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Introduction: Combined allergic rhinitis and asthma syndrome (CARAS) is a concurrent clinical or subclinical allergic symptom of 
diseases of the upper and lower respiratory tract. This study is the first to explore the expression profiles of mRNA, lncRNA, and 
circRNA in CARAS using RNA sequencing, which may provide insight into the mechanisms underlying CARAS.
Material and Methods: Whole blood samples from nine participants (three CARAS patients, three AR patients, and three normal 
control participants) were subjected to perform RNA sequencing, followed by identification of differentially expressed lncRNAs 
(DElncRNAs), circRNAs (DEcircRNAs) and mRNAs (DEmRNAs). Then, lncRNA/circRNA-mRNA regulatory pairs were con-
structed, followed by functional analysis, immune infiltration analysis, drug prediction, and expression validation with RT-qPCR 
and ELISA.
Results: The results showed that 61 DEmRNAs, 23 DElncRNAs and 3 DEcircRNAs may be related to the occurrence and 
development of CARAS. KRT8 may be implicated in the development of AR into CARAS. Three immunity-related mRNAs 
(IDO1, CYSLTR2, and TEC) and two hypoxia-related mRNAs (TKTL1 and VLDLR) were associated with the occurrence and 
development of CARAS. TEC may be considered a drug target for Dasatinib in treating CARAS. Several lncRNA/circRNA-mRNA 
regulatory pairs were identified in CARAS, including LINC00452/MIR4280HG/hsa_circ_0007272/hsa_circ_0070934-CLC, 
HEATR6-DT/LINC00639/LINC01783/hsa_circ_0008903-TEC, RP11-71L14.3-IDO1/SMPD3, RP11-178F10.2-IDO1/HRH4, and 
hsa_circ_0008903-CYSLTR2, which may indicate potential regulatory effects of lncRNAs/circRNAs in CARAS. Dysregulated levels 
of immune cell infiltration may be closely related to CARAS.
Conclusion: The regulating effect of lncRNA/circRNA-immunity/hypoxia-related mRNA regulatory pairs may be involved in the 
occurrence and development of CARAS.
Keywords: combined allergic rhinitis and asthma syndrome, lncRNA, circRNA, immunity, hypoxia

Introduction
Combined allergic rhinitis and asthma syndrome (CARAS), a new terminology introduced by the World Allergy 
Organization (WAO) in 2004, is an allergic reaction that occurs in the respiratory tract, including upper respiratory 
tract allergy (allergic rhinitis, AR) and lower respiratory tract allergy (asthma, AS).1,2 The incidence of AS in patients 
with AR is reported to be higher than that in normal populations.3 It has been proved that AR and AS are both 
manifestations of a single inflammatory process.4 AR is an infectious inflammatory disease of the nasal mucosa (mainly 
mediated by IgE).5 AS is a chronic inflammatory disease of the airway, and the occurrence and development of AS 
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involves various cells and cellular components.6–8 The continuity of the nasal cavity and bronchus in anatomical structure 
and physiological function determines the relationship between AR and AS. In addition, rhinosinusitis, a disease similar 
to AR, often occurs in conjunction with AS and has been associated with severity of AS.9 In the vast majority of cases, 
the immune pathogenesis of the inflammatory process underlying AS and chronic rhinosinusitis is characterized by type 
2 inflammation, which involves the process of cellular infiltration.10 At present, researchers working on CARAS are 
focusing on mechanisms underlying local pathogenesis, such as the synthesis mechanism of immunoglobulin E (IgE) in 
the local respiratory tract and the differentiation mechanism of selective T cells.5,11 These local mechanisms determine 
whether the inflammatory response to inhaling allergens is expressed in the upper or lower respiratory tract.

In addition, the pathogenesis of CARAS is associated with complex genetic background and environmental factors. 
Barrier systems such as airway epithelial cells receive stimulation, secrete mediators, transmit signals, activate innate 
immune system cells in the local tissue microenvironment, such as innate lymphoid cells (ILC), and many effector 
molecules are up-regulated or down-regulated.1,12 These changes in the immune microenvironment interact with the 
acquired immune system to start the disease process. The involvement of epigenome and mucosal microecological 
changes has been reported in CARAS initiation, development, and outcome.13,14 A deeper understanding of CARAS 
gene expression changes can help to shift from selecting treatment according to the patient’s disease phenotype to 
selecting patients suitable for treatment according to the disease mechanism. Hence, more reliable biomarkers are needed 
to select and evaluate treatment options.

Non-coding RNAs, as exceptions of central dogma, have been reported over the past decades.15 They have been 
shown to play an important role in AR and AS. LncRNA FR215775 may encourage allergic inflammation by regulating 
the differentiation of Th2 cells in AR mice.16 LncRNA HCP5 participates in AR by promoting Tregs differentiation and 
proliferation.17 Hsa_circRNA_404013 had been reported as a potential diagnostic biomarker for patients with AR.18 

LncRNA MALAT1 promotes the development of AS by promoting the proliferation and migration of airway smooth 
muscle cells.19 Liang et al suggested that circS100A11 may serve as a potential therapeutic and diagnostic target in 
children with AS.20 However, their exact effects in the development of CARAS remain unclear.

Therefore, in this study, we performed RNA sequencing on whole blood samples from CARAS patients, AR patients, 
and normal participants, followed by the identification of differentially expressed mRNAs (DEmRNAs), lncRNAs 
(DElncRNAs), and circRNAs (DEcircRNAs). Then, lncRNA/circRNA-mRNA regulatory pairs were constructed to 
further explore the roles of DElncRNAs/DEcircRNAs in the development of CARAS and their interactions with potential 
targeted mRNAs in CARAS. By doing this, we hope to discover potential molecular markers associated with the 
occurrence and development of AR into CARAS.

Materials and Methods
Participants
The patients with the allergic symptoms in upper and lower respiratory tract including rhinocnesmus, sneeze 
frequently, runny watery nose, rhinobyon, cough, and wheeze were enrolled as CARAS; the patients with the 
typical symptoms including paroxysmal sneeze, watery snot, rhinobyon, and rhinocnesmus were enrolled as AR; the 
healthy individuals with no above clinical symptoms were considered as normal controls. AR was diagnosed 
according to the Allergic Rhinitis Management Path (Chinese version) of Allergic Rhinitis and its Impact on 
Asthma (ARIA) guidelines-2019.21 The mandatory inclusion criteria of CARAS patients were as follows: (1) 
based on clinical criteria for moderate-to-severe persistent AR in recent 2 years, patients were diagnosed with 
moderate persistent AS (such as runny nose, pruritus, sneezing, and congestion); (2) patients were sensitive to house 
dust mite (HDM), including Dermatophagoides pteronyssinus or D. farinae skin prick test positive (wheal diameter 
> 6 mm) and/or CAP-Pharmacia score > class 2; (3) forced expiratory volume in 1 s (FEV1) is within the normal 
range. The inclusion criteria for AR patients were as follows: (1) patients had more than two clinical symptoms, 
including sneezing, water-like runny nose, nasal congestion, and nasal itching. Furthermore, the symptoms should 
last or accumulate for more than 1 hr every day, which can be accompanied by eye symptoms (such as eye itching 
and conjunctival congestion); (2) patients had clinical signs of common nasal mucosa pale, edema, watery nasal 
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secretion based on nasal endoscopy and sinus computed tomography (CT); (3) patients had positive skin prick test. 
Exclusion criteria included (1) patients with moderate persistent AS or anatomic abnormalities of the upper 
respiratory tract, (2) those undergoing chronic treatment with systemic steroids or with systemic immunological 
disorders, (3) patients with wheezing, shortness of breath, chest tightness, and cough due to other diseases. Healthy 
individuals with nasal diseases or a history of AS were excluded. The whole blood sample was collected from 
participants and used for RNA sequencing.

RNA Isolation, Sequencing, and Differential Expression Analysis
The whole blood sample was collected from participants with PAXgene® RNA Blood tubes and stored at −80°C prior to 
processing. Total RNA was isolated from the samples using PAXgene Blood RNA Kit. DNA fragments in total RNA 
samples were digested using DNase I. The reaction products were purified and recovered using magnetic beads. After 
removing the rRNA with the commercial kit, thermal interruption was performed in the polymerase chain reaction (PCR) 
instrument. After adding primers, a strand of cDNA was synthesized according to the corresponding procedure. Then, 
cDNA was doubly linked and digested by uracil-N-glycosylase (UNG) digestion reaction system through the synthesis of 
reverse transcription double-strand and terminal repair. After purification and recovery by magnetic beads, the quality of 
the RNA library was detected by Agilent 2100 Bioanalyzer (Agilent Technologies, USA) and ABI StepOnePlus real-time 
PCR system (Thermo Fisher Scientific, USA). Finally, the qualified library was denatured into a single chain by NaOH 
and diluted to optimal concentration on FlowCell, hybridized with the connector on FlowCell. Hybridized molecules 
were amplified by bridging PCR on cBot and sequenced using Illumina HiSeq X-Ten platform with library strategy of 
PE150. The adapter sequence reads were removed to ensure the accuracy of subsequent biological information analysis. 
Those bases with mass <20 and containing non AGCT at the 5’ end before shearing were trimmed. The reads with 
N greater than 10% was deleted. The small fragments with a length of less than 25 bp after the trimming of the adapter 
and mass were deleted. After quality control, statistical analysis of the data was performed. The reads were aligned with 
the GRCh38 genome by Hisat2 (v 2.1.0) software. The circRNAs were predicted by CIRI2. DElncRNAs, DEcircRNAs, 
and DEmRNAs between N, AR, and CARAS were identified under the screening criteria of |log2 Fold Change (FC)| >1 
and p<0.05. The immune and hypoxia-related DEmRNAs were identified from ImmPort and Molecular Signatures 
Database (MSigDB) databases, respectively.

Functional Analysis of DEmRNAs
To investigate the function of DEmRNAs, Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis was performed with 
the David database. Gene Set Enrichment Analysis (GSEA) was also performed by “cluster profiler” package in 
R. Significantly enriched KEGG and GSEA terms were identified under the screening criterion of p<0.05. In addition, 
protein–protein interaction (PPI) and the transcription factor (TF) regulatory network were constructed. PPI network was 
constructed with the STRING database. TF subsets were obtained from the Cistrome (http://cistrome.org/) database. 
Corresponding TF expression values were obtained from expression matrix data. Pearson’s correlation coefficient was used 
to analyze the relationships between TFs and mRNAs. The TFs were identified under the threshold value of |r|>0.9 and p<0.05.

Identification of lncRNA/circRNA-mRNA Regulatory Pairs
Target mRNA prediction of lncRNA is divided into the following two parts: cis-regulation and trans-regulation. The 
Pearson correlation coefficient method was used to analyze the relationship between lncRNA and target mRNA under the 
threshold value of |r|≥0.8 and p<0.05 for cis-regulation and |r|≥0.9 and p<0.05 for trans-regulation. In addition, Pearson 
correlation coefficient method was applied to analyze the relationship between circRNA and mRNA under the screening 
criteria of |r|>0.8 and p<0.05. Cytoscape software was used to construct the lncRNA/circRNA-mRNA regulatory networks.

Immune Infiltration Analysis and Drug Prediction
CIBERSORT algorithm was performed to evaluate immune cell infiltration in N, AR, and CARAS. This algorithm can 
transform the normalized gene expression matrix into the composition of infiltrating immune cells. In addition, potential 
drugs related to DEmRNAs were predicted with the DGIdb database.
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Validation in Real-Time qPCR (RT-qPCR) and Gene Expression Omnibus (GEO) 
Database
First, whole blood samples were collected from 12 patients with CARAS, 8 patients with AR, and 9 normal control 
participants. A total of 40 μL RNA was subjected for RT-qPCR. DNA fragments in total RNA samples were digested 
using DNase I to remove gDNA. A relative quantitative analysis of the data was performed by 2−ΔΔCT using the Gene- 
9660 quantitative PCR instrument. The primer sequences are listed in Table 1. GAPDH and ACTB were used as internal 
references. A two-sample T-test was used for statistical analysis. Second, GSE19187 (involving 11 normal controls, 14 
AR, and 7 CARAS) and GSE141623 (involving 100 normal controls, 23 AR, and 33 CARAS) were downloaded from 
the GEO database for expression validation.

Protein Expression Analysis by Enzyme-Linked Immunosorbent Assay (ELISA)
Serum samples from 23 participants (6 CARAS patients, 6 AR patients, and 11 healthy individuals) were collected to 
detect the protein expression by ELISA. The standard hole and a sample hole were set. A total of 50 μL of standard with 
different concentrations were added to the standard hole. The sample was added to the bottom of an enzyme-labeled plate 
hole and incubated at 37°C for 30 min. After discarding the liquid, each hole was filled with washing liquid and stood for 

Table 1 Primers Sequence in RT-qPCR

Gene Primer Sequence (5ʹto3ʹ)

GAPDH-F CTGGGCTACACTGAGCACC

GAPDH-R AAGTGGTCGTTGAGGGCAATG

ACTB-F GATCAAGATCATTGCTCCTCCT
ACTB-R TACTCCTGCTTGCTGATCCA

KRT8-F AAGACCACCAGCGGCTATG

KRT8-R ACACCAGCTTCCCATCACG
OVCH1-F AAGCCGGGTGTATTTGCCAG

OVCH1-R AACCTGGCCAAGATGCACTG

CLC-F AGGCTGTGAAGATGGTGCAAGTG
CLC-R ATGAGCAGGAGTAAGGATTGAAGTGAG

TEC-F GCAGCAGGACTTGTCACCAG

TEC-R TTTGCCAAGCCTCACCACTC
HEATR6-DT-F GGAGGAAGGCTGCCAACTT

HEATR6-DT-R ACAGGGTGGGTGGCTATTC

LINC00639-F GTGACATCAAAGCTGTGCCG
LINC00639-R GGGTTCCCGTGTTCATTCCT

LINC01783-F GCACCCAATAAGCCCACCT

LINC01783-R TTCCCAAGGCCTAACGAGC
RP11-178F10.2-F AGCTCCCATGGAAGAAACGT

RP11-178F10.2-R CTGAAGCAGCCACCCTCTT

OVCH1-AS1-F CCGGTCACAGCACAGATCT
OVCH1-AS1-R AGGTGAGAAGGGCCAAACAC

LINC00452-F GACCGTGTCTTTCCCGTGT
LINC00452-R TGCCCATTCCCTTACCTTG

cir-GAPDH-F CTCCAAAATCAAGTGGGGC

cir-GAPDH-R TGGTTCACACCCATGACGAA
hsa_circ_0007272-F GACATTTGGCCCATTGGTTTCA

hsa_circ_0007272-R TTTTGTCTTTCAGCCAGGGGT

hsa_circ_0008903-F TGCTGCCAGACTACATGAGG
hsa_circ_0008903-R GTCGGCCAAAGGTCTTTCAC

hsa_circ_0070934-F GGTGAAAGGACTGATCAACCAT

hsa_circ_0070934-R TGTCTTGAGCTTTCCTGCCT
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30 s. To each well was added 50 μL of enzyme-labeled reagent and incubated at 37°C for 30 min. After discarding the 
liquid, each hole was filled with washing liquid and stood for 30 s. To each hole was added 50 μL of color developing 
agent A and B and incubated at 37°C in the dark for 10 min. Thereafter, 50 μL of stopping solution was added to each 
well to stop the reaction. The absorbance (OD value) of each well at the wavelength of 450 nm was measured by 
SpectraMax M5 microplate reader.

Ethical Statement
The research protocol was in accordance with the tenets of the Declaration of Helsinki and was approved by the Ethics 
Committee of the Affiliated Changzhou No.2 People’s Hospital of Nanjing Medical University on February 25, 2019 
(approval number [2019] KY032-01). We provided each participant with clear and detailed information about the 
research, including the purpose, methods, expected results, potential risks and benefits, and other available options. 
Each participant had been informed that they have the right to refuse to participate in the research or to withdraw their 
consent at any time without any negative consequences and their privacy and confidentiality will be protected during the 
research. Researchers adhered to the principles of non-deception, non-concealment, and non-misrepresentation during the 
informed consent process. Informed consent was obtained from each participant for clinical data use and publication.

Statistical Analysis
All data analyses were performed using R. To evaluate the correlations, Pearson’s correlation analysis was conducted. 
A two-sample T-test was utilized to determine significant differences. Kruskal–Wallis test was used to perform immune 
infiltration analysis. If the p-value is less than 0.05, it was considered statistically significant.

Results
Patient Characteristics
In this study, nine participants were enrolled, including three CARAS patients, three AR patients, and three normal 
controls (N). The demographic data of the participants are listed in Table 2.

Table 2 The Demographic Data of Recruited Subjects

Group CARAS AR N

Gender M F M M F M M F M

Age (years) 24 18 37 35 30 26 32 35 28

BMI (kg/m2) 21.4 20.2 22.5 21.2 22.1 24.2 20.4 21.5 24.5
Duration (years) 3 5 12 10 11 5 N/A N/A N/A

Keep pets No No No No No No No No No

Family history No No Yes No No No No No No
Smoking history No No No No No No No No No

Drinking history No No No No No No No No No

FEV1 71.58% 92.62% 85% 85% 86.50% 87.60% 85% 86.7% 90.2%
FEV1/FVC 68.30% 102% 86% 98.60% 94.70% 92.60% 95.3% 96.70% 94.20%

Diastolic test Positive Positive Positive N/A N/A N/A N/A N/A N/A

FeNO (ppb) 105 96 47 27 53 29 14 10 7
Eos (*109/L) 1.39 0.3 0.31 0.23 0.23 0.04 0.03 0.02 0.03

Eos 13.90% 5.30% 5.40% 4.70% 4.70% 1.40% 1.30% 1.10% 1.20%

IgE (+) (+) (+) (+) (+) (+) (–) (–) (–)
Diagnosis methods# 1 + 2 1 + 2 1 + 2 1 1 1 N/A N/A N/A

Complication No No No No No No No No No

Notes: #1: clinical symptoms; 2: pulmonary function. 
Abbreviations: CARAS, combined allergic rhinitis and asthma syndrome; AR, allergic rhinitis; N, healthy controls; M, male; F, female; BMI, body 
mass index; N/A, not applicable; FEV1, forced expiratory volume 1; FVC, forced vital capacity; FeNO, exhaled nitric oxide; Eos, eosinophil; IgE, 
immunoglobulin E.
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DEmRNAs in AR vs N, CARAS vs AR, and CARAS vs N Groups
Compared with normal control group, 229 DEmRNAs, including 98 up-regulated mRNAs and 131 down-regulated 
mRNAs, were obtained in AR patients. Compared with AR group, 239 DEmRNAs were identified in CARAS patients, 
which included 165 up-regulated and 74 down-regulated mRNAs. Compared with normal control group, 232 DEmRNAs, 
including 110 up-regulated and 122 down-regulated mRNAs, were acquired in CARAS group. Venn diagram of DEmRNAs 
in CARAS, AR, and normal group is displayed in Figure 1A. A total of 40 common mRNAs were identified in AR vs 
N and CARAS vs AR groups. Among these, only keratin 8 (KRT8) was significantly down-regulated in CARAS vs AR and 
AR vs N groups. Furthermore, 61 DEmRNAs with the same expression trend were found in CARAS vs AR and CARAS vs 
N groups. A total of 25 mRNAs, such as ovochymase 1 (OVCH1), were down-regulated, and 36 mRNAs were up-regulated 
in CARAS, such as Charcot-Leyden crystal galectin (CLC), sphingomyelin phosphodiesterase 3 (SMPD3), and histamine 
receptor H4 (HRH4). The heat map of these 61 differentially expressed mRNAs is shown in Figure 1B. Among them, 
indoleamine 2, 3-dioxygenase 1 (IDO1, up-regulation), cysteinyl leukotriene receptor 2 (CYSLTR2, up-regulation), and tec 
protein tyrosine kinase (TEC, up-regulation) were immune-related mRNAs, and Transketolase-like 1 (TKTL1, up- 
regulation) and very low-density lipoprotein receptor (VLDLR, up-regulation) were hypoxia-related mRNAs.

DElncRNAs in AR vs N, CARAS vs AR, and CARAS vs N Groups
Compared with normal control group, 102 DElncRNAs (50 up-regulated and 52 down-regulated) were identified in AR 
patients. Compared with AR group, 106 DElncRNAs were obtained in CARAS patients, which included 63 up-regulated and 
43 down-regulated lncRNAs. Compared with normal control group, 90 DElncRNAs (45 up-regulated and 45 down-regulated 
lncRNAs) were obtained in CARAS group. Venn diagram of DElncRNAs in CARAS, AR, and normal group is displayed in 
Figure 1C. The results showed that 21 common lncRNAs were identified in AR vs N and CARAS vs AR groups. Strangely, 
the expression trend of these 21 lncRNAs was opposite in AR vs N and CARAS vs AR groups. Further analysis showed that 
23 DElncRNAs (15 up-regulated and 8 down-regulated) with the same expression trend were identified in CARAS vs AR and 
CARAS vs N groups, which may be associated with the occurrence and development of CARAS (Figure 1D).

DEcircRNAs in AR vs N, CARAS vs AR, and CARAS vs N Groups
Compared with normal control group, 26 DEcircRNAs (9 up-regulated and 17 down-regulated) were identified in AR patients. 
Compared with AR group, 13 DEcircRNAs (7 up-regulated and 6 down-regulated) were obtained in CARAS group. 
Compared with normal control group, 16 DEcircRNAs were obtained in CARAS group, which included 9 up-regulated 
and 7 down-regulated circRNAs. Venn diagram of DEcircRNAs in CARAS, AR, and normal group is displayed in Figure 1E. 
It was worth mentioning that three circRNAs with the same expression trend (down-regulated hsa_circ_0007272 and 
hsa_circ_0070934 and up-regulated hsa_circ_0008903) were found in CARAS vs AR and CARAS vs N groups, meaning 
that these 3 circRNAs may be associated with the occurrence and development of CARAS (Figure 1F).

Functional Analysis of 61 DEmRNAs
To investigate the biological function of 61 DEmRNAs, functional analysis was performed. Based on the KEGG 
enrichment analysis, fibronectin 1 (FN1) was involved in the extracellular matrix (ECM) receptor interaction signal 
pathway. CLC and IDO1 were involved in regulating activated T cell proliferation (Figure 2A). GSEA showed that the 
gene set spliceosome was down-regulated in the CARAS group (Figure 2B).

PPI Network and TFs Correlation Analysis of 61 DEmRNAs
To explore protein interactions among the 61 DEmRNAs, a PPI network was constructed with the online database 
STRING (Figure 2C). CD24 and FN1 had the highest interaction score of 0.936. In addition, a total of 224 TFs were 
associated with 61 DEmRNAs (Figure 2D). There were eight TFs, including activating transcription factor 3 (ATF3), 
involved in the regulation of IDO1. One TF, a basic helix-loop-helix family member, e40 (BHLHE40), was involved in 
regulating CYSLTR2. Seven TFs were involved in regulating TKTL1, such as grainy head-like transcription factor 2 
(GRHL2).
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Identification of lncRNA/circRNA-mRNA Co-Expressed Interaction Pairs
To investigate the relationship between lncRNAs/circRNAs and mRNAs in the occurrence and development of CARAS, 
lncRNA/circRNA-mRNA regulatory pairs based on 23 lncRNAs, 3 circRNAs, and 61 mRNAs were analyzed. A total of 

Figure 1 DEmRNAs/DElncRNAs/DEcircRNAs in N, AR, and CARAS. (A) Venn diagram of DEmRNAs in N, AR, and CARAS. (B) The heatmap of common DEmRNAs in 
AR vs N and CARAS vs AR groups. (C) Venn diagram of DElncRNAs in N, AR, and CARAS. (D) The heatmap of common DElncRNAs in AR vs N and CARAS vs AR groups. 
(E) Venn diagram of DEcircRNAs in N, AR, and CARAS. (F) The heatmap of common DEcircRNAs in AR vs N and CARAS vs AR groups. The color scale represented the 
expression levels. 
Abbreviations: DEmRNA, differentially expressed mRNA; DElncRNA, differentially expressed lncRNA; DEcircRNA, differentially expressed circRNA; N, healthy controls; 
AR, allergic rhinitis; CARAS, combined allergic rhinitis and asthma syndrome.
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Figure 2 KEGG analysis (A), GSEA analysis (B), PPI network (C) and TF regulatory network (D) of common DEmRNAs in AR vs N and CARAS vs AR groups. Red and 
blue color represent up-regulation and down-regulation, respectively. 
Abbreviations: KEGG, Kyoto Encyclopedia of Genes and Genomes; GSEA, Gene Set Enrichment Analysis; PPI, protein–protein interaction; TF, transcription factor; 
DEmRNA, differentially expressed mRNA; AR, allergic rhinitis; N, healthy controls; CARAS, combined allergic rhinitis and asthma syndrome.
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3 lncRNA-mRNA cis-regulatory pairs were screened, including OVCH1-AS1-OVCH1, RP11-71L14.3-SMPD3, and 
RP11-178F10.2-HRH4 (Figure 3A). In addition, 128 lncRNA-mRNA trans-regulatory pairs, such as LINC00452/ 
MIR4280HG-CLC, HEATR6-DT/LINC00639/LINC01783-TEC, RP11-167J8.5-VLDLR, and RP11-178F10.2/RP11- 
71L14.3-IDO1, were identified (Figure 3B). Then, 37 circRNA-mRNA regulatory pairs were identified (Figure 3C), 
such as hsa_circ_0007272/hsa_circ_0070934-CLC, and hsa_circ_0008903-TEC/CYSLTR2.

Immune Infiltration Analysis and Drug Prediction
CIBERSORT was used to assess infiltration status of immune cells in AR vs N, CARAS vs AR, and CARAS vs 
N groups. The infiltration level of B-cell memory and plasma cells were significantly decreased and increased in AR and 
N group, respectively (Figure S1A). The infiltration level of NK cells resting and plasma cells was significantly increased 
and decreased in CARAS vs N group, and CARAS vs AR group, respectively (Figure S1B and C). It suggested that 
dysregulated levels of immune cell infiltration may be closely related to CARAS. Additionally, to provide a new 
perspective for CARAS treatment, potential drugs related to 61 DEmRNAs were screened based on the DGIdb database 
(Figure S2). Significantly, TEC was a drug target of DASATINIB, suggesting that TEC may be considered as a drug 
target for DASATINIB in the treatment of CARAS.

Validation in RT-qPCR and Online Dataset
The expression of four lncRNAs (HEATR6-DT, LINC00639, LINC01783, and RP11-178F10.2), two circRNAs (hsa_-
circ_0007272 and hsa_circ_0008903), and four mRNA (KRT8, CLC, OVCH1, and TEC) were detected by RT-qPCR 
(Figure 4). The result indicated that CLC, HEATR6-DT, LINC00639, LINC01783, and RP11-178F10.2 were up- 
regulated in CARAS vs N and CARAS vs AR groups, while KRT8 and hsa_circ_0007272 (with statistical significance 
in CARAS vs N group) were down-regulated in CARAS vs N and CARAS vs AR groups. In addition, OVCH1 and 
hsa_circ_0008903 were down-regulated in CARAS vs N group, while TEC was up-regulated in CARAS vs N group. 
These findings were in line with our results of RNA sequencing. In addition, GSE19187 and GSE141623 were used to 

Figure 3 LncRNA-mRNA cis-regulatory (A), trans-regulatory (B) and circRNA-mRNA co-expressed (C) networks. The rectangles, triangles and inverted triangles indicate 
mRNAs, lncRNAs and circRNAs, respectively. Red and blue color represents the up-regulation and down-regulation, respectively.
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validate the expression of four mRNAs (CYSLTR2, IDO1, OVCH1, and TEC) (Figure 5). The result showed that 
CYSLTR2 and IDO1 were up-regulated, and OVCH1 was down-regulated (with statistical significance in GSE141623) 
in CARAS vs N and CARAS vs AR groups in both two datasets. In GSE141623, TEC was up-regulated in both the 
CARAS vs N and CARAS vs AR groups, whereas in GSE19187, TEC was up-regulated only in the CARAS vs AR 
group. Although the results of this verification are still lacking in significance, the trend exists, which indicates that our 
results have a certain credibility.

Protein Expression Analysis by ELISA
The protein expression of four mRNAs (IDO1, SMPD3, TEC, and CLC) was detected by ELISA (Figure 6). The protein 
expression of SMPD3 and CLC was significantly increased in the CARAS group compared with the N group. The 
protein expression tendency of DIO1 and TEC was up-regulated in the CARAS group compared with the N group. The 
protein expression result was basically consistent with the mRNA expression results.

Figure 4 Validation in RT-qPCR. RT-qPCR, real time qPCR. Two-sample T-test was used for statistical analysis. **p < 0.01.

Figure 5 Validation in GSE19187 (A) and GSE141623 (B). ANOVA was used for statistical analysis.
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Discussion
In recent years, epidemiological studies have demonstrated that the incidence of AR and AS is increasing yearly.22 In this 
study, 61 mRNAs, 23 lncRNAs, and 3 circRNAs with the same expression trend were found in CARAS vs AR and 
CARAS vs N groups, which may be related to the occurrence and development of CARAS. Then, three immunity-related 
mRNAs and two hypoxia-related mRNAs with the same expression trend were identified. Several lncRNA/circRNA- 
mRNA regulatory pairs were identified in CARAS, which may indicate potential regulatory effects of lncRNAs/ 
circRNAs in CARAS. In addition, immune infiltration analysis and drug prediction were performed to further provide 
novel insight into the underlying mechanisms in CARAS.

Inflammation of nasal and bronchial mucosa plays a critical role in the pathogenesis of AR and AS. Although there 
are different inflammatory indicators in AR and AS, the chronic allergic inflammation in the upper and lower respiratory 
tract is similar. In addition, the participating types of inflammatory cells, cytokines, and various inflammatory mediators 
are similar.23,24 TGF-β is an important inflammatory cytokine involved in the AR and AS process.24,25 KRT8 is one of 
the keratin genes.26 Strunz et al recently studied the RNA expression characters in 28 cell types and reported that the 
KRT8+ state appeared in several independent models of lung injury and persisted in human lung fibrosis.27 Therefore, it 
creates a distinct cell–cell communication network with mesenchymes and macrophages during repair. This result 
indicated the involvement of KRT8 in the repair function of the lungs. Differential expression analysis of mRNAs 
showed that KRT8 was down-regulated stepwise in AR and CARAS patients, suggesting a potential role of KRT8 in the 
development of AR into CARAS.

CLC, a valuable biomarker of eosinophil/basophil, is involved in AS and AR.28 Genetic variation in CLC had been 
associated with AR.29 CLC was dramatically up-regulated in AR group compared with healthy control.30 Expression of 
CLC is increased in patients with eosinophilic AS.31 Up-regulated CLC was detected in the peripheral blood of patients 
with aspirin-induced AS.32 LINC00452 and hsa_circ_0070934 are involved in ovarian and hepatocellular carcinoma.33,34 

LINC00639, expressed in bronchial epithelial cells, is involved in the development of chronic obstructive pulmonary 
disease.35 LINC01783, a rarely studied novel lncRNA, has been found to be highly up-regulated in serum samples.36 Up 
to now, there are no reports about MIR4280HG, HEATR6-DT, and hsa_circ_0007272 in any disease. In the present study, 
CLC and TEC were up-regulated in CARAS. Moreover, CLC was a trans-acted mRNA of LINC00452 and MIR4280HG 
and under the regulation of hsa_circ_0007272 and hsa_circ_0070934. TEC was a trans-acted mRNA of HEATR6-DT, 
LINC00639, and LINC01783 and under the regulation of hsa_circ_0008903. Our results indicate that the regulatory pairs 
of LINC00452/MIR4280HG/hsa_circ_0007272/hsa_circ_0070934-CLC and HEATR6-DT/LINC00639/LINC01783/ 
hsa_circ_0008903-TEC may be involved in the development of CARAS.

IDO1, involved in inflammation, is significantly associated with chronic rhinosinusitis.37 Increased expression of 
IDO1 occurs in patients with allergic AS.38 In addition, IDO1 can suppress T cell activation.39 In our analysis, when 
compared with AR patients, the expression of IDO1 was up-regulated in CARAS patients. Moreover, IDO1 is involved 
in the signaling pathway of regulation of activated T cells proliferation. T lymphocytes play leading roles in regulating 
airway inflammatory response. The toll-like receptor (TLR) is an innate immune pathogen pattern recognition receptor. 
Activation of the TLR signal transduction pathway will aggravate airway inflammation and airway hyperresponsiveness 

Figure 6 The protein expression validation by ELISA. Two-sample T-test was used for statistical analysis. **p < 0.01; ***p < 0.001. 
Abbreviation: ELISA, expression analysis by enzyme-linked immunosorbent assay.
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and cause the release of inflammatory factors.40 Overstimulation of TLR leads to chronic inflammation such as AS and 
negative regulation of TLR signal ensures that the damage to the body is reduced during immune activation.41 The 
expression of SMPD3 reduces the TLR-induced inflammatory response of macrophages,42 and SMPD3 is up-regulated in 
allergic AS.38 Furthermore, HRH4 is up-regulated in AS, dermatitis, and rhinitis multimorbidity in children and 
adolescents.43 RP11-178F10.2 is a potential serum biomarker and predictor of patient survival with alcoholic 
cirrhosis.44 In this study, IDO1 and SMPD3 were, respectively, the trans-acted and cis-acted mRNA of RP11-71L14.3. 
IDO1 was also the trans-acted mRNA of RP11-178F10.2. Consistent with the study of Lemonnier, lncRNA RP11- 
178F10.2 up-regulated HRH4 in our study.43 Currently, to the best of our knowledge, no study has been reported on the 
function of lncRNA RF11-71L14.3. Thus, specific regulatory mechanisms need to be clarified in future research.

CYSLTR2, related to allergic diseases and the immune response, is up-regulated in patients with allergic AS.38,45 In 
this study, CYSLTR2 was regulated by hsa_circ_0008903 in CARAS. At present, no study has reported the function and 
role of hsa_circ_0008903 in AR and AS. This could provide information on some clinical findings and mechanisms of 
CARAS, and this also needs to be verified in future studies. Based on KEGG analysis, we found that 61 DEmRNA was 
involved in the ECM receptor interaction signal pathway. The thickening of the asthmatic subepithelial layer is due to 
exaggerated deposition of ECM proteins.46–50 Epithelial hyperplasia and degradation of the matrix along with the 
accumulation of plasma proteins occurred in AR and bronchial AS.51,52

Based on immune infiltration analysis, we found that the infiltration level of NK cells resting and plasma cells was 
significantly increased and decreased in CARAS vs N and CARAS vs AR, respectively. Studies have reported that the 
immune regulatory function of NK cells plays an important role in childhood-onset AS and chronic rhinosinusitis.53–55 

Although the importance of eosinophils and basophils had been indicated in AS, no difference between eosinophils and 
basophils among groups was observed in this present study.56,57 The balance of Th1/Th2 is associated with AR. Th2 can 
induce activation of B cells and IgE class switching, which leads to B-cell differentiation into plasma cells that produce 
allergen-specific IgE.58 It is indicated that dysregulated infiltration levels of NK cells resting and plasma cells may be 
closely associated with the development of CARAS. In addition, we found that TEC was a drug target for Dasatinib. 
A previous study has demonstrated that Dasatinib is beneficial in AS improvement.59 Thus, TEC may be considered as 
a potential drug target for Dasatinib in the treatment of CARAS.

This study has some limitations. The sample sizes for RNA sequencing and RT-qPCR were small and thus introduced 
greater sample heterogeneity. The validation results in RT-qPCR and GEO database are lacking in significance. A larger 
number of samples are needed for further studies. Further functional experiments at cellular and animal levels are needed 
to investigate the potential mechanism of identified mRNAs, lncRNAs, and circRNAs in CARAS. Therefore, the possible 
mechanisms of candidate mRNAs, lncRNAs, and circRNAs in CARAS would be the focus of our future studies.

Conclusion
Our study identified three immunity-related mRNAs (IDO1, CYSLTR2, and TEC) and two hypoxia-related mRNAs (TKTL1 and 
VLDLR), which may be associated with the occurrence and development of CARAS. Several lncRNA/circRNA-mRNA 
regulatory pairs, such as RP11-71L14.3-IDO1/SMPD3, RP11-178F10.2-IDO1, LINC00452/MIR4280HG/hsa_circ_0007272/ 
hsa_circ_0070934-CLC, HEATR6-DT/LINC00639/LINC01783/hsa_circ_0008903-TEC, and hsa_circ_0008903-CYSLTR2, 
were identified in this study, which may be implicated in the development of AR into CARAS.
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