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Purpose: Transcriptomic studies on gastroesophageal reflux disease are scarce, and gene 
expression signatures in nonerosive reflux disease (NERD) remain elusive. The aim of the 
study was to identify gene expression profiles and potential hub genes in NERD.
Patients and Methods: We performed RNA sequencing on biopsy samples from nine 
consecutive patients with NERD and six healthy controls. Differentially expressed genes 
(DEGs) were analysed with the DESeq2 R package. A DEG-based protein–protein interac-
tion (PPI) network was constructed to filter hub genes using Cytoscape. Weighted gene 
coexpression network analysis (WGCNA) was conducted to identify the coexpression 
relationships of all modules and explore the relationship between gene sets and clinical traits.
Results: In total, 1195 DEGs were identified, including 649 upregulated and 546 down-
regulated genes involved in regulating the inflammatory response and epithelial cell differ-
entiation. Overlap of the PPI and WGCNA networks identified five shared genes, namely, 
THY1, BMP2, LOX, KDR and MMP9, as candidate hub genes in NERD. Quantitative PCR 
analysis of the expression of these five genes confirmed the sequencing results. Receiver 
operating characteristic analyses indicated that these hub genes had diagnostic potential for 
NERD patients. Gene set enrichment analysis confirmed that each hub gene was closely 
associated with the pathophysiological processes of NERD. In addition, a regulatory network 
comprising 42 transcription factors (TFs), 28 miRNAs and 5 hub genes was established.
Conclusion: The five core genes may be promising biomarkers of NERD. The TF/miRNA/ 
hub gene network can improve the understanding of the molecular mechanisms underlying 
disease progression.
Keywords: nonerosive reflux disease, RNA sequencing, hub gene, bioinformatics analysis, 
WGCNA, validation

Introduction
Gastroesophageal reflux disease (GERD) is among the most common reasons for 
outpatient gastroenterology visits. The worldwide prevalence of GERD is estimated 
to be 8–33%, placing a substantial health burden on society.1 The cardinal symp-
toms of GERD are troublesome regurgitation and heartburn. Symptoms and com-
plications usually occur due to abnormal refluxate exposure, while visceral 
hypersensitivity, genetic factors, and psychological factors may contribute to refrac-
tory GERD, classified as insensitivity to acid suppression therapies.2
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From the endoscopic perspective, 30% of GERD cases 
present as erosive reflux disease (ERD), 60–70% present as 
nonerosive reflux disease (NERD), and only up to 10% are 
diagnosed as Barrett’s esophagus (BE).3 Notably, the severity 
of symptoms does not correspond with endoscopic findings, 
and NERD makes up the vast majority of refractory GERD 
cases.4 These heterogeneities indicate that NERD is the most 
common manifestation of GERD and a more formidable 
challenge than ERD. Given that a substantial proportion of 
NERD patients continue to experience persistent symptoms 
despite acid suppression therapies,5 there is an unmet medi-
cal need for additional NERD treatment strategies.

With this goal in mind, researchers are committed to 
exploring the molecular pathogenesis of NERD to identify 
novel therapeutic targets. As the first defense against gas-
troesophageal refluxate, the esophageal epithelium mucosa 
plays a pivotal role in the pathogenesis of NERD.3 

Accumulating insights into mucosal pathogenesis have 
revealed impaired mucosal integrity and a defective muco-
sal barrier in the esophageal epithelium of patients with 
NERD.6,7 Adherens junction molecules, such as 
E-cadherin, and tight junction molecules, such as clau-
din-4 (CLDN4), have been reported to be potential bio-
markers for NERD.8–10 Transient receptor potential 
vanilloid (TRPV) channel subfamily members, known 
therapeutic targets for visceral pain modulation, have 
been widely reported to be upregulated in NERD,11,12 

confirming a close association between visceral hypersen-
sitivity and NERD. The levels of proteinase-activated 
receptor-2 (PAR-2), which is activated by acidified med-
ium, were elevated in the esophageal mucosa of NERD 
patients, thereby modulating pain and sensation though 
TRPV1 and acid-sensing ion channel-3 (ASIC3) 
sensitization.11,13,14 Furthermore, recent studies have 
demonstrated that mucosal inflammation has a critical 
impact on symptom generation and disease progression 
in GERD. The current prevailing opinion is that mucosal 
inflammation is initiated and mediated by reflux-induced 
cytokine production rather than direct caustic injury.3,15,16 

Prostaglandin-endoperoxide synthase 2 (PTGS2) and 
proinflammatory cytokines, including interleukin (IL)-8, 
IL-1β, IL-6, IL-33, tumor necrosis factor (TNF), and 
monocyte chemoattractant protein 1 (MCP-1), have been 
shown to be correlated with mucosal inflammation in 
GERD, especially ERD.17–22 However, the possible roles 
of these cytokines, other than IL-8, in NERD have yet to 
be characterized.22 As an upstream regulator of IL-8, 
nuclear factor κB (NFκB) signaling pathway activation in 

GERD has been implicated in numerous studies.17,23 In 
addition, several intracellular signaling pathways, includ-
ing the mitogen-activated protein kinase (MAPK) and 
Wnt/β-catenin pathways, also participate in GERD.24,25 

Despite a surge of interest in identifying novel biomarkers 
in NERD, current biomarkers lack either sensitivity or 
specificity, and gene expression profiles remain largely 
elusive.

To elucidate the differential gene expression signature 
between NERD and healthy controls (HCs), we completed 
RNA sequencing transcriptomic analysis. Nevertheless, 
RNA sequencing alone is insufficient to discover promising 
diagnostic and therapeutic targets for disease. We next inte-
grated a protein–protein interaction (PPI) network and 
weighted gene coexpression network analysis (WGCNA) to 
identify the key genes in the progression of NERD. Five hub 
genes were identified and validated using quantitative real- 
time polymerase chain reaction (qRT-PCR) and receiver 
operating characteristic (ROC) analysis. Molecular mechan-
isms underlying the hub gene signatures were explored by 
gene set enrichment analysis (GSEA). Finally, a transcription 
factor (TF)/miRNA/hub gene regulatory network was estab-
lished for the progression of NERD.

Materials and Methods
Biopsy Specimens
Tissue samples were obtained during upper gastrointestinal 
endoscopy of patients with a normal esophagus and NERD 
patients at Ruijin Hospital affiliated with Shanghai Jiao 
Tong University. All patients including healthy volunteers 
and those with persistent symptoms suggestive of GERD 
(acid regurgitation and/or heartburn) and no previous anti-
secretory or prokinetic therapy were advised to undergo 24 
h multiple intraluminal impedance-pH (MII-pH) monitor-
ing and endoscopy in sequence. Before 24 h MII-pH 
testing, high-resolution manometry was conducted to 
accurately locate lower esophageal sphincter and exclude 
major motility disorders. NERD was defined as abnormal 
pH-impedance monitoring and normal endoscopic find-
ings. Healthy volunteers were those with an absence of 
GERD symptoms, normal GERD questionnaire score, 
negative pH-impedance studies and no identification of 
esophageal mucosal lesions. For each subject, specimens 
were taken prior to any antisecretory and/or prokinetic 
therapy. Each biopsy was obtained at 5 cm above the 
squamocolumnar junction from macroscopically intact 
mucosa. This study was blinded to the results of pH 
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monitoring, mucosal biopsy and transcriptomic analysis. 
This study complies with the Declaration of Helsinki. All 
participants signed written informed consent to participate 
in the study, which was approved by the hospital ethics 
committee (KY20194421).

Transcriptome Sequencing
Nine NERD patients and six HCs were enrolled for RNA 
sequencing. Biopsies from these patients were immersed 
in RNAlater (Ambion, TX, USA) for processing at a later 
date. RNA extraction, library construction, and sequencing 
analyses were performed by Novogene (Beijing, China). 
RNA integrity and library quality were assessed on a 
Bioanalyzer 2100 system (Agilent Technologies, CA, 
USA). An Illumina NovaSeq6000 (Illumina, CA, USA) 
was used to sequence the library preparations.

Data Analysis and DEG Identification
To ensure data quality, raw data (raw reads) in FASTQ format 
were first manipulated using in-house Perl scripts. High-qual-
ity clean data (clean reads) were then obtained after removing 
reads containing adapters or poly-N sequences and low-qual-
ity reads from raw data. All subsequent analyses were based 
on clean reads. FeatureCounts (1.5.0-p3) was utilized to count 
the number of reads mapped to each gene. DESeq2 was used 
to perform read count normalization and differentially 
expressed gene (DEG) analysis. The FPKM (fragments per 
kilobase of transcript per million mapped reads) of each gene 
was calculated according to gene length and read count 
mapped to this gene. Principal component analysis (PCA) on 
all genes was performed to compare the similarities among the 
samples using the R function prcomp. An adjusted P value of 
0.05 and absolute fold change (FC) of 1 were set as the 
thresholds for significant differential expression.

Gene Ontology (GO) and Pathway 
Enrichment Analysis
To better interpret the biological importance of the identified 
DEGs, GO analyses of biological process (BP), cellular com-
ponent (CC) and molecular function (MF) were performed, 
and the results were visualized using ClueGO (version 2.5.7), 
a Cytoscape plugin.26 Meanwhile, Kyoto Encyclopedia of 
Genes and Genomes (KEGG) pathway enrichment analysis 
was conducted using the online tool Metascape (http://metas 
cape.org).27 P < 0.05 was set as the threshold for significant 
enrichment in the GO and KEGG analyses.

WGCNA
To perform coexpression analysis, WGCNA was executed on 
all genes using the WGCNA package in R.28 A sample 
dendrogram was plotted and combined with clinical traits 
using the average linkage method and Pearson’s correlation. 
Hierarchical clustering based on the topological overlap 
matrix was conducted to identify highly correlated gene 
modules with a minimum module size of 30 genes and a cut 
height threshold of 0.25. The network heatmap plot of coex-
pression modules was generated by the H-clust package in R.

Clinically Significant Module Identification
Module–trait relationship analysis was applied to evaluate 
the association between module eigengenes (MEs) and 
phenotypes. Significant module–trait correlations were 
considered when P < 0.05. Trait-related genes were 
extracted from the module with significant correlations 
with clinical features. Subsequently, genes with high 
within-module connectivity were selected as hub genes.

Protein–Protein Interaction (PPI) 
Network Construction and Hub Gene 
Extraction
The PPI network of the DEGs was generated by the STRING 
database (http://string-db.org/)29 and reconstructed using 
Cytoscape software (version 3.8.2)26 with a confidence inter-
action score of 0.4. The CytoHubba and MCODE plugins in 
Cytoscape were applied to screen modules of hub genes in 
the established PPI network. Finally, a Venn diagram was 
utilized to screen for hub gene signatures present in both the 
PPI and WGCNA networks.

Hub Gene Validation
For qRT-PCR analysis, total RNA was isolated from eso-
phageal biopsy samples from NERD patients (n = 40) and 
HCs (n = 40) using TRIzol reagent (Invitrogen, CA, USA). 
First Strand cDNA Synthesis SuperMix (Yeasen, 
Shanghai, China) and SYBR Green Master Mix (Yeasen) 
were used to synthesize cDNA and assess the mRNA 
levels of candidate hub genes, respectively. β-Actin was 
used as an internal control, and the relative mRNA expres-
sion levels were calculated using the 2-ΔΔCT method. The 
primer sequences are shown in Table S1. ROC curves 
were generated with the R package (pROC) to assess the 
capability of candidate hub genes to distinguish NERD 
patients from HCs.
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GSEA
RNA sequencing data were first divided into two groups (high 
and low) according to the median values of the selected hub 
genes. GSEA (www.broadinstitute.org/gsea)30 was then con-
ducted to discern enriched functions and pathways in the high 
and low expression groups using the curated gene sets (C2: 
canonical pathways) of the Molecular Signature Database.

TF Regulatory Network Construction
Putative miRNA–mRNA interactions were retrieved from 
starBase (http://starbase.sysu.edu.cn/index.php).31 MiRNAs 
that bind hub genes were selected based on the following 
criteria: CLIP ≥ 5 and the miRNA–mRNA relationship was 
predicted by at least four programs. For each miRNA, we 
obtained experimentally verified TF–miRNA interactions 
from TransmiR (http://www.cuilab.cn/transmir).32 ChIP- 
Atlas (http://chip-atlas.org/target_genes), an integrative data 
mining suite for public ChIP-seq data,33 was utilized to test 
the interactions between predicted TFs and hub genes. 
Finally, the TF/miRNA/hub gene interaction network was 
visualized using Cytoscape software.

Results
RNA-Seq Data Processing
Nine samples from consecutive patients with NERD (mean 
age, 44.78 ± 10.20 years; range, 25–58 years; 6 females) and 
six samples from HCs (mean age, 43.33 ± 12.23 years; range 
28–62 years; 4 females) were collected and processed for 
RNA sequencing. The demographic and clinical 

characteristics of these patients are provided in Table 1. 
The complete sequencing data have been deposited in Gene 
Expression Omnibus (GEO, GSE182974). A flow chart 
describing the study design is shown in Figure 1.

Analysis of Gene Expression and 
Functional Enrichment
PCA of RNA-seq data showed a substantial difference 
in the gene signatures of the two groups (Figure 2A). A 
total of 1195 DEGs in the NERD and HC groups were 
identified, including 649 upregulated and 546 down-
regulated DEGs (Table S2). The corresponding volcano 
plot and heatmap are shown in Figure 2B and C. C-X- 
C motif chemokine ligand 8 (CXCL8, encoding IL-8), 
IL-33, TRPV3, PTGS2, and MAPK10 were among the 
upregulated DEGs, while transmembrane protein 47 
(TMEM47), epithelial membrane protein 3 (EMP3), 
and mucin 1 (MUC1) were among the downregulated 
DEGs. Additionally, IL1B (logFC = 0.82, P = 0.05), 
NFκB subunit 1 (NFKB1, logFC = 0.29, P < 0.01) and 
REL (logFC = 0.7, P < 0.001) were highly expressed in 
the NERD vs HC groups. Tight junction protein 3 
(TJP3, logFC = - 0.75, P < 0.001) and apical junction 
component 1 homolog (AJM1, logFC = - 0.65, P < 
0.001) were decreased in NERD patients compared to 
HCs. According to the GO terms BP, CC and MF, the 
identified DEGs were significantly enriched in tissue 
development, cell motility, extracellular matrix (ECM) 
organization, cellular response to chemical stimulus, 

Table 1 Clinical Characteristics of the Fifteen Patients Enrolled for RNA Sequencing

Diagnosis Age Sex BMI HHa Regurgitationa Heartburna Smoking Drinking

NERD 58 Male 26.8 0 1 1 Smoker Drinker

NERD 47 Female 28.1 0 1 1 Non-smoker Non-drinker

NERD 40 Female 24.8 0 1 0 Non-smoker Non-drinker
NERD 55 Male 24.4 0 1 1 Smoker Drinker

NERD 45 Female 26 0 1 1 Non-smoker Non-drinker

NERD 35 Male 21.5 1 0 1 Smoker Non-drinker
NERD 48 Female 27.7 0 1 0 Non-smoker Non-drinker

NERD 50 Female 25.5 1 1 1 Non-smoker Non-drinker

NERD 25 Female 23.1 1 1 1 Non-smoker Non-drinker
HC 28 Female 18.9 0 0 0 Non-smoker Non-drinker

HC 35 Male 20.8 0 0 0 Non-smoker Drinker

HC 38 Female 23.6 0 0 0 Non-smoker Non-drinker
HC 62 Female 24.1 0 0 0 Non-smoker Non-drinker

HC 51 Male 24.7 0 0 0 Smoker Drinker

HC 46 Female 21.5 0 0 0 Non-smoker Non-drinker

Notes: a0 = absent; 1 = present. 
Abbreviations: NERD, nonerosive reflux disease; HC, healthy control; BMI, body mass index; HH, hiatus hernia.
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cell–cell signaling, regulation of cell adhesion, intrinsic 
component of membrane, and signaling receptor bind-
ing (Figure 3A–C, Figure S1A–C). KEGG enrichment 

analysis revealed that the DEGs in the NERD group 
were associated with regulation of protein digestion 
and absorption, mineral absorption, cytokine-cytokine 

Figure 1 Schematic of the study workflow. 
Abbreviations: NERD, nonerosive reflux disease; HC, healthy control; PCA, principal component analysis; DEG, differentially expressed gene; GO, Gene Ontology; KEGG, 
Kyoto Encyclopedia of Genes and Genomes; WGCNA, weighted gene coexpression network analysis; PPI, protein–protein interaction; qRT-PCR, quantitative real-time 
polymerase chain reaction; ROC, receiver operating characteristic; GSEA, gene set enrichment analysis; TF, transcription factor.
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receptor interaction, pathways in cancer and IL-17 sig-
naling pathway (Figure 3D, Figure S1D).

WGCNA and Clinically Significant 
Module Identification
All 32,186 genes in the 15 samples were analyzed by 
WGCNA. The sample dendrogram and trait heatmap are 
shown in Figure 4A. No outlier samples were detected by 
hierarchical clustering. The correlation coefficient was set 
as 0.82, and hence, β=4 was determined to be the ideal 
soft-thresholding power (Figure 4B). A clustering dendro-
gram of all selected genes is shown as a heatmap plot in 
Figure S2A. A hierarchical clustering tree identified 25 
distinct modules (Figure 4C). In Figure S2B, the hierarch-
ical clustering dendrogram and eigengene adjacency heat-
map are depicted to indicate the connectivity among the 
coexpression modules and clinical trait weight. In addi-
tion, the correlations between MEs and clinical traits, 
namely, NERD, regurgitation, heartburn, age, sex, body 
mass index, hiatus hernia, smoking and drinking, were 
analyzed (Figure 4D). The turquoise module with 4833 
genes was selected as the clinically significant module 
owing to its most significant association with NERD and 
regurgitation (Figure 4D).

PPI Network Analysis and Hub Gene 
Identification
To extract the key genes involved in NERD using another 
method, a PPI network with 800 nodes and 2723 edges was 
also built based on the protein-coding DEGs (Figure 5A). 
The interactive relationships were subsequently imported 

into Cytoscape plugins. The top twenty genes were selected 
by the Stress algorithm of the CytoHubba plugin (Figure 5B, 
Table S3). We confidently identified the hub genes as those in 
common between the turquoise module and the PPI analysis. 
Finally, thy-1 cell surface antigen (THY1), bone morphoge-
netic protein 2 (BMP2), lysyl oxidase (LOX), kinase insert 
domain receptor (KDR) and matrix metallopeptidase 9 
(MMP9) were identified as hub genes for NERD (Figure 5C).

Validation and GSEA of Hub Genes
The expression of the five hub genes was further evaluated in 
patients with NERD (n = 40) and HCs (n = 40). qRT-PCR 
demonstrated that all five genes were highly expressed in the 
NERD group, which was in accordance with the high-through-
put sequencing results (Figure 6A). ROC curve analyses based 
on qRT-PCR data indicated that the mRNA expression of the 
five genes possessed potential diagnostic value for NERD 
(Figure 6B). The GSEA results showed the top gene set enrich-
ment patterns between the high and low expression groups of 
different hub genes. Specifically, the ECM-specific pathway 
was enriched in the high expression groups for all the hub 
genes, while the electron transport chain and eukaryotic trans-
lation initiation complexes were enriched in the low expression 
groups for all the hub genes (Figure 6C–G). Moreover, IL 
signaling, basement membrane, inflammatory pathways, the 
cell cycle, DNA double strand break repair, the NRF2 pathway, 
potassium channels, and cell junction organization were sig-
nificantly enriched in the high expression groups for different 
hub genes. Tight junctions, antigen processing and presenta-
tion, protein localization, and copper homeostasis were signif-
icantly enriched in the low expression groups for different hub 
genes (Figure 6C–G).

A B C

Figure 2 Analysis of RNA sequencing data. (A) PCA of sequencing data generated from biopsies of 9 patients with NERD and 6 HCs. (B) DEGs retrieved from sequencing 
data are illustrated in the clustered heatmap. Red in the heatmap denotes upregulation, while blue denotes downregulation. (C) The overall distribution of DEGs is depicted 
in a volcano plot.
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Construction of the TF Regulatory 
Network
StarBase predicted 28 miRNAs that could bind hub genes. 
According to the standard criteria, one hub gene, MMP9, 
was not matched to any upstream miRNA. For KDR, the 
inclusion criteria were reduced to CLIP ≥ 2 and predicted 

miRNA binding sites by at least four programs; thus, two 
miRNAs were predicted to having binding sites in the 3ʹ- 
UTR of KDR. A total of 42 TFs targeting the predicted 
miRNAs were identified by TransmiR. Taken together, 
these results establish a TF/miRNA/hub gene network 
containing 266 regulatory relationships (155 TF/miRNA 

A

B

C

D

Figure 3 GO and KEGG enrichment analyses of DEGs. (A) Biological process (BP). (B) Cellular component (CC). (C) Molecular function (MF). (D) Heatmap of KEGG 
enriched terms colored by p-values.
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regulatory pairs, 28 miRNA/hub gene pairs, and 83 TF/ 
hub gene pairs) (Figure 7, Table S4).

Discussion
NERD and ERD are the two main clinical presentations of 
GERD. Unlike ERD, NERD is an obstinate subgroup of 
GERD with a high rate of refractoriness to acid suppres-
sion therapy due to multiple factors, including visceral 
hypersensitivity, epithelial barrier destruction, and nonacid 
(weak acid or weak alkaline) reflux.34 Unfortunately, com-
plementary therapy, as well as both convenient and reliable 
NERD diagnostics, are limited by the lack of precise gene 
expression profiles. Considering the intractability of 
NERD, a better understanding of the pathophysiological 
mechanisms underlying this disease remains a high 
priority.

In this study, we provide clear evidence for distinct 
transcriptomic repertoires between NERD and HC mucosa 
and verified candidate hub genes in the progression of 
NERD. To our knowledge, this is the first published 
RNA sequencing study comparing NERD patients with 
normal controls. Consistent with the results of prior 
studies,17–20 proinflammatory cytokines such as IL-8, IL- 
1β, and IL-33 and inflammatory mediators such as PTGS2 
were upregulated in the NERD group compared to the HC 
group.17–20 We found that mucosal IL-6 expression was 
barely detectable in either group. No significant difference 
in TNFα (TNF) or MCP-1 (CCL2) was observed between 
the two groups. We also confirmed the activation of sev-
eral proteins involved in major signaling pathways, in 
particular the MAPK and NFκB signaling pathways. The 
nociceptors TRPVs (TRPV1, 2, 3, 4, 6) and ASICs 

A B

DC

Figure 4 WGCNA. (A) Sample dendrogram and trait heatmap. (B) Analysis of the scale-free fit index for various soft-thresholding powers (left) and the mean connectivity 
for various soft-thresholding powers (right). (C) Clustering dendrogram of genes for GSE182974, together with the assigned module colors. (D) The module–trait 
association analysis revealed the highest association between the turquoise module and NERD.
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(ASIC1, 3), which are responsible for activating the noci-
ceptive pathway in GERD,14 were detected in the esopha-
geal mucosa of both NERD patients and HCs. Moreover, 
sequencing data showed the reduced expression of cell– 
cell junction molecules, suggesting compromised epithe-
lial barrier function in NERD.7

To gain insight into the disease mechanism underlying 
NERD progression, we performed GO and KEGG ana-
lyses. GO and KEGG enrichment analysis for DEGs iden-
tified common processes in ECM-specific pathways, 
including ECM organization, collagen fibril organization, 
ECM–receptor interaction, and regulation of actin cytos-
keleton. The network structure and biological components 
of the natural ECM are indispensable for cell fate, differ-
entiation and communication during development, tissue 
maintenance and repair.35 However, excessive ECM pro-
duction damages tissue elasticity and leads to fibrosis 
under conditions of chronic inflammation.36 Stuart Jon 
Spechler et al proposed that esophageal fibrosis conceiva-
bly aggravates GERD by interfering with lower esopha-
geal sphincter function and peristalsis.37 Together with the 

findings from our enrichment results, these data suggest 
that the associations between NERD and esophageal fibro-
sis are worth studying further. Esophageal mucosal lesions 
that develop in response to noxious stimuli induce protec-
tive responses, such as mucosal repair and tissue restitu-
tion, which are mediated by various physiological events, 
such as cell motility, cell–cell adhesion, keratinocyte ded-
ifferentiation, and angiogenesis.38 The processes involved 
in wound healing and tissue development were predicted 
in the enrichment analysis based on our sequencing data, 
providing evidence for the theory that although macrosco-
pically intact, the esophageal mucosal integrity is impaired 
in NERD.7 Instead of cell death and apoptosis, inflamma-
tion-regulated processes were found to be enriched in this 
study, reinforcing the concept that the pathogenesis of 
GERD is initiated by cytokine-driven mucosal damage, 
rather than the death of surface cells-triggered inflamma-
tory responses.3,15,16 In addition, KEGG analysis indicated 
that the DEGs were associated with DNA repair. A pre-
vious study suggested that there is crosstalk among mito-
chondrial function, the epithelial barrier and DNA damage 

A B

C

Figure 5 (A) PPI network of DEGs. (B) The top twenty hub genes were selected by the Stress algorithm of the Cytoscape plugin CytoHubba. The color indicates the score 
calculated by CytoHubba; higher scores are more red, and lower scores are more yellow. (C) Venn diagram shows the overlapping genes in the DEG–PPI network and 
WGCNA.
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Figure 6 Validation and single-gene GSEA of hub genes. (A) qRT-PCR analyses of hub genes. n = 40 per group. Data were presented as mean ± SD. Statistical significance was 
calculated by two-tailed unpaired Student’s t-test (THY1, LOX, and KDR) and Mann Whitney test (BMP2 and MMP9), respectively. * P < 0.05. (B) ROC curve analyses of hub genes. 
AUC, area under the ROC curve. An AUC of 0.9–1.0 is considered to indicate excellent discrimination. GSEA of THY1 (C), BMP2 (D), LOX (E), KDR (F), and MMP9 (G).
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in NERD.10 More comprehensive and in-depth research is 
still needed to understand the exact mechanism mediating 
this interplay.

We identified five key genes (THY1, BMP2, KDR, 
LOX, and MMP9) with differential expression between 
NERD patients and HCs. GSEA confirmed that the over-
expression of hub genes was positively correlated with the 
ECM signaling pathway and negatively correlated with the 
mitochondrial electron transport chain and embryonic- 
associated translation initiation process. THY1 encodes 
Thy-1 (also known as CD90), an extracellular 

glycosylphosphatidylinositol-linked glycoprotein that has 
been identified in fibroblasts, myofibroblasts, mesangial 
cells, vascular pericytes, and active endothelial cells. In 
the human gut, THY1 has been shown to be an immuno-
suppressor and key regulator of acute and chronic 
inflammation.39 However, to the best of our knowledge, 
the role of THY1 in GERD remains unclear. Single-gene 
GSEA indicated that increased THY1 expression was also 
correlated with the NRF2 pathway, potassium channels, 
and cell junction organization. Another key gene, BMP2, 
belongs to the TGF-β superfamily, which plays essential 

Figure 7 The TF/miRNA/hub gene regulatory network.
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roles in multiple developmental processes, such as cardio-
genesis, osteogenesis and neurogenesis. Previous studies 
have provided robust evidence that the BMP pathway is 
indispensable for morphogenesis of the stratified squa-
mous epithelium in the embryonic esophagus.40 

Intriguingly, in another study on GERD, BMP4 was sug-
gested to elicit the transformation of normal squamous 
cells into columnar cells in esophagitis.41 Our sequencing 
analyses and experimental validation showed that BMP2 
was activated in patients with NERD. Cell motility, the 
syndecan-1 pathway, and basement membranes were also 
closely correlated with BMP2 by GSEA. The particular 
mechanism of BMP2 in NERD warrants further explora-
tion. Repair following epithelial barrier damage involves 
many complicated processes in addition to re-epithelializa-
tion and inflammation, including angiogenesis and ECM 
remodeling.42 Both LOX and MMP9 are well character-
ized as pivotal factors in ECM remodeling.35,36 The LOX 
gene encodes the lysyl oxidase family of extracellular 
copper-dependent enzymes that catalyze the crosslinking 
of collagen and elastin fibers in the ECM of connective 
tissues.35 GSEA indicated that LOX may also regulate the 
inflammatory pathway, DNA damage repair, the cell cycle, 
and focal adhesion in NERD. MMPs, a family of zinc- 
dependent endopeptidases, have pleiotropic functions, 
including breaking down the ECM, proteolytically activat-
ing or degrading nonmatrix substrates and promoting 
angiogenesis, therefore affecting both the ECM and 
inflammation.36 In particular, MMP9, an ECM degradation 
protein, regulates the ECM remodeling during fibrosis.43 

MMP9, also known as gelatinase B, has been recently 
reported to be increased in BE, which is a major compli-
cation of GERD.44 In an in vitro model mimicking GERD, 
MMP9 expression was upregulated by artificial gastric 
juice stimulation.45 GSEA revealed that genes regulated 
by MMP9 were enriched in signaling by ILs, the JAK- 
STAT signaling pathway, and the coordinately dysregu-
lated pathways regulated by each hub gene. These findings 
indicated the involvement of MMP9 for the development 
of GERD, and shed new light on the relationship between 
ECM and GERD. MMP9 also plays a pivotal role in 
angiogenesis by modulating VEGF expression.46 The 
gene product of KDR is vascular endothelial growth factor 
receptor 2 (VEGFR2), which is activated by VEGFs and 
responsible for the major angiogenic functions of VEGF 
during wound healing. Angiogenesis markers such as 
VEGF-A have been widely shown to play crucial roles 

in gastrointestinal mucosal repair, such as healing of gas-
tric ulcers.47 Auvinen et al reported that the immature 
blood vessels of Barrett’s esophagus express VEGFR2 
and MMP9 on their exterior.48 Zhang et al demonstrated 
that strategies to inhibit VEGFR2 represent promising 
approaches to prevent carcinogenesis of Barrett’s 
esophagus.49,50 GSEA revealed that KDR was positively 
involved in pathways related to IL signaling and the JAK- 
STAT pathway and negatively involved in pathways 
related to tight junctions and TCR signaling.

In summary, this study provides supplementary evi-
dence for why the predicted THY1, BMP2, LOX, 
MMP9, and KDR genes are highly correlated with the 
pathophysiology of NERD and are potential diagnostic 
biomarkers. The establishment of a TF/miRNA/hub gene 
regulatory network will help improve understanding of 
disease progression and optimize treatment strategies.

Conclusion
In the present study, the high-throughput sequencing and 
integrated bioinformatics methods were used for the first 
time to explore the molecular pathogenesis and develop-
mental mechanism of NERD. Five shared genes, namely, 
THY1, BMP2, LOX, KDR and MMP9, were identified as 
candidate hub genes in NERD. The establishment of a 
transcription factor/miRNA/hub gene regulatory network 
help improve understanding of the molecular mechanisms 
underlying disease progression and optimize treatment 
strategies.
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