, China). All the
cell lines were cultured in the indicated media as instructed. Cells were
transfected by small interfering RNA (siRNA) specifically targeted TROAP
using Lipofectamine RNAIMAX, or RASGRF1 plasmid using Lipofectamine
3000 transfection reagent (Invitrogen, USA). The sequences of TROAP
siRNA were provided in Table S2.

RT°qPCR and Western blot

Total RNA was extracted by Trizol (Invitrogen) according to the
manufacturer’s instruction. cDNA was synthesized by PrimeScript RT Master
Mix (TaKaRa). Quantitative RT-PCR (RT-qPCR) was performed with
RASGRF1 or TROAP primer sequences and analyzed by the comparative Ct
value (2722%). The sequences of primers were provided in Table S2. Protein
extraction and concentration measurement were conducted and isolated by
SDS-PAGE. And then the protein was transferred onto a PVDF membrane
and immunoblotted with anti-RASGRF1 or anti-TROAP at 4°C overnight.
HRP-conjugated secondary antibodies were applied and incubated for 1 hour
at room temperature.

Cell Functional Experiments

A549 and HI1299 cells transfected with TROAP siRNA/control or
RASGRF1 plasmid/vector were applied in the following experiments. Each
experiment was conducted in triplicate. Three thousand A549 cells or 2000
H1299 cells were seeded in each well in 96-well plates for CCK-8 assay.
CCK-8 reagent (US Everbright Inc., China) was added into each well and
incubated for 2 hours, measured at 450 nm. Cells were seeded into 6-well
plate (1000/well) and incubated for 7 days in clonogenic assay. Transwell
chamber filters (BD, 8-um) were coated with Matrigel (40ul/filter), followed
by cells placed in the upper chamber (2 x 10 cells/well) in serum-free PRMI-
1640 medium. The chamber was then placed in a well containing 500 ul 1640
medium with 20% fetal bovine serum. After 48 hours of incubation, cells
on the upper chambers removed to the lower chambers, stained with 0.2%

crystal violet. For scratch assay, cells in 6-well plates were allowed to reach
80% confluence and then changed to serum-free medium for 48 hours. Cell
cycle analysis was detected by flow cytometric analysis of propidium iodide
(PI) staining (US Everbright Inc., China). Annexin V staining was performed
using Apoptosis Kit (US Everbright Inc., China).

Results

Molecular subtypes defined by CNVeor genes

Firstly, genomic profiles of DNA CNVs, gene expression and clinical
information were obtained from 443 samples in TCGA LUAD subject. We
then filtered out differential gene mRNA expression analysis to identify 1802
differential genes (|log2 fold change (log2FC) | > 1 and FDR < 0.05), 343 of
which had effect on patient outcomes (P < 0.05). Pearson correlations were
performed between gene CNVs and mRNA expression and identified 160
genes which mRINA expression were correlated with CNVs as CNVcor genes
in the 343 genes (P < 0.05). Subsequently, two molecular subtypes (Cluster
1 and Cluster 2) were identified by the CNVcor gene sets using NME With
standard “brunet” method, 50 iterations were employed and cluster number
K was set at 2 to 5, which were sufficient to achieve the optimal cluster
K =2 (Fig. 1A). The principal component analysis showed that samples were
separated into two distinct clusters with little samples overlaps (Fig. 1B), in
which Cluster 1 accounted for 56.7% and Cluster 2 accounted for 43.3%
(Table S1). The two subtypes were significantly associated with age, gender,
and stage using Chi-square test. Cluster 1 had a higher proportion of younger
patients, male patients, and patients with II-IV stages compared with Cluster
2 (Fig. 1C). In addition, there were significant differences between the two
clusters with regard to OS (P < 0.0001) and DFS (2= 0.00094) and Cluster
1 showed poorer outcomes than Cluster 2 (Fig. 1D, E). The copy number
alterations of these 160 genes between the two clusters were shown in Fig.

SIA.

Molecular features and immune cells infiltrations characteristics in

subtypes

In order to compare molecular features between Cluster 1 and Cluster
2, we analyzed the DEGs using Limma package. Heatmap represented 495
genes overexpressed and 449 genes underexpressed in Cluster 1 (Jlog2-FC|> 1
and FDR < 0.05) (Fig. S1B). To clarify the potential functions of the DEGs,
we performed the KEGG enrichment analysis, which suggested that the
dysregulated genes were predominantly implicated in cellular processes and
environmental information processing pathways significantly, such as “p53
signaling pathway”, “cell cycle” and “cytokine-cytokine receptor interaction”
(Fig. 1F). Then, GO annotation and enrichment analysis of DEGs were
applied to further assay the functional characteristics from three aspects
covering biological process (BP), cellular component (CC) and molecular
function (MF), respectively (Fig. 1G). The significant results revealed that
the DEGs were enriched in “DNA-dependent DNA replication”, “cell cycle
checkpoint”, “humoral immune response”, “antibacterial humoral response”,
and “defense response to bacterium” in terms of BP. Regarding CC, the DEGs
were mainly located in “chromosome, centromeric region”, “chromosomal
region”, “collagen-containing extracellular matrix”, “extracellular matrix”,
and “cytoplasmic vesicle lumen”. Under MF the DEGs were enriched in
“microtubule binding”, “catalytic activity, acting on DNA”, and “chemokine
activity”.

Above results prompted us to evaluate the immune related features
between the two clusters by wilcoxon test. Higher TMB level was found in
Cluster 1 than Cluster 2 (Fig. 1H). Tumor-infiltrating immune cells were
estimated by TIMER, including CD8+ T cells, CD4+ T cells, B cells,
macrophage, neutrophil, and DCs. The immune proportions of six immune
cells were displayed in Fig. 1H. We observed that the immune proportions
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Fig. 1. Molecular subtypes defined by CNVcor genes in LUAD. (A) CNVcor genes expressions were correlated with DNA CNV based on Pearson correlations
(p<0.05). Two distinct molecular subtypes were identified by the CNVcor gene sets by NME (B) The PCA of gene expression depicted little overlaps of samples
between the two subgroups: patients were cleatly classified into two clusters. (C) The distribution of samples in the two clusters revealed the distribution of
clinical features in subtypes by Chi-square test. (D) Survival analysis with Kaplan-Meier plot showed the OS rate in Cluster 2 subgroup was significantly
higher than that in Cluster 1 (p<0.0001); (E) the DFS rate in Cluster 2 subgroup was significantly higher than that in Cluster 1 (p=0.00094). (F) KEGG
enrichment of 944 DEGs between Cluster 1 and 2, and six main categories were enriched. (G) GO functional annotation analysis of DEGs between Cluster 1
and 2 in terms of three categories including BB, CC, and ME (H) TMB and MSI levels in the two clusters. (I) Immune cell infiltration feature between the two
clusters using TIMER, including CD8+ T cells, CD4+ T cells, B cells, macrophage, neutrophil, and DCs. DCs (p=0.011) and CD4 +T cells (p=6e-09)
were significantly higher in Cluster 2 than that in Cluster 1, while CD 84T cells scores were lower (p=0.038). No significant difference was observed between
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of DCs (P=0.011) and CD4+ T cells (P= 6e-09) were significantly higher
in Cluster 2 than that in Cluster 1, while CD8+ T cells scores were lower
(P=0.038) (Fig. 11). No significant difference was observed between Cluster
1 and Cluster 2 in B cells, macrophage, and neutrophil.

RASGRFI and TROAP identified as the potential key genes in LUAD

Prognostic value and immune cell infiltration proportions differences
between the two subgroups suggested that specific molecular biomarkers may
contribute to patient’s prognostication. To find these key genes, we took the
intersection of the DEGs and CNVcor genes. We found that RASGRF1
and TROAP were both DEGs and CNVcor genes (Fig. 2A), which implied
that RASGRF1 and TROAP may play essential roles in the two different
clusters. RASGRF1 was lowly expressed in the Cluster 1 than Cluster 2
(P=5.4e-24) and tumor tissues than normal tissues (P=1.641e-26), and
TROAP was highly expressed in the Cluster 1 than Cluster 2 (P=8.687¢-
52) and tumor tissues than normal tissues (P=2.92¢-31) by wilcoxon test
(Fig. 2B, C). The different relationship between gene copy number alterations
and transcript levels for RASGRF1 and TROAP is shown in Fig. 2D.
RASGRF1 and TROAP were differentially expressed among different tumor
stage (Fig. 2E). Significant association was found between RASGRF1
expression and age (P=0.16), or gender (P = 9.6e-05) (Fig. S2A), meanwhile
the expression level of TROAP was associated with age (2=0.00019),
or gender (P=0.000069) (Fig. S2B). The patients with high RASGRF1
expression had an obviously longer OS (HR = 0.63, P=0.0036) than those
with low RASGRF1 expression, and longer DFS (HR=10.75, P=0.071)
without any statistical significance (Fig. 2F). However, the patients with
high TROAP expression had a significantly shorter OS (HR=2.19, P <
0.0001) and DFS (HR =1.85, P=9e-04) than those with low TROAP
expression (Fig. 2G). Subsequently, GSE31210 dataset was chosen to further
verified the prognostic values of RASGRF1 (OS HR=0.33 P=0.026, FP
HR=0.48 P=0.029) (Fig. 2H) and TROAP (OS HR =3.04 P=0.0013,
FP HR=4.14 P=0.00012) (Fig. 2I). Based on the results above, we
identified RASGRF1 and TROAP as significant prognostic factors in LUAD.

RASGRF1 and TROAP protein expression characteristics and prognostic
value

Subsequently, we investigate the expression of RASGRF1 and TROAP
in 216 NSCLC samples and 20 adjacent tissues from TMUCIH by IHC.
And we further evaluated the relationship between clinical information
and RASGRF1 or TROAP expression by Chi-square test (Table 1).
Decreased RASGRF1 expression was associated with gender (P=0.016),
histologic type of lung cancer (P=0.004), clinical stage (P=0.024),
lymph node classification (P=0.017), and smoking status (P=0.025).
Increased TROAP expression was significantly associated with gender
(P=0.044), histologic type of lung cancer (P < 0.0001), and smoking status
(P=0.007). Representative staining of RASGRF1 and TROAP expression
was predominantly visible in the cytoplasm at 400x magnification (Fig. 3A).
Consistent with the preceding analysis in TCGA, RASGRF1 was lowly
expressed in tumor tissue (P=0.0181) (Fig. 3C), and TROAP was highly
expressed in tumor tissue than that in adjacent normal tissue (2= 0.0061)
(Fig. 3D). We then evaluated the expression in different clinical stage and
found that RASGRF1 showed significant differences in expression levels
between stage I and III (P =0.0084, Fig. 3C).

Simultaneously, we employed univariate analysis of variable factors
correlated to PFS and OS (Table 2). The results exhibited that clinical
stage, tumor size classification, and lymph node classification were risk
factors for PFS and OS, as well as gender and smoking status for OS. To
assess potential impact of clinical parameters on the prognostic value of
RASGRF1 or TROAPD, we investigated the prognostic value of RASGRF1
(Table 3) and TROAP (Table 4) in selective clinical subgroups. The

prognostic value of RASGRF1 was related to age, histologic type, clinical
stage, and N classification in both PES and OS (Fig. 3E). The survival
curves demonstrated that RASGRF1 expression was protective factors for PFS
(HR=0.438, P=0.0001) and OS (HR=0.445, P=0.0021) in NSCLC.
RASGREF1 predicts a better prognosis for PES (HR = 0.445, P=0.0003) and
OS (HR =0.488, P=0.0108) in patients with LUAD; PFS (HR = 0.42,
P=0.003) and OS (HR=0.385, P=10.0174) in patients in stage I and
II; PFS (HR =0.404, P=0.0028) and OS (HR =0.402, P=0.0264) in
patients without lymph node invasion; PFS (HR=0.339, P < 0.0001)
and OS (HR=0.361, P=0.0015) in younger patients. The prognostic
value of TROAP was associated with histologic type, clinical stage, N
classification, and smoking status in both PFS and OS ((Fig. 3F). TROAP
expression was risk factors for PFS (HR=2.612, P < 0.0001) and OS
(HR=2.12, P=0.004) in NSCLC. TROAP predicts a poorer prognosis
for PES (HR=3.971, P < 0.0001) and OS (HR = 4.317, P=0.0006) in
patients with LUAD; PFS (HR = 3.246, P=0.0002) and OS (HR =2.832,
P=0.0081) in patients in stage I and II; PFS (HR = 3.338, P=0.0002) and
OS (HR=2.899, P=0.0128) in patients without lymph node invasion.

TROAP promotes tumor cells proliferation, invasion, and migration

All the above results implied that RASGRF1 or TROAP might be
considered as a valuable prognostic factor in LUAD. As a consequence, we
hypothesize that RASGRF1 or TROAP might have a modest effect on tumor
biological behavior in cancer cells. To elucidate the hypothesis, we carried out
the subsequent experiments.

In the following research, we firstly performed GSEA in LUAD, and
found overexpressed TROAP was associated with cell cycle and P53 signaling
pathway (Fig. 4A), which was consistent with our conjecture. And then, we
explored gene mRNA expression in NSCLC cell lines by RT-qPCR and found
that TROAP was upregulated in LTEP-A2, A549, and H1299 compared with
BEAS-2B (Fig. 4B). TROAP expression was specifically knocked down by
transfecting siRNA into A549 and H1299 cells, followed by the confirmation
of knockdown efficiency by western blot (Fig. 4C). Next, the cell proliferation
ability was measured by CCK-8, 2D clone formation, and cell cycle assays.
As indicated in Figs. 4D, E, F, A549 and H1299 cells proliferated slowly and
the colony numbers were reduced obviously along with decreased TROAP.
Meanwhile, the TROAP deficiency induced a partial cell cycle arrest at the
G1-S transition with elevated GO/G1 populations and reduced S population
in A549 or H1299 transfected TROAP siRNA. However, TROAP had on
effect on the apoptosis (Fig. 41).

Furthermore, the metastatic capacity was suppressed when deregulated
TROAP in A549 and H1299 cells via transwell (Fig. 4G) and wound healing
assays (Fig. 4H). Our data revealed that both the amount of tumor cells
that migrated onto the lower surface of the membrane, and the wound
closure speed were slackened remarkably when transfected with specific
TROAP siRNA. It is known that epithelial-to-mesenchymal transition
(EMT) is crucial for tumor metastasis, and cyclins contributed to cell cycle
progression. We then detected the metastasis related proteins and cell cycle
associated proteins. The results demonstrated that TROAP was correlated
with the increase of N-cadherin, Snail, Slug, Cyclin b1, and Cyclin b2, as
well as reduction of E-cadherin (Fig. 4]). The current data demonstrated
that overexpressed TROAP could promote cell proliferation and metastatic
potential via regulation EMT and specific cell cycle regulatory proteins.

RASGRF1 have potential function of regulating TME

We also explored the potential function of RASGRF1 in NSCLC cell
lines and found that RASGRF1 had no influence on tumor initiation
and progression (Fig. S3). GSEA revealed that RASGRF1 was primarily
enriched in immune related pathways like “B cell receptor signaling pathway”,
“chemokine signaling pathway”, “Jak stat signaling pathway” (Fig. 5A). In the
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Fig. 2. Identification of RASGRF1 and TROARP as the potential key genes. (A) Intersection of DEGs and CNVCor genes contains two key genes: RASGRF1
and TROAP. (B) RASGRF1 expression was lowly expressed in Clusterl (p=>5.4e-24), and TROAP was highly expressed in Cluster]l (p=8.687¢-52). (C)
RASGRF1 expression was lowly expressed in tumor tissue (p=1.641e-26), and TROAP was highly expressed in tumor tissues (p=2.92¢-31). (D) The
association between gene copy-number alterations and transcript levels using cBioportal. (E) Relative expression level of RASGRF1 and TROAP in different
clinical stages. Statistical test: Kruskal-Wallis test. (F) Survival analysis with Kaplan-Meier plot shows that patients with high RASGRF1 expression had
an obviously longer OS (HR=0.63, p=0.0036) than those with low RASGRF1 expression, and longer DFS (HR=0.75, p=0.071) without any statistical
significance; (G) Patients with high TROAP expression had a significantly shorter OS (HR=2.19, p<0.0001) and DES (HR=1.85, p=9¢-04) than those with
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Fig. 3. RASGRF1 and TROAP expression characteristics and prognostic value. (A) Representative IHC images were taken at 400x magnification: negative (-),
weak positive (+), moderate positive (++), and strong positive (+++). (B) Representative staining in tumor and tumor-adjacent normal tissue; RASGRF1
staining score was statistically higher in normal tissue compared to tumor tissue (=20, p=0.0181), and TROAP staining score was statistically higher in tumor
tissue compared to normal tissue (n=20, p=0.0061). (C) RASGRF1 expression in LUAD and different clinical stages. (D) TROAP expression in LUAD and
different clinical stages. (E) RASGRF1 expression was protective factors for PFS (HR=0.438, p=0.0001) and OS (HR=0.445, p=0.0021) in NSCLC. The
prognostic value of RASGRF1 was related to histologic type, clinical stage, and N classification in both PFS and OS. (F) TROAP expression was risk factors for
PFS (HR=2.612, p<0.0001) and OS (HR=2.12, p=0.004) in NSCLC. The prognostic value of TROAP was associated with histologic type, clinical stage,
and N classification in both PFS and OS. HR calculated by cox regression analysis based on TMUCIH data. P-Values were calculated using the log-rank test.
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Fig. 4. TROAP promotes tumor cells proliferation, invasion, and migration. (A) GSEA revealed that TROAP was most predominantly enriched “cell cycle”
and “P53 signaling pathway”. (B) TROAP mRNA expression in human NSCLC cell lines. Significance tested by Kruskal-Wallis. (C) Western blot confirmation
of TROAP knockdown efficiency by siRNA in A549 and H1299 cells. (D) CCK-8 assay of A549 and H1299 cells with TROAP knockdown at 24, 48, and
72 hours after transfection. Significance tested by two-way ANOVA. (E) Representative images for clonogenic assay after transfection for 7 days. Significance
tested by wilcoxon rank-sum test. (F) Cell cycle analysis indicated a strong cell-cycle bias. (G) Transwell invasion assays of cancer cells with TROAP siRNA
transfection. (H) Scratch monolayer assays of cancer cells with TROAP siRNA transfection. (I) TROAP deficiency did not affect cell apoptosis. (J) Western
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Table 1

Patient clinical parameters and their association with RASGRF1 or TROAP expression.

PFS
Hazard Ratio
Clinical parameters n (95%Cl)
Age(years)
<65 152 1.098
> 65 64 (0.742~1.624)
Gender
Males 118 0.806
Females 98 (0.563~1.154)
Type
LUAD 177  1.059
LUSC 39 (0.661~1.696)
Clinical stage
1+1 147  3.331
1] 69 (2.161~5.133)

T classification
™ 97
T2+T3+T4 119
N classification

1.988
(1.390~2.844)

NO 136 2.924

N1+N2+N3 80 (1.964~4.353)
Smoke

No smoking 112 1.109

Smoking 104 (0.774~1.588)
RASGRF1

Low 146  0.438

High 70 (0.304~0.633)
TROAP

Low 68 2.612

High 148 (1.807~3.774)

0s
Hazard Ratio

P Value (95%Cl) P Value

0.6314 1.128 0.599
(0.710~1.794)

0.2403 0.635 0.0408*
(0.414~0.975)

0.8067 1.559 0.0651
(0.889~2.733)

<0.0001***  4.361 <0.00071***
(2.614~7.274)

0.0002*** 1.962 0.0028**
(1.279~3.010)

<0.0001***  3.787 <0.00071***
(2.364~6.067)

0.5698 1.551 0.0426*
(1.009~2.384)

0.0007*** 0.445 0.0021**
(0.286~0.695)

<0.0001*** 212 0.004**

(1.354~3.320)

Note. Bold font indicates P < 0.05. *P value <0.05; **P value <0.01; ***P value <0.001; ****P

value <0.0001.

next step, we sought to explore the effect of RASGRF1 on tumor immune
microenvironment. Hence, we queried RASGRF1 expression in different
immune subtypes from TISIDB database, which showed that RASGRF1
was different among immune subtypes (Fig. 5B). Then, ESTIMATE
algorithm was conducted to calculate the stromal and immune score, which
showed positive correlations between RASGRF1 and ESTIMATE, stromal,
and immune score (Fig. 5C). In order to further explore the potential
immunomodulatory function of RASGRF1, TIMER database was used to
identify the correlation between RASGRF1 and six immune cells. Consistent
with the results above, RASGRF1 was significantly positively correlated with
the infiltration levels of B+ cell, CD8+ T cell, CD4+ T cell, macrophage,
neutrophil, DCs (partial.cor > 0.2, P < 0.0001) (Fig. 5D). For a more
accurate evaluation of association between RASGRF1 and more specific
immune cell types, GSVA algorithm was used for analysis via TISIDB
(Fig. 5E). Here as well, the strongest correlations were presented, and others
can be found in Figure S4a. We have then further confirmed these by THC
in 116 LUAD patients via IHC. Patients with high expression of RASGRF1
were accompanied by increasing infiltration levels of CD4+ and CD8+ T
cells, especially in patients with stage I and II (R=10.3102, P=0.0212 and
R=0.3862, P=10.0047, respectively) (Figs. 5F G). No clearly correlation
was found between RASGRF1 and CD20+ B cell, CD11lc+ DCs, or
CD68+ macrophage (Fig. 5H). We identified a significantly negative
association with RASGRF1 and TMB (R=-0.31, P=6.23e-13) (Fig. S4B).
Finally, we distinguished immune cell infiltration levels across each type of
RASGRF1 CNVs (Fig. 5I). We can find the highest immune cells infiltration
level in the group of RASGRF1 with high amplication, but the trend was
statistically insignificant, which may be partly due to the small sample size.

Totally, our results demonstrated that RASGRF1 may work as an immune
modulator in TME.

Discussion

The rapid advancement of high-throughput sequencing which boots
the deep and efficient exploration of genomes and transcriptomes, has
revolutionized the understanding of cancers in molecular alterations and
biological mechanisms. With further studies, it is now recognized that
individual tumors in the same type are highly heterogeneous and even have
diverse genomic alterations. The classical factors for predicting prognosis
in NSCLC, such as TNM stage and histological differentiation, currently
cannot meet the developing requirements of individualized and accurate
prognostic evaluation. At the same time, the constantly updated public
databases provided a large number of genome and transcriptome sequencing
results with corresponding clinical characteristics (22). Without question,
cancer therapy has entered a personalized medicine era based on molecular
subtyping and pathology guidance. However, it is a bumpy road to achieve
truly molecular typing clinical treatment. Thus, sustained efforts have
been dedicated toward searching for effective typing system using various
approaches. NMF is an unsupervised clustering approach for molecular
typing, which were currently widely used to identify special clusters by
features in cancers (23-26). DNA CNVs is a hallmark of genome abnormality
in cancers. Transcriptional deregulation by the aberrations is playing a pivotal
role in cancer heterogeneous progression. More attention has been paid to the
integration of multiple omics data analysis for cancer diagnosis and treatment.
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Table 2

Univariate survival analysis of clinical parameters and RASGRF1 or TROAP expression with
PFS and OS in patients with NSCLC.

RASGRF1 TROAP
Clinical parameters  n (%) Low High PValue Low High P Value
Age(years)
<65 152(70.4) 98 54 0.131 48 104 0.962
>65 64(29.6) 48 16 20 44
Gender
Males 118(54.6) 88 30 0.016* 44 74 0.044*
Females 98(45.4) 58 40 24 74
Type
LUAD 177(81.9) 12 65 0.004** 42 135 <0.00071***
LUSC 39(18.1) 34 5 26 13

Clinical stage
| 113(52.3) 67 46 0.024* 42 71 0.166

1 34(15.7) 26 8 9 25
1l 69(31.9) 53 16 17 52

T classification
T1 97(44.9) 59 38 0.152 35 62 0.095
T2 83(38.4) 60 23 19 64
T3+T4 36(16.7) 27 9 14 22

N classification
NO 136(63.0) 84 52 0.017* 48 88 0.116
N1+N2+N3  80(37.0) 62 18 20 60

Smoke
No smoking  112(51.9) 68 44 0.025* 26 86 0.007**
Smoking 104(48.1) 78 26 42 62

Note. Bold font indicates P < 0.05.

Table 3

Univariate survival analysis of RASGRF1 expression in subgroups with different clinical parameters.

PFS oS
Hazard Ratio Hazard Ratio

Clinical parameters n (95%Cl) P Value (95%Cl) P Value
Agel(years)

<65 152 0.339(0.219~0.524) <0.0001***  0.361(0.212~0.616)  0.0015**

>65 64 0.856(0.417~1.759)  0.6825 0.809(0.345~1.897) 0.6372
Gender

Males 118 0.475(0.286~0.791) 0.0152* 0.419(0.233~0.755)  0.0185*

Females 98 0.430(0.247~0.749)  0.0053** 0.550(0.270~1.120)  0.1189
Type

LUAD 177  0.445(0.299~0.664) 0.0003*** 0.488(0.295~0.806) 0.0108*

LUSC 39 0.257(0.081~0.813)  0.1468 0.331(0.093~1.174)  0.2486
Clinical stage

I+l 147  0.420(0.253~0.696) 0.003** 0.385(0.198~0.748)  0.0174*

1 69 0.572(0.329~0.997) 0.0743 0.571(0.310~1.054)  0.1053
T classification

T 97 0.436(0.237~0.799) 0.0141* 0.388(0.181~0.832)  0.033*

T24+T3+T4 119  0.503(0.313~0.809) 0.0133* 0.549(0.312~0.966) 0.0679
N classification

NO 136  0.404(0.238~0.685) 0.0028** 0.402(0.201~0.867)  0.0264*

N1+N2+N3 80 0.637(0.370~1.096)  0.1365 0.617(0.336~1.135)  0.1609
Smoke

No smoking 112 0.427(0.260~0.704)  0.0019** 0.565(0.294~1.083)  0.1054

Smoking 104  0.450(0.255~0.793) 0.022* 0.367(0.195~0.691)  0.0156*

Note. Bold font indicates P < 0.05.
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Table 4

Univariate survival analysis of RASGRF1 expression in subgroups with different clinical parameters.

PFS (013
Hazard Ratio Hazard Ratio

Clinical parameters n (95%Cl) P Value (95%Cl) P Value
Agel(years)

<65 152  2.233(1.426~3.497) 0.0022** 1.801(1.031~3.144) 0.0654

>65 64 3.646(1.908~6.965)  0.0015** 3.255(1.535~6.905)  0.0064**
Gender

Males 18  2.118(1.322~3.396)  0.0038** 1.761(1.019~3.044) 0.0576

Females 98 5.242(2.884~9.530) 0.0003*** 6.066(2.803~13.13)  0.0032**
Type

LUAD 177 3.971(2.589~6.091) <0.0001***  4.317(2.477~7.524) 0.0006***

LUSC 39 1.758(0.695~4.448) 0.1813 1.764(0.693~4.492)  0.1859
Clinical stage

I+l 147  3.246(1.957~5.383)  0.0002*** 2.832(1.466~5.471)  0.0081**

I} 69 1.461(0.821~2.598) 0.2313 1.086(0.549~2.149) 0.8144
T classification

T 97 3.452(1.866~6.387) 0.0013** 2.641(1.212~5.757)  0.0407*

T2+T3+T4 119  2.153(1.355~3.422)  0.0043** 1.781(1.022~3.104)  0.0632
N classification

NO 136  3.338(1.963~5.674)  0.0002*** 2.899(1.441~5.831)  0.0128**

N1+N2+N3 80 1.539(0.893~2.653) 0.1549 1.288(0.690~2.405)  0.4303
Smoke

No smoking 112 5.202(3.042~8.897) <0.0001***  6.987(3.423~14.26) 0.0012**

Smoking 104  1.949(1.164~3.265)  0.0152* 1.602(0.899~2.855) 0.1255

Note. Bold font indicates P < 0.05.

In 2018, diffuse large B-cell lymphoma can be divided into different
genetic subtypes according to the characteristics of gene mutation,
translocation, and copy number abnormality using technologies such as
whole exon sequencing, whole transcript sequencing, DNA copy number
analysis and gene targeted amplicon sequencing, respectively (27,28). Recent
studies suggested that CNVs characteristics can distinguish malignant ductal
cells in pancreatic ductal adenocarcinoma using single-cell RNA-seq (18).
Inspired by these unexpected results, we seek to identify CNVcor genes and
use the CNVcor genes to differentiate entirely distinct subtypes in LUAD.
We hope this theory can explore more unknown mechanisms underlying
for tumor heterogeneity, which will help to predict outcomes, determine
appropriate treatment options, and even define candidate treatment targets
in the future.

In our study, the CNVcor genes were identified by the DNA CNVs and
transcriptional profiles from the 443 LUAD patients in TCGA database.
These samples were separated into two distinct subtypes (Cluster 1 and
Cluster 2). Gene expression pattern, survival status, gene copy aberration,
and immune cell infiltration levels were markedly different between Cluster
1 and Cluster 2. Nevertheless, our current study was limited by the lack
of available RNA sequencing data in the current study to validate our
genotyping findings. To further test this investigation, RNA tissues extracted
from LUAD samples in our cohort will be sequenced, and then clustered with
defined features in our next work. A deeper understanding is needed to verify
the potential clinical value of molecular subtypes in other malignancies.

Next, we chosen to explore the intersection of CNVcor genes and DEGs,
and discovered two candidate gene, RASGRF1 and TROAP, which were
related to OS and DEFS. These results therefore confirmed that the method
adopting CNVcor genes partially discriminated patients, which may provide
us more clues to underly tumor heterogeneity and develop novel therapeutic
targets. These results were validated by the independent GEO dataset and
specimens from TMUCIH. RASGRF1 is a guanine-nucleotide exchange
factor which catalyzes the GDP/GTP exchange and involves in a variety of
neural functions, such as neurite outgrowth and neuron soma changes (29).

RASGREF1 has been reported to facilitate tumor initiation and progression by
acting as an oncogene in several cancer, such as alveolar rhabdomyosarcoma
(30), astrocytoma (31), chronic (32) or acute lymphocytic leukemia (33),
and sever as a possible risk factor in gastric (34) and colorectal cancer (35).
In melanoma, RASGRF1 upregulates the expression of MMP-9 to promote
cell invasion and metastasis (36). However, according to Fernando et al,
RasGRF1/2 could suppress tumor cell movement via binding to Cdc42 in
in A375M2 cells (37). The role of RASGRF1 in lung tumorigenesis and
the association between RASGRF1 and tumor microenvironment (TME)
have not been explored. TROAP is a cytoplasmic protein firstly identified to
be involved in the embryo implantation, which participates in microtubule
regulation (38). Until now, TROAP overexpression was found to be correlated
with bad outcomes in ovarian cancer (39), gastric cancer (40), colorectal
cancer (41) and liver cancer (42,43). However, Lian et al considered
TROAP has a protective role in hepatocellular carcinoma (44). TROAP
was reported to enhance cancer progression via activating Wnt3/survivin
signaling pathways in prostate cancer as an adverse prognostic factor (45).
Recently, TROAP has been regarded as an independent prognostic marker
in LUAD (46). However, the mechanism by which TROAP exerts as an
oncogene in cancer is still barely known. Little available studies about the
roles of these two genes in past were even inconsistent with each other.
These may be due to small sample size, or tumor interpatient/intratumor
heterogeneity. In our studies, we identified RASGRF1 as a tumor suppressor
gene and TROAP as an oncogene through database analysis, and confirmed
the accuracy by in vitro experimentation and independent validation cohort.

RASGRF1 expression patterns observed across different immune subtypes
showed that RASGRF1 exhibits highest expression in C4, the second
highest expression in C3. As for the C4 subtypes (n=20) predicted worst
outcome which was the opposite of RASGRF1 as a protective factor,
it remains too early to make a more definitive conclusion due to the
small size. To avoid the limitation of one single algorithm and produce
a more comprehensive assessment, we analyzed tumor infiltrated immune
cells by different algorithm (47). Based on our results, patients with high
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RASGREF1 expression had an improved prognosis. RASGRF1 may be more
involved in immunomodulatory pathways and its expression was significantly
associated with immune cells infiltrations. However, we conducted the
correlation between RASGRF1 and immune cells in TMUCIH cohort by
IHC to examine the immunoregulatory function of RASGRF1. Despite our
limitations of our single-center retrospective study, we preliminary revealed
the relevance between RASGRF1 and CD4+ or CD8+ T cell. Meanwhile,
the correlation between TMB and clusters or RASGRF1 were assessed, which
revealed a negative correlation. The high TMB was a bad prognostic factor for
OS or DFS in NSCLC (48), which was consistent with the role of RASGRF1
as a good prognostic marker.

In conclusion, we investigated the possible pathogenic mechanisms from
the perspective of genomic alterations in LUAD via the data analysis of
genomics and transcriptomics. In the current study, we highlighted that
DNA CNVs plays a critical role in LUAD and samples could be subdivided
into two distinct clusters by CNVcor genes. We compared the molecular
characteristics and immune microenvironment of samples according to the
two clusters. In addition, we identified two candidate genes, RASGRF1 or
TROARP, both present in CNVcor genes and DEGs as the key genes in the two
subtypes. We further demonstrated the tumor suppressor role of RASGRF1
and the oncogenic ability of TROAP in vitro experiments. In summary,
we thought this novel classification may be useful in risk stratification and
determining a more precise survival prediction, possibly as well as beneficial
in the development of therapies in cancers.
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