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Objective: The purpose of this study was to identify prognostic inflammatory markers 
regulated by enhancers in lung adenocarcinoma (LUAD).
Methods: Inflammatory indices of 490 LUAD patients in TCGA database were calculated 
using genomic variation analysis (GSVA). Patients were divided into high- and low- 
inflammatory index groups. Fraction of 22 infiltrating immune cells was estimated using 
the Cell type Identification By Estimating Relative Subsets Of RNA Transcripts 
(CIBERSORT). Gene set enrichment analysis (GSEA) was used to analyze gene enrichment. 
Differentially expressed genes were screened based on TCGA database. The H3K27ac ChIP- 
seq of A549 cells in GEO database (GSE42374) was analyzed to identify super enhancers. 
Kaplan–Meier method and multivariate Cox proportional hazards models were used for 
survival analysis. CCK8 and RT-qPCR were used for cellular level verification.
Results: Inflammation was associated with better outcome in LUAD patients. Anti-cancer 
immune cell fractions were upregulated in high-inflammatory index group. Genes enriched in 
inflammation-related signaling pathways were positively correlated with high-inflammatory index 
group. A total of 146 upregulated genes regulated by enhancers were screened, of which five genes 
including GDF10, HPGDS, ABCA8, SLIT3 and ADAMTS8 had significant influence on prog-
nosis. ChIP-seq analysis showed that TGFβ+TNFα treatment promoted the enhancer activation of 
the five genes. Cellular experiments revealed that there was no significant effect of TGFβ treatment 
on the five genes expression. TNFα treatment upregulated the five genes expression, while the 
BET-bromodomain inhibitor JQ1 restored the effect of TNFα. Overexpression of the five genes 
significantly inhibited the proliferation of A549 and H1299 cells.
Conclusion: GDF10, HPGDS, ABCA8, SLIT3 and ADAMTS8 were identified as enhan-
cer-regulated prognostic inflammation-related biomarkers, and the expression of these genes 
inhibited proliferation of LUAD cells.
Keywords: lung adenocarcinoma, prognosis, inflammation, enhancer

Introduction
Lung cancer is a common cancer worldwide, with incidence and mortality rates of 
11.6% and 18.4%, respectively.1 There are approximately 1.3 million new diag-
nosed cases each year in the word.2 Lung adenocarcinoma (LUAD) is the most 
common histologic subtype, accounting for approximately 40% of lung cancers. 
Patients with lung cancer can be treated with surgery, radiotherapy, chemotherapy 
and targeted therapy. LUAD in early stage is not clinically distinct, so it is easy to 
be misdiagnosed. About 75% of LUAD patients are diagnosed at advanced stage 
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and therefore cannot be treated with radical surgery.3 The 
survival rate of LUAD is only about 15%.3 Lung cancer 
treatment still suffers from the challenges of low cure rate 
and high recurrence rate.

Inflammation is an important marker of responsive 
host immunity, and is closely related to cancer 
development.4 Inflammatory immune microenvironment 
regulates tumor cell proliferation, angiogenesis, epithelial- 
to-mesenchymal transition (EMT) and metastasis.5 

Inflammatory mediators are involved in the regulation of 
cancer progression. Nuclear factor-κB (NF-κB) is a factor 
linking chronic infection to increase cancer risk.6 

Interferon-γ (IFN-γ) and IFN-α have anti-cancer 
effects.7,8 Transforming growth factor-β (TGF-β) facili-
tates tumor immune evasion and has pro-cancer effects.9 

Whether inflammation promotes or inhibits cancer 
remains controversial. Studies show that inflammation 
index is an independent prognostic factor for patients 
with non-small cell lung cancer or small cell lung cancer 
after surgical resection.10–12 The prognosis of stage IA 
LUAD patients with low inflammatory index is 
unsatisfactory.11 In addition, low inflammatory index is 
associated with poor prognosis in metastatic non-small 
cell lung cancer.13 However, inflammatory prognostic 
marker genes in LUAD have not been explored in these 
studies. In this study, we aimed to identify and verify the 
prognostic marker genes associated with inflammation. 
Exploring reliable inflammatory-related prognostic bio-
markers can help to advance theoretical research and 
clinical applications.

Currently, public databases, such as the Cancer 
Genome Atlas (TCGA, www.cancer.gov/tcga), provide 
excellent support for oncology research, not only to facil-
itate research into the molecular mechanisms of tumor 
development, but also to provide a basis for improved 
diagnosis and treatment.14–16 Screening for differentially 
expressed genes is helpful to identify new tumor markers. 
Enhancers are important elements in the regulation of gene 
expression. H3 lysine 27 acetylation (H3K27ac) activates 
enhancer and promotes gene transcription by enhancing 
promoter activity.17–19 Enhancers are highly conserved in 
tissues. Enhancer inactivation is associated with the devel-
opment of multiple diseases, including cancer.20,21 

Screening for differentially expressed genes regulated by 
enhancers can provide new perspectives to improve cancer 
diagnosis and treatment strategies.

In this study, we analyzed the relationship between 
inflammatory index and clinical features such as 

prognosis, and screened for enhancer-regulated inflamma-
tion-related genes. We further analyzed the relationship 
between these genes and prognosis of LUAD patients, 
and identified enhancer-regulated prognostic inflamma-
tion-related genes. Finally, the expression of enhancer- 
regulated prognostic inflammation-related genes, and the 
effect of these genes on cell proliferation was validated in 
LUAD cells. The aim of this study was to explore the 
prognostic inflammatory markers regulated by enhancers 
in LUAD.

Methods
Data Processing
The clinical information and RNA-seq data of 490 LUAD 
patients (dataset access number, TCGA-LUAD) were 
downloaded from TCGA database. The selection criteria 
were as follows: Patients with incomplete prognosis infor-
mation were not enrolled; Included complete clinical infor-
mation (including tumor stage, smoking status, age and 
sex). After screening, 458 patient samples were used for 
follow-up analysis. “Limma” package in R was applied for 
background correction and normalization of raw data.22 

The RPKM values were used for the subsequent analysis.

Genomic Variation Analysis (GSVA)
Inflammatory index was calculated by GSVA algorithm 
with hallmark inflammatory response gene sets in the 
Molecular Signature Database v7.4 (MSigDB v7.4, http:// 
software.broadinstitute.org/gsea/msigdb/index.jsp) as the 
reference gene sets.23 The “GSVA” package in R with 
GSVA method was applied in this study.

Mann–Whitney test was used to analyze the differ-
ences in inflammatory index between tumor vs normal, 
and smoking vs non-smoking groups. Kruskal–Wallis test 
was applied to assess the difference in inflammatory index 
among tumor stages. P<0.05 indicated a significant 
difference.

Analysis of Infiltrating Immune Cells 
Fraction
Estimation of the fraction of twenty-two infiltrating immune 
cells in high- and low-inflammatory index groups was 
applied using the Cell type Identification By Estimating 
Relative Subsets Of RNA Transcripts (CIBERSORT) web 
tool (https://cibersort.stanford.edu/) with LM22 (22 immune 
cell types) signature and 1000 permutations.24 Comparison 
of cell fraction between high- and low-inflammatory index 
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groups were performed using Student’s t-test. P<0.05 indi-
cated a significant difference.

Gene Set Enrichment Analysis (GSEA)
GSEA (http://software.broadinstitute.org/gsea/index.jsp) 
was used to analyze gene enrichment in inflammatory 
response-related and apoptosis pathways in high- and low- 
inflammatory index group.25 Gene sets of the MSigDB 
Hallmark collection were employed in this study. The 
nominal P<0.05, false discovery rate (FDR)<0.25 and 
normalized enrichment score (|NES|>1) indicated signifi-
cant gene enrichment.

Identification of Differentially Expressed 
Genes and Enhancer-Regulated Genes
Differentially expressed genes in high-inflammatory index 
group compared with low-inflammatory index group were 
screened by “Limma” package in R. The cutoff values 
were FDR-corrected (Benjamini-Hochberg) P<0.01 and | 
log2 fold change (FC)|>1.

The H3K27ac ChIP-seq of A549 cells treated with 
TGFβ+TNFα and control A549 cells in GEO database 
(GSE42374) was analyzed. The “findPeaks” tool in 
HOMER algorithm was used to identify the H3K27ac 
enrichment regions. H3K27ac enriched regions were iden-
tified as enhancers. In ChIP-seq analysis, enhancers with 
more than 4-fold increase in H3K27ac enrichment in A549 
cells treated with TGFβ+TNFα vs control A549 cells were 
identified as activated enhancers.

Survival Analysis
Overall survival analysis was carried out using Kaplan– 
Meier curves and Log rank test. To investigate the effect of 
inflammatory index on overall survival, a total of 458 
LUAD patients from TCGA database were divided into 
high- and low-inflammatory index group based on to the 
median.

To investigate the effect of 146 upregulated genes 
regulated by enhancers on overall survival, patients with 
LUAD in TCGA were grouped into high- and low- 
expression group according to the quartiles.

Kaplan–Meier Plotter web tool (http://kmplot.com/ana 
lysis/) was used with default parameters to validate the 
effect of GDF10, HPGDS, ABCA8, SLIT3, ADAMTS8 
and DNASE1L3 on overall survival, with patients were 
split by median.

Multivariate Cox proportional hazards analysis was 
performed using Kaplan–Meier Plotter web tool. Patients 
were split by “Auto select best cutoff”. Multivariate vari-
ables included “Stage”, “Gender”, “Smoking history” and 
“Selected gene”. FDR-corrected (Benjamini-Hochberg) 
P<0.05 was considered significant.

Cells
LUAD cell lines A549 and H1299 were obtained from 
American Type Culture Collection (ATCC, Manassas, 
VA, USA). A549 and H1299 cells were cultured in 
RPMI-1640 (Gibco, Grand Island, NY, USA) supplemen-
ted with 10% fetal bovine serum (Gibco), 1% penicillin 
(Gibco) and 1% streptomycin (Gibco) at 37°C, 5% CO2.

Cell Treatment
For TGFβ or TNFα treatment, A549 and H1299 cells were 
cultured with serum-free RPMI-1640 medium for 12 h, 
followed by stimulation with 5 ng/mL TGF-β or 10 ng/mL 
TNFα for 24 h. For TGFβ or TNFα in combination with 
JQ1 treatment, cells were serum starved for 12 h, and then 
co-stimulated with 2 μM JQ1 and 5 ng/mL TGF-β or 10 
ng/mL TNFα for 24 h.

Cell Transformation
The GDF10, HPGDS, ABCA8, SLIT3 and ADAMTS8 
overexpression vectors were constructed using 
pcDNA3.1 plasmid (Addgene plasmid#128034; http://n2t. 
net/addgene:128034; RRID: Addgene_128034). The 
recombinant vectors and negative control vector 
(pcDNA3.1) were transfected into A549 and H1299 cells 
by Lipofectamine 3000 (Thermo Fischer Scientific, MA, 
USA) as the manufacturer's instruction.

RT-qPCR
Trizol reagent (Invitrogen, MD, USA) was applied for 
total RNA extraction. cDNA was obtained by reverse 
transcription using PrimeScript RT reagent kit (Takara, 
Dalian, China). RT-qPCR was performed by using SYBR 
Prime Script RT PCR kit (Takara). GAPDH was used as 
internal reference. 2−∆∆Ct method was applied for rela-
tive expression levels calculation. Primer sequences used 
in this study as follows: GDF10, forward: 5ʹ- 
GGACTTTGACGAGAAGACGATG-3ʹ, reverse: 5ʹ- 
TCTTAGGCATGGGGAACTCAC-3ʹ. HPGDS, forward: 
5ʹ- ATGCGCCTCATCTTATGCAAG-3ʹ, reverse: 5ʹ- 
GGTTGTCTAACAGGTCAGGCT-3ʹ. ABCA8, forward: 
5ʹ-TGAAATGGATGCCGATCCTTC-3ʹ, reverse: 5ʹ- 
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AGTATTGCAGTGATTTGGCCTT-3ʹ. SLIT3, forward: 
5ʹ-GTCAGCGTCATCGAGAGAGG-3ʹ, reverse: 5ʹ-TTC 
GGCGTGCTCTGGAAAAG-3ʹ. ADAMTS8, forward: 
5ʹ-ACCAAGCGGTTTGTGTCTGAG-3ʹ, reverse: 5ʹ- 
AGAAGTTACGCAGTGTAAGCC-3ʹ. GAPDH, for-
ward: 5ʹ-GGAGCGAGATCCCTCCAAAAT-3ʹ, reverse: 
5ʹ-GGCTGTTGTCATACTTCTCATGG-3ʹ. Students’ 
t-test was applied to compare the differences between 
two groups. One way ANOVA of Tukey analysis was 
used for comparison of more than two groups. P<0.05 
indicated a significant difference.

CCK-8
Cell Counting Kit-8 (CCK-8; Solarbio, Beijing, China) 
was used for cell proliferation analysis. A549 and H1299 
cells were transfected and incubated for 48 h, then seeded 
into 96-well plates with 5×103 cells/well. After the cells 
were cultured for 0, 1, 2 and 3 d, 10 μL of CCK8 regent 
was added into each well and incubated for 2 h at 37°C. 
Absorbance at 450 nm (OD450) was detected by 
a microplate reader (Thermo). One-way ANOVA of 
Tukey was used for multiple groups. P<0.05 represented 
significant difference.

Results
Relationship Between Inflammatory Index 
and Clinical Features in LUAD
The inflammatory index of 490 LUAD patients in TCGA 
database was calculated using GSVA algorithm. Patients 
were divided into high-inflammatory index group and low- 
inflammatory index group according to the median value. 
Kaplan–Meier curves were established to evaluate the 
effect of inflammation on prognosis. Overall survival of 
high-inflammatory index group was significantly higher 
than that of low-inflammatory index group (Figure 1A). 
It indicated that inflammatory index has important prog-
nostic value for LUAD. The inflammatory index of LUAD 
tissue was significantly lower than that of normal tissue 
(Figure 1B). Additionally, inflammatory index of tumor 
stages showed a bimodal distribution (Figure 1C). 
Inflammation index decreased with stage increasing, 
whereas it was not statistically significant (Figure 1C). 
There was no significant difference in inflammatory 
index between smokers and non-smokers with LUAD 
(Figure 1D).

Inflammatory Index Was Associated with 
Immune Cell Infiltration, Inflammatory 
Signaling Pathways and Apoptosis in 
LUAD
To analyze the relationship between inflammation and 
cancer immunity, we analyzed the differences in immune 
cells infiltration in high- and low-inflammatory index 
groups using CIBERSORT online tool (https://cibersort. 
stanford.edu/). The infiltration of anti-cancer immune 
cells (CD8+T cells, CD4 memory activated T cells, acti-
vated NK cells, M1 macrophages, dendritic cells) as well 
as pro-cancer immune cell (M2 macrophages) was signifi-
cantly elevated in high-inflammatory index group 
(Figure 2A).

GSEA analysis was performed on inflammation-related 
signaling pathways and apoptosis pathway to compare the 
expression of genes in these pathways in high- and low- 
inflammatory index groups. The results showed that the 
genes in “INFLAMMATORY_RESPONSE” and 
“APOPTOSIS” pathways were strongly enriched in high- 
inflammatory index group (Figure 2B–C). However, genes 
in “INFLAMMATORY_RESPONSE” and “APOPTOSIS” 
pathways were negatively correlated with low inflamma-
tory index (Figure 2B–C).

To screen out inflammatory signaling pathways associated 
with inflammatory index, all inflammation-related gene sets in 
MSigDB Hallmark set were analyzed, and the significant gene 
sets were screened out. A total of four signaling pathways, 
“TNFA_SIGNALING_VIA_NFKB”, “TGF_BETA_SIGNA 
LING”, “INTERFERON_GAMMA_RESPONSE” and 
“INTERFERON_ALPHA_RESPONSE”, were significantly 
enriched in the high-inflammatory index group 
(Figure 2D–G).

Screening for Inflammation-Related 
Genes Regulated by Enhancers
Differentially expressed genes in high- and low- 
inflammatory index groups were analyzed based on 
TCGA database. As shown in the volcano diagram, 
a total of 396 upregulated genes and 151 downregulated 
genes were identified (Figure 3A). The top five up- 
regulated genes and the top five down-regulated genes 
were shown in the heatmap (Figure 3B).

We analyzed the genome-wide difference in H3K27ac 
peaks enrichment between A549 cells treated with/without 
TGFβ+TNFα. TGFβ+TNFα treatment increased the 
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enrichment of 17,495 H3K27ac peaks in A549 cells 
(Figure 3C–D). In the ChIP-seq analysis, genes with 
more than 4-fold increase of H3K27ac enrichment were 
identified as enhancer-regulated genes. A total of 8665 
enhancer-regulated genes were identified. The intersection 
of enhancer-regulated genes and expression upregulated 
genes was taken, and 146 upregulated genes regulated by 
enhancers were obtained (Figure 3E). These 146 candidate 
genes were used for subsequent analysis.

Identification of Inflammation-Related 
Genes Affecting Prognosis
The relationship between the 146 candidate genes expres-
sion and prognosis of LUAD patients in TCGA database 
was analyzed. The expression of a total of 6 genes, includ-
ing GDF10, HPGDS, ABCA8, SLIT3, ADAMTS8 and 
DNASE1L3, had a significant effect on prognosis, and 

all of these genes showed satisfactory prognosis in patients 
with high expression (Figure 4). The prognostic impact of 
the 6 genes expression was further validated using the 
Kaplan–Meier Plotter web tool. Patients with high expres-
sion of GDF10, HPGDS, ABCA8, SLIT3 (also known as 
MEGF5) and ADAMTS8 have a better prognosis 
(Figure 5A–E), which was consistent with the results of 
TCGA database analysis. However, inconsistent with the 
results of TCGA database analysis, DNASE1L3 expres-
sion had no significant effect on prognosis (Figure 5F).

Multifactorial COX regression analysis was performed 
using the LUAD patients died as the dependent variable, 
and tumor stage, gender, smoking history, GDF10, 
HPGDS, ABCA8, SLIT3 and ADAMTS8 expression as 
the independent variables. The results showed that 
GDF10, HPGDS, ABCA8, SLIT3 and ADAMTS8 expres-
sion were independent risk factors affecting the prognosis 
of LUAD patients (Supplementary Table 1–5).

Figure 1 Analysis of inflammatory index and clinical features in LUAD. (A) Patients were divided into high- and low-inflammatory index groups based on the median. 
Kaplan–Meier curves and Log rank test were used to analyze overall survival based on TCGA database. P<0.05 indicated a significant difference. (B) Analysis of the 
differences in inflammatory index between LUAD tissue and normal control tissue using Mann–Whitney test. P<0.05 indicated a significant difference. (C) Inflammatory 
indices for different stages of LUAD. Kruskal–Wallis test was carried out, with P<0.05. (D) Inflammatory indices for non-smoking and smoking LUAD patients. Mann– 
Whitney test was performed, with P<0.05.
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Figure 2 Relationship among inflammatory index, immune cell infiltration, inflammatory signaling pathways and apoptosis. (A) Cell fraction of infiltrating immune cells in 
high- and low-inflammatory index groups was analyzed using CIBERSORT (https://cibersort.stanford.edu/). Comparison of cell fraction was performed using Students’ t-test. 
*P<0.05, high-inflammatory index group vs low-inflammatory index group. (B–G) GSEA of “INFLAMMATORY_RESPONSE” (B), “APOPTOSIS” (C), 
“TNFA_SIGNALING_VIA_NFKB” (D), “ TGF_BETA_SIGNALING” (E), “ INTERFERON_GAMMA_RESPONSE” (F) and “ INTERFERON_ALPHA_RESPONSE” (G) in 
LUAD based on TCGA database. P<0.05 indicated significant.
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Figure 3 Identification of inflammation-related genes regulated by enhancers. (A) Volcano diagram of differentially expressed genes in high- vs low-inflammatory index 
groups. (B) Heatmap of the top 5 upregulated and downregulated genes. (C and D) Genome-wide H3K27ac peaks enrichment around H3K27ac peaks center (±3 kb) in 
A549 cells treated with or without TGFβ+TNFα using GSE42374. More than 4-fold increase in H3K27ac signal in A549 cells treated with TGFβ+TNFα vs A549 cells treated 
without TGFβ+TNFα were defined as activated H3K27ac peaks. (E) The intersection of enhancer-regulated genes and expression upregulated genes.
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Figure 4 Overall survival analysis of GDF10 (A), HPGDS (B), ABCA8 (C), SLIT3 (D), ADAMTS8 (E) and DNASE1L3 (F) expression in LUAD patients in TCGA database. 
Kaplan–Meier methods and Log rank test were performed. Log-rank P<0.05 indicated a significant difference.
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Figure 5 Overall survival curves based on GDF10 (A), HPGDS (B), ABCA8 (C), SLIT3 (D), ADAMTS8 (E) and DNASE1L3 (F) expression in patients with LUAD using 
Kaplan–Meier Plotter online tool. Log-rank P<0.05 indicated a significant difference.
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Determination of Prognostic 
Inflammation-Related Genes Regulated by 
Enhancer
We analyzed the H3K27ac peaks of GDF10, HPGDS, 
ABCA8, SLIT3 and ADAMTS8 in A549 cells treated 
with or without TGFβ+TNFα based on GSE42374 dataset. 
Strong H3K27ac peak signal was observed at GDF10, 
HPGDS, ABCA8, SLIT3 and ADAMTS8 in A549 cells 
treated with TGFβ+TNFα compared with control group 
(without TGFβ+TNFα treatment) (Figure 6A–E). 
Therefore, GDF10, HPGDS, ABCA8, SLIT3 and 
ADAMTS8 were identified as prognostic inflammation- 
related genes regulated by enhancers.

Validation of the Effect of TGFβ and 
TNFα on the Expression of Enhancer- 
Regulated Prognostic Inflammation- 
Related Genes in LUAD Cells
To confirm whether GDF10, HPGDS, ABCA8, SLIT3 and 
ADAMTS8 expression were influenced by TGFβ and 
TNFα, A549 and H1299 cells were treated with TNFα or 
TGFβ. RT-qPCR revealed that TNFα treatment signifi-
cantly increased the expression of GDF10, HPGDS, 
ABCA8, SLIT3 and ADAMTS8 in A549 and H1299 
cells (Figure 7A–B). However, the change in GDF10, 
HPGDS, ABCA8, SLIT3 and ADAMTS8 expression in 
A549 and H1299 cells after TGFβ treatment was not 
significant (Figure 7A–B). To demonstrate that the expres-
sion of these genes is regulated by enhancers, cells were 
treated with the enhancer inhibitor JQ1 in combination 
with TNFα or TGFβ. As expected, JQ1 treatment restored 
the TNFα-induced upregulation of GDF10, HPGDS, 
ABCA8, SLIT3 and ADAMTS8 expression in A549 and 
H1299 cells (Figure 7C–D).

Prognostic Inflammation-Related Genes 
Regulated by Enhancers Inhibited the 
Proliferation of LUAD Cells
To further explore whether the enhancer-regulated prog-
nostic inflammation-related genes affect cell proliferation, 
GDF10, HPGDS, ABCA8, SLIT3 and ADAMTS8 were 
overexpressed in A549 and H1299 cells, respectively. RT- 
qPCR was used to assess the overexpression efficiency 
(Figure 8A–B). CCK-8 assay suggested that overexpres-
sion of GDF10, HPGDS, ABCA8, SLIT3 and ADAMTS8 
obviously inhibited cell proliferation (Figure 8C–D).

Discussion
Studies have shown that inflammation is related to tumor 
development.7,26 Inflammation is usually assessed patho-
logically by hematoxylin and eosin staining (H&E) or 
immunohistochemistry (IHC) for the number of infiltrating 
mononuclear cells.27 However, the composition of tumor 
inflammatory microenvironment is complex, while these 
approaches (such as HE and IHC) do not provide a more 
comprehensive understanding of the relationship between 
inflammation and tumor progression. GSVA is a gene set 
enrichment method that estimates changes in pathway 
activity across samples in an unsupervised manner.23 

GSVA method based on the hallmark inflammatory 
response gene sets and combined with a large sample 
size is beneficial to understand the relationship between 
inflammatory response and progression of LUAD in 
a more macroscopic way. Here, we calculated the inflam-
matory index of 490 LUAD patients in TCGA database by 
GSVA method, and examined the association between the 
level of inflammation with cancer aggressiveness and sur-
vival. Our findings suggested that high level of inflamma-
tion was associated with better outcome in LUAD patients, 
which were consistent with previous studies.10,11,13 We 
also found that the inflammation index tended to decrease 
with the increase of tumor stage, but it was not statistically 
significant. This phenomenon may be related to the 
dynamics and complexity of tumor inflammatory micro-
environment. Although studies have shown that smoking 
is strongly associated with inflammatory responses in lung 
cancer.28 Our study did not find a relationship between 
inflammatory index and smoking status due to the com-
plexity of the relationship between smoking and LUAD.

Immunity and inflammation are constituted essential 
features of tumor microenvironment. Our research found 
that the infiltration of anti-cancer immune cells (CD8+T 
cells, CD4 memory activated T cells, activated NK cells, 
M1 macrophages, dendritic cells) as well as pro-cancer 
immune cell (M2 macrophages) was significantly elevated 
in high-inflammatory index group. Tumor-infiltrating 
immune cells act as a “double-edged sword” for lung 
cancer development. On one hand, they attack and kill 
lung cancer cells to inhibit tumor progression. On the 
other hand, they screen for tumor cells that are better 
suited to survive in an immunologically active host or 
alter the tumor microenvironment, and are “assimilated” 
by lung cancer cells, ultimately promoting tumor 
progression.29 Complex molecular communication 
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networks exist between key components of the inflamma-
tory microenvironment and tumor cells.7 Our results 
showed that LUAD with high inflammatory index 
enriched not only anti-cancerous immune pathway such 
as IFN-α, IFN-γ response and apoptosis, but also pro- 
cancerous pathways such as TGF-β or TNF-α signaling.

The predictive role of gene expression patterns in 
LUAD on risk and prognosis has been reported in previous 
studies.30,31 However, global expression patterns based on 
inflammation-related genes have not been established in 
LUAD. Enhancers in cancer cells promote the transcrip-
tional expression of oncogenes by interacting with 

Figure 6 Signal tracks for H3K27ac of GDF10 (A), HPGDS (B), ABCA8 (C), SLIT3 (D) and ADAMTS8 (E) in A549 cells treated with or without TGFβ+TNFα.
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promoters leading to tumorigenesis. Enhancer activity can 
influence the expression of oncogenes.32 Studies have 
demonstrated that the inflammatory factor TNF-α and 
TGF-β can cause abnormal activation of enhancers by 
activating the NF-κB signaling pathway in tumor 

cells.33,34 In the present study, 396 upregulated genes 
were identified, 146 of which were accompanied by upre-
gulation of enhancer activity. Kaplan–Meier and multifac-
torial Cox regression analysis combined with ChIP 
analysis of H3K27ac peaks in A549 cells treated with/ 

Figure 7 Effect of TGFβ and TNFα treatment on the expression of enhancer-regulated prognostic inflammation-related genes. (A and B) A549 (A) and H1299 (B) cells 
were treated with 10 ng/mL TNFα or 5 ng/mL TGFβ. (C and D) A549 (C) and H1299 (D) cells were treated with 2 μM JQ1 combined with 10 ng/mL TNFα or 5 ng/mL 
TGFβ. The relative expression levels of GDF10, HPGDS, ABCA8, SLIT3 and ADAMTS8 were detected by RT-qPCR. *P<0.05, **P<0.01. One way ANOVA of Tukey analysis 
was used for comparison of more than two groups. P<0.05 indicated a significant difference.
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without TGFβ+TNFα suggested that GDF10, HPGDS, 
ABCA8, SLIT3 and ADAMTS8 were independent prog-
nostic inflammation-related genes regulated by enhancers.

Growth differentiation factor 10 (GDF10), also known 
as BMP3B, usually functions as an oncogene, eg, GDF10 
inhibits proliferation and EMT in breast cancer; GDF10 
deficiency promotes chemoresistance and EMT in oral 
squamous carcinoma; GDF10 silencing promotes the 
development of lung cancer.35–37 However, the relation-
ship between GDF10 and inflammatory response, and its 
oncogenic mechanisms in LUAD remains unclear. 
Studies have shown that hematopoietic prostaglandin 
D synthase (HPGDS) and slit guidance ligand 3 (SLIT3) 
suppress cell invasion and induce apoptosis in lung 
cancer.38 However, the relationship between these two 

genes and inflammation in LUAD is unclear. Liu et al 
found that ATP binding cassette subfamily A member 8 
(ABCA8) inhibits the proliferation and metastasis of 
hepatocellular carcinoma.39 In addition, ABCA8 inhibits 
progression of prostate cancer, but promotes the progres-
sion of stomach adenocarcinoma.40,41 We have not found 
any studies on the regulation of LUAD progression or 
inflammation by ABCA8. Previous studies have shown 
that ADAM metallopeptidase with thrombospondin type 
1 motif 8 (ADAMTS8) was downregulated in non-small 
cell lung cancer, which is consistent with our results.42,43 

However, the relationship between ADAMTS8 and 
inflammation in LUAD is unclear. In the present study, 
we verified the regulation of TNFα and enhancers on the 
expression of GDF10, HPGDS, ABCA8, SLIT3 and 

Figure 8 Overexpression of enhancer-regulated prognostic inflammation-related genes inhibited cell proliferation. (A and B) RT-qPCR was used for GDF10, HPGDS, 
ABCA8, SLIT3 and ADAMTS8 overexpression validation in A549 (A) and H1299 (B) cells. Students’ t-test was applied to compare the differences between two groups. 
(C and D) CCK8 was performed to measure cell proliferation after GDF10, HPGDS, ABCA8, SLIT3 and ADAMTS8 overexpression. OE, overexpression. One way ANOVA 
of Tukey analysis was used to compare different groups. *P<0.05, **P<0.01. P<0.05 indicated a significant difference.
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ADAMTS8 at cellular level, and further validated that the 
inhibitory effect of these genes on the proliferation of 
LUAD cells.

Conclusion
In conclusion, by screening for inflammation-related genes 
and enhancer-regulated genes, 146 enhancer-regulated 
inflammation-related genes were obtained. Further prognos-
tic analysis of these genes identified 5 prognostic inflamma-
tory markers regulated by enhancers, including GDF10, 
HPGDS, ABCA8, SLIT3 and ADAMTS8. Finally, we 
demonstrated that GDF10, HPGDS, ABCA8, SLIT3 and 
ADAMTS8 expression were regulated by TNFα and enhan-
cers, and the expression of these genes inhibited proliferation 
of LUAD cells. More detailed roles and regulatory mechan-
isms of GDF10, HPGDS, ABCA8, SLIT3 and ADAMTS8 in 
LUAD will be investigated in the future study.
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