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Abstract

Background
ARNTL2 is a member of the PAS superfamily that promotes tumor progression. However, the role of
ARNTL2 in lung adenocarcinoma (LUAD) remains unclear. The purpose of our study was to investigate
the function of ARNTL2 in LUAD.

Methods
The expression, clinical features, and prognostic role of ARNTL2 in pan-cancer were evaluated using The
Cancer Genome Atlas and Genotype-Tissue Expression data. GSEA and GSVA of ARNTL2 were performed
using the R package “clusterPro�ler.” The correlation between immune cell in�ltration level and ARNTL2
expression was analyzed using two sources of immune cell in�ltration data, including the TIMER2 and
ImmuCellAI database. Finally,we analyzed the correlation between ARNTL2 and IC50 of 192 drugs.

Results
ARNTL2 was substantially overexpressed in LUAD and pan-cancer. High ARNTL2 expression predicted
poor survival in patients with LUAD. We also found that ARNTL2 expression was positively associated
with the in�ltration levels of immunosuppressive cells, such as tumor associated macrophages, cancer
associated �broblasts and Tregs. Among the 192 anti-cancer drugs, ARNTL2 expression was positively
correlated with IC50 of 114 anti-cancer drugs, such as SB505124, Doramapimod, Nutlin-3a (-),
Sabutoclax, AZD5991, PF-4708671, Elephantin, PRIMA-1MET, Sorafenib, Vorinostat, and MK-2206.

Conclusions
Our results revealed that ARNTL2 is a potential prognostic biomarker in LUAD. An elevated ARNTL2
expression indicates an immunosuppressive microenvironment, and targeted therapies against ARNTL2
have excellent potential.

Introduction
Although huge progress has been made in the treatment of lung adenocarcinoma (LUAD) in recent years,
the prognosis of LUAD patients is still very low, mainly because most patients are diagnosed in the �nal
stage and lack of effective speci�c therapeutic targets [1–3]. Immunotherapy has been shown to have
advantages for LUAD, but most patients are still not sensitive to immunotherapy [4, 5]. Therefore, it is
urgent to explore the underlying mechanism of LUAD and determine the key biomarkers and potential
targets for LUAD patients.
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Recent studies have showed the evidence that the tumor microenvironment (TME) plays an important
role in the development of LUAD, and weakens the response of LUAD patients to treatment [6]. TIME in the
TME were remodeled and lost their original function by tumor cells. For example, tumor-associated
macrophages (TAMs), especially M2-like TAMs, were remolded directly or indirectly by tumor cells and in
turn played an immunosuppressive and tumor-promoting role [7–10]. However, only a few genes form part
of the routine prognostic markers in LUAD, but TIME-derived biomarker genes are potential additions to
existing predictive and prognostic marker panels.

ARNTL2 is one of the PAS superfamily proteins. It was recently reported that ARNTL2 could promote the
progression of pancreatic ductal adenocarcinoma by TGF/BETA pathway [11]. Another study showed that
the deletion of ARNTL2 could suppress colon carcinoma by inactivating PI3K/AKT pathway [12]. In clear
cell renal cell carcinoma, ARNTL2 is involved in poor survival and immune in�ltration [13]. However, the
study of ARNTL2 in most tumor types and LUAD is insu�cient.

In our study, we comprehensively analyzed the role of ARNTL2 using multi-omics data from TCGA
database for 33 cancers, including expression, clinical features, prognostic roles, DNA methylation, copy
number alteration (CNA), and mutation status of ARNTL2. The correlation between ARNTL2 expression
and in�ltration level of immune cells were further assessed. The high expression of ARNTL2 predicted the
immunosuppressive TIME, which may lead to poorer survival of tumor patients with a high ARNTL2
expression. Thus, targeting ARNTL2 may be a potential cancer therapy method.

Materials And Methods
Data source

The RNAseq data and clinical information of The Cancer Genome Atlas (TCGA) and Genotype-Tissue
Expression (GTEx) were downloaded from the UCSC Xena (https://xenabrowser.net/datapages/)
database. The immune cell in�ltration data of TCGA were downloaded from a TIMER2
(http://timer.cistrome.org/) and ImmuCellAI (http://bioinfo.life.hust.edu.cn/ImmuCellAI#!/) database. The
methylation and CNA of ARNTL2 were downloaded from the cBioPortal database
(https://www.cbioportal.org/). The IC50 values of 192 drugs and RNAseq data for a total of 809 cell lines
were downloaded from GDSC (https://www.cancerrxgene.org/).

GSEA and GSVA

The correlation analysis between ARNTL2 expression level and all genes was conducted in each tumor
types, and Pearson’s correlation coe�cient was calculated. The genes correlated with ARNTL2 (p<0.05)
were ranked and subjected to GSEA analysis. Gene Ontology (GO), Kyoto Encyclopedia of Genes and
Genomes (KEGG) and Reactome database were used for GSEA using the R package “clusterPro�ler.” For
the GSVA, the hallmark pathways were downloaded from MSigDB database. The GSVA was conducted
by the R package “GSVA” using “ssGSEA” algorithm.
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Immune in�ltration analysis

The R package “ESTIMATE” was used to assess the stromal and immune score of each patient in TCGA
cohort. Two different methods were employed to evaluate the association between ARNTL2 and immune
cell in�ltration. For the �rst method, the immune cell in�ltration data was downloaded from TIMER2
database and was used to explore the association between ARNTL2 and immune cell in�ltration. For the
second method, we obtained the in�ltration data of 24 immune cells from ImmuCellAI database and
conducted the correlation analysis between ARNTL2 expression and in�ltration level of 24 immune cells.
In addition, the correlation between immunoregulation-related genes and ARNTL2 was analyzed in TCGA
pan-cancer.

Results
Expression of ARNTL2 in pan-cancer

We �rst assessed the expression of ARNTL2 using TCGA and GTEx data. We revealed that ARNTL2 was
over-expressed in 26 among 33 cancers types, including BLCA, BRCA, CESC, CHOL, COAD, DLBC, ESCA,
GBM, HNSC, KIRC, KIRP, LAML, LGG, LIHC, LUAD, LUSC, OV, PAAD, PCPG, READ, STAD, TGCT, THCA,
THYM, UCEC, and UCS. In addition, ARNTL2 was low-expressed in only three cancer type, including ACC,
PRAD, and SKCM (Figure 1A). To compare the expression of ARNTL2 only in tumor tissues, we found that
ARNTL2 was highest expressed in HNSC and lowest in UVM (Figure 1B). For normal tissues
from the GTEx database, results revealed that the expression of ARNTL2 was highest in vagina tissues
and lowest in muscle (Figure 1C).

Regarding the tumor and adjacent normal tissues in TCGA cohort, ARNTL2 was also observed to be over-
expressed in 15 cancers, such as BLCA, CESC, CHOL, COAD, ESCA, HNSC, KIRC, KIRP, LIHC, LUAD, LUSC,
PCPG, READ, STAD, and THCA. (Figure 2A-O), while lowly expressed in KICH (Figure 2P).

We further investigated ARNTL2 expression at various tumor stages. The results revealed that ARNTL2
expression was elevated in the relative worse tumor stages in ACC, BLCA, LUAD, PAAD, UCEC, and UVM
(Figure 3A-F). 

Gene alteration of ARNTL2

Gene mutation status, DNA methylation, and CNA are main factors that in�uence gene expression. Thus,
we assessed the mutation status, DNA methylation, and CNA of ARNTL2. We found that the highest
alteration frequency of ARNTL2 in NSCLC patients was “Ampli�cation”. For the correlation between
ARNTL2 and CNA, we revealed that ARNTL2 expression were positively correlated with CNA in most
tumor types, including LUAD (r = 0.41) (Figure 4B). In addition, we also found that the promoter
methylation level of ARNTL2 was negatively correlated with ARNTL2 expression in LUAD (r = -0.59),
which may also induce high expression of ARNTL2 (Figure 4C).

Prognostic role of ARNTL2
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To assess the prognostic role of ARNTL2, the univariate Cox regression analysis (UniCox) and Kaplan-
Meier survival analysis was performed. Results of the UniCox indicated that ARNTL2 was a risk factor for
overall survival (OS), disease-free interval (DFI), progression-free interval (PFI), and disease-speci�c
survival (DSS) of LUAD and PAAD patients (Figure 5A-D). Kaplan-Meier OS analysis proved that an
elevated ARNTL2 expression predicted worse OS of patients with LGG, LUAD, MESO, PAAD, UCEC, and
UVM (Figure 6A-F).

GSEA and GSVA of ARNTL2

To explore the potential pathways ARNTL2 may involve in tumor progression, we further conducted GSEA
of ARNTL2. The top 50 genes most positively and negatively correlated with ARNTL2 were showed
(Figure 7A-B). For the results of GSEA-GO, we found that ARNTL2 was enriched in most cell cycle-related
terms (Figure 7C). For GSEA results based on KEGG and Reactome, ARNTL2 was enriched in cell cycle,
Focal adhesion, PI3K-Akt signaling, Adaptive immune system, and innate immune system pathways
(Figure 7D-F). For the GSVA results, we found that ARNTL2 was positively correlated with most oncogenic
pathways, such as PI3K AKT MTOR signaling, Glycolysis, Hypoxia, In�ammatory response, and Interferon
gamma response pathways (Figure 8). As we have proved that ARNTL2 was highly expressed in LUAD,
and high expression of ARNTL2 indicated bad survival of LUAD patients. These results indicated that
ARNTL2-regulated cell cycle-related and immune-related pathways may contribute to the poor survival of
patients with tumors.

Immune cell in�ltration analysis

To understand the role of ARNTL2 in TIME of LUAD, we performed the correlation analysis between
ARNTL2 expression and stromal and immune scores calculated by R package “ESTIMATE”. Results
indicated that ARNTL2 was positively correlated with stromal score, ESTIMATE score, and immune score
and negatively correlated with tumor purity in most tumor types (Figure 9A) and LUAD (Figure 9B-E).

By analyzing the association between ARNTL2 expression and immune cell in�ltration using the
ImmuCellAI database, we found that ARNTL2 expression was positively associated with tumor
associated macrophages (TAMs) and Tregs in�ltration in pan-cancer (Figure 10A) and LUAD (Figure
10B). According to the results of TIMER2, we observed that ARNTL2 was positively associated with TAMs
and cancer associated �broblasts (CAFs) in�ltration (Figure 11). 

We also conducted a correlation analysis between immunosuppressive genes and ARNTL2. We
found that ARNTL2 expression was positively correlated with most immunosuppressive genes in
LUAD (Figure 12A). In addition, we also found that ARNTL2 expression was positively associated with
immune checkpoints in LUAD, such as CD274 (PD-L1), CTLA4, LAG3, PDCD1 (PD-1), and TIGIT (Figure
12B). We further proved that ARNTL2 was closely associated with immunomodulatory genes, including
MHC genes (Figure 13A), chemokines (Figure 13B) and chemokine receptors (Figure 13C).

Drug resistance analysis
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Additionally, we analyzed the correlation between ARNTL2 and IC50 of 192 drugs. Among the 192 anti-
cancer drugs, ARNTL2 expression was positively correlated with IC50 of 114 anti-cancer drugs, such as
SB505124, Doramapimod, Nutlin-3a (-), Sabutoclax, AZD5991, PF-4708671, Elephantin, PRIMA-1MET,
Sorafenib, Vorinostat, and MK-2206 (Figure 14, Supplementary Table 1).

Discussion
LUAD is one of the most common cancers and is a fatal factor in the health of people globally [14–16].
Recent studies have shown that the remodeling of TIME by cancer cells acts as a critical role in the
progression of LUAD, weakening the response of LUAD patients to treatment and leading to worse
survival status [17–20]. Thus, the identi�cation of essential genes that could affect TIME is urgently
needed.

ARNTL2 is one of the PAS superfamily proteins. Several studies have reported the oncogenic role of
ARNTL2 in tumors. However, the function of ARNTL2 in LUAD, especially in regulating TIME, remains
unknown. In our study, we �rst assessed the expression of ARNTL2 and found the elevated ARNTL2
expression in 26 of the 33 cancer types, including LUAD. We also found that the methylation and CNA of
ARNTL2 have important implications for ARNTL2 mRNA expression in LUAD. To determine the prognostic
role of ARNTL2, we conducted the UniCox and Kaplan-Meier survival analysis in TCGA cohort. Results of
the UniCox indicated that ARNTL2 acts as a risk factor for OS, DSS, DFI, and PFI in patients with LUAD.
Kaplan-Meier OS analysis revealed that an elevated ARNTL2 expression indicated worse survival of
patients with LGG, LUAD, MESO, PAAD, UCEC, and UVM. These results indicate that ARNTL2 is a
prognostic marker in most tumor types, including LUAD.

GSEA and GSVA results predicted the immune regulatory function of ARNTL2 in LUAD. We also found
that the in�ltration levels of TAMs, CAFs, and Tregs were closely associated with ARNTL2 expression in
LUAD and pan-cancer. Through the correlation analysis between ARNTL2 expression and
immunosuppressive genes and immune checkpoints, we found that ARNTL2 expression was positively
correlated with most immunosuppressive genes in LUAD, such as TGFBR1, IL10, IL10RB, CTLA4, PDCD1,
CD274, LAG3, and TIGIT. In addition, we also found that ARNTL2 expression was positively associated
with immunomodulatory genes, including MHC genes, chemokines and chemokine receptors.

Additionally, we also performed the correlation analysis between ARNTL2 and IC50 of 192 anti-cancer
drugs. We found that patients with high ARNTL2 expression might be resistant to most anti-cancer drugs,
such as SB505124, Doramapimod, Nutlin-3a (-), Sabutoclax, AZD5991, PF-4708671, Elephantin, PRIMA-
1MET, Sorafenib, Vorinostat, and MK-2206.

In conclusion, our �ndings revealed that ARNTL2 is a potential oncogene and a prognostic marker in
LUAD. High ARNTL2 expression may contribute to the immunosuppressive microenvironment in LUAD.
Targeting ARNTL2 may be a potential method for LUAD therapy.
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Abbreviations
ACC: Adrenocortical carcinoma; BLCA: Bladder Urothelial Carcinoma; LUAD: Breast invasive carcinoma;
CESC: Cervical squamous cell carcinoma and endocervical adenocarcinoma; CHOL: Cholangiocarcinoma;
COAD: Colon adenocarcinoma; DLBC: Lymphoid Neoplasm Diffuse Large B-cell Lymphoma; ESCA:
Esophageal carcinoma; GBM: Glioblastoma multiforme; HNSC: Head and Neck squamous cell carcinoma;
KICH: Kidney Chromophobe; KIRC: Kidney renal clear cell carcinoma; KIRP: Kidney renal papillary cell
carcinoma; LAML: Acute Myeloid Leukemia; LGG: Lower Grade Glioma; LIHC: Liver hepatocellular
carcinoma; LUAD: Lung adenocarcinoma; LUSC: Lung squamous cell carcinoma; MESO: Mesothelioma;
OV: Ovarian serous cystadenocarcinoma; PAAD: Pancreatic adenocarcinoma; PCPG: Pheochromocytoma
and Paraganglioma; PRAD: Prostate adenocarcinoma; READ: Rectum adenocarcinoma; SARC: Sarcoma;
SKCM: Skin Cutaneous Melanoma; STAD: Stomach adenocarcinoma; TGCT: Testicular Germ Cell Tumor;
THCA: Thyroid carcinoma; THYM: Thymoma; UCEC: Uterine Corpus Endometrial Carcinoma; UCS: Uterine
Carcinosarcoma; UVM: Uveal Melanoma; GSEA: Gene set enrichment analysis; GSVA: Gene Set Variation
Analysis; GDSC: Genomics of Drug Sensitivity in Cancer database; GO: Gene Ontology; KEGG: Kyoto
Encyclopedia of Genes and Genomes.
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Figure 1

Expression of ARNTL2 in pan-cancer. (A) pan-cancer expression of ARNTL2. (B) ARNTL2 expression in
tumor tissues from TCGA cohort. (C) ARNTL2 expression in normal tissues from GTEx cohort. *P < 0.05,
**P < 0.01, ***P < 0.001, ****P < 0.0001.
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Figure 2

Expression of ARNTL2 in paired tumor and adjacent normal tissues. (A-P) ARNTL2 expression in paired
tumor and adjacent normal tissues from TCGA in indicated tumor types. *P < 0.05, **P < 0.01, ***P <
0.001, ****P < 0.0001.
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Figure 3

Expression of ARNTL2 in various tumor stages. (A-F) ARNTL2 expression in various tumor stages in
indicated tumor types. *P < 0.05, ***P < 0.001.
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Figure 4

Gene alteration of ARNTL2. (A) The mutation and CNA status of ARNTL2 in TCGA-pan-cancer. (B) The
correlation between ARNTL2 expression and CNA. (C) The correlation between ARNTL2 expression and
DNA methylation.
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Figure 5

Prognostic value of ARNTL2. (A) The univariate Cox regression OS analysis of ARNTL2 in TCGA pan-
cancer. Red color represents signi�cant results (p < 0.05). (B-D) The univariate Cox regression analysis of
DSS (B), DFI (C), and PFI (D) in TCGA pan-cancer.
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Figure 6

Kaplan-Meier OS analysis of ARNTL2 (A-F) Kaplan-Meier OS analysis of ARNTL2 in TCGA pan-cancer in
indicated tumor types.
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Figure 7

GSEA of ARNTL2. (A) The heatmap of top50 genes positively correlated with ARNTL2 expression. (B) The
heatmap of top50 genes negatively correlated with ARNTL2 expression. (C-E) The top 20 GSEA results
based on GO (C), KEGG (D), and Reactome (E) database were showed in LUAD.
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Figure 8

GSVA of ARNTL2. The correlation between ARNTL2 expression and GSVA score of hallmark pathways in
LUAD.
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Figure 9

Tumor microenvironment analysis of ARNTL2. (A) Heatmap represents the correlation between ARNTL2
expression and TME scores in pan-cancer. (B-E) The correlation between ARNTL2 expression and
immune score (B), stromal score (C), ESTIMATE score (D), and tumor purity score (E). *P < 0.05, **P <
0.01, ***P < 0.001, ****P < 0.0001.
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Figure 10

Immune in�ltration analysis based on data from ImmuCellAI database. (A) The relationship between
ARNTL2 expression and in�ltration levels of 24 immune cells in pan-cancer. (B) The correlation between
ARNTL2 expression and immune cells in�ltration in LUAD. Red lines represent positive correlation, green
lines represent negative correlation, and the darker the color, the stronger the correlation. *P < 0.05, **P <
0.01, ***P < 0.001, ****P < 0.0001.
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Figure 11

Immune in�ltration analysis based on data from TIMER2 database. The relationship between ARNTL2
expression and in�ltration levels of immune cells in pan-cancer. Red represents positive correlation, green
represents negative correlation, and the darker the color, the stronger the correlation.
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Figure 12

The correlation between ARNTL2 expression and immunosuppressive genes. (A) The correlation between
ARNTL2 expression and immunosuppressive genes in pan-cancer. Red color represents positive
correlation and blue color represents negative correlation. The darker the color, the stronger the
correlation. (B) The correlation between ARNTL2 expression and immune checkpoints in LUAD. *P < 0.05,
**P < 0.01, ***P < 0.001, ****P < 0.0001.
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Figure 13

Correlation between ARNTL2 expression and immunomodulatory genes. (A-C) The correlation between
ARNTL2 expression and MHC genes (A), chemokines (B) and chemokine receptors (C). *P < 0.05, **P <
0.01, ***P < 0.001, ****P < 0.0001.
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Figure 14

Drug resistance analysis of ARNTL2 The correlation between ARNTL2 expression and IC50 values of
indicated anti-cancer drugs.
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