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Plasma extracellular vesicle long RNA profiling identifies a 
diagnostic signature for stage I lung adenocarcinoma

Wei Guo1,2, Qilin Huai1, Tiejun Liu1, Guochao Zhang1, Naixin Liang3, Qianli Ma4, Xiang Liu5,  
Fengwei Tan1,2, Qi Xue1,2, Shugeng Gao1,2, Yibo Gao1, Jie He1

1Department of Thoracic Surgery, National Cancer Center/National Clinical Research Center for Cancer/Cancer Hospital, Chinese Academy of 

Medical Sciences and Peking Union Medical College, Beijing, China; 2Key Laboratory of Minimally Invasive Therapy Research for Lung Cancer, 

Chinese Academy of Medical Sciences, Beijing, China; 3Department of Thoracic Surgery, Peking Union Medical College Hospital, Chinese 

Academy of Medical Sciences, Beijing, China; 4Department of Thoracic Surgery, China-Japan Friendship Hospital, Beijing, China; 5Echo Biotech 

Co., Ltd., Beijing, China

Contributions: (I) Conception and design: W Guo, Y Gao, J He; (II) Administrative support: Q Xue, S Gao, J He; (III) Provision of study materials 

or patients: W Guo, G Zhang, Q Huai, T Liu, N Liang, Q Ma, F Tan; (IV) Collection and assembly of data: W Guo, Q Huai; (V) Data analysis and 

interpretation: W Guo, X Liu; (VI) Manuscript writing: All authors; (VII) Final approval of manuscript: All authors.

Correspondence to: Dr. Jie He; Dr. Yibo Gao; Dr. Shugeng Gao. Department of Thoracic Surgery, National Cancer Center/National Clinical Research 

Center for Cancer/Cancer Hospital, Chinese Academy of Medical Sciences and Peking Union Medical College, Panjiayuannanli No. 17, Chaoyang 

District, Beijing 100021, China. Email: prof.jiehe@gmail.com; gaoyibo@cicams.ac.cn; gaoshugeng@vip.sina.com.

Background: The early diagnosis of lung adenocarcinoma (LUAD) is particularly challenging. Recent 
studies have reported that extracellular vesicles (EVs) include both small and long RNA. However, the profile 
and diagnosis-related significance of EV long RNA (exLR) profiles for early LUAD remain unclear.
Methods: A case-control analysis was carried out involving 110 participants, including 64 stage I LUAD 
cases, 24 benign pulmonary nodule (BPN) cases, and 22 healthy controls (HCs). The analysis was performed 
on the plasma samples’ exLR profile based on exLR sequencing. The d-signature was identified using the 
least absolute shrinkage and selection operator (LASSO) method and a training set (n=48), and validation 
was completed through use of an internal validation set (n=32) and an external validation set (n=30).
Results: A diagnostic signature (d-signature) encompassing 8 exLR markers (NFKBIA, NDUFB10, 
SLC7A7, ARPC5, SEPTIN9, HMGN1, H4C2, and lnc-PLA2G1B-2:3) was identified for the detection 
of LUAD. This d-signature exhibited a high level of accuracy, with an area under the receiver operating 
characteristic (ROC) curve (AUC) of 0.991 in the training group, 0.921 in the internal validation group, and 
0.9 in the external validation group. Moreover, the d-signature could distinguish adenocarcinomas in situ (AIS) 
and minimally invasive adenocarcinomas (MIA) from the noncancerous controls (NCs), with AUCs of 0.934 
and 0.909, respectively, in the combined cohorts. 
Conclusions: This study initially characterized the plasma exLR profile of early LUAD and reported 
on an exLR-based diagnostic signature for the detection of LUAD. This d-signature could be a promising 
noninvasive biomarker for the early detection and routine screening of LUAD.
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Introduction

Lung adenocarcinoma (LUAD) is the most common 
histologic type of lung carcinoma, with an average 5-year 
survival rate of 15% (1,2). After surgical resection, early 
LUAD, such as adenocarcinomas in situ (AIS) and minimally 
invasive adenocarcinomas (MIA), and stage I LUAD, have an 
80–100% survival rate (3-6). Currently, low-dose computed 
tomography (LDCT) is recommended as the only method 
of clinical lung carcinoma detection for cases with a high 
risk of lung carcinoma (7). However, due to the significant 
cost and high false discovery rate of computed tomography 
(CT) screening, early detection remains unsatisfactory (8). 
Recently, liquid biopsy has shown promising results for the 
early diagnosis of LUAD and is superior to conventional 
biopsy due to its noninvasiveness (9). Discovering effective 
circulating diagnostic biomarkers for early LUAD is 
imperative.

Extracellular vesicles (EVs), including exosomes and 
microvesicles, comprise protein, lipids, and RNA, and stably 
exist in various body fluids [e.g., blood and urine (10,11)]. 
Thus, the contents of EVs may have potential as diagnostic 
biomarkers via liquid biopsies for human carcinomas. Melo  
et al. reported that the EV protein marker, Glypican 1 (GPC1), 
could be a promising diagnosis-related marker of early 
pancreatic carcinoma, with high specificity and sensitivity (12). 
EV microRNAs (miRNAs) have been well characterized and 
studied (13). According to Huang et al., exosomal miR-1290 
and miR-375 are prognosis-related markers in castration-
resistant prostate carcinoma (14). In recent years, long 
RNA species [e.g., messenger RNA (mRNA), circular RNA 
(circRNA), and long noncoding RNA (lncRNA)] have also 
been identified in human blood EVs and exhibit function-
related and clinically related significance (15). Yu et al. built 
an EV long RNA-based diagnostic signature for detecting 
pancreatic ductal adenocarcinoma (PDAC), which showed a 
high accuracy (16). Del Re et al. reported that PD-L1 mRNA 
in plasma EVs is related to the response towards anti-PD-1 
antibodies in non-small cell lung carcinoma (NSCLC) and 
melanoma (17).

For lung carcinoma, studies have confirmed that EV 
miRNAs and proteins could act as potential diagnostic 
biomarkers (18-22). However, there are few studies on the 
profile of EV long RNA (exLR) in LUAD and whether 
exLR could serve as a biomarker in early LUAD cases. 
The present study performed exLR sequencing on plasma 
samples collected from 110 participants (64 cancer samples 
and 46 controls) to determine the diagnosis-related 

significance and molecular characteristics of exLR profiles 
in early LUAD. We also evaluate the performance and 
stability of the exLR-based diagnostic signature in a cohort 
comprising 30 cancer samples and 16 controls by RT-
qPCR. We present the following article in accordance with 
the STARD reporting checklist (available at https://tlcr.
amegroups.com/article/view/10.21037/tlcr-21-729/rc).

Methods

Patient cohort

In total, 110 participants [including stage I LUAD cases, 
patients with benign pulmonary nodules (BPN), and 
health controls (HCs)] were enrolled in this study. Non-
cancerous controls (NCs) were defined as a combination of 
BPN and HCs. The training (n=48) and internal validation 
(n=32) cohorts were composed of patients from the 
National Cancer Center/Cancer Hospital, and the external 
validation cohort (n=30) was composed of patients from the 
Peking Union Medical College Hospital and the China-
Japan Friendship Hospital. The patients’ clinical features, 
including age, gender, smoking history, family history of 
lung cancer, pathological type, and nodule size, are shown 
in Table 1. 

The study was conducted in accordance with the 
Declaration of Helsinki (as revised in 2013). The study 
was approved by the clinical research ethics committee 
of National Cancer Center/Cancer Hospital, Chinese 
Academy of Medical Sciences (Approval number: 20/370-
2155). All patients provided written informed consent. 

Plasma specimen collection

Based on the regular venipuncture process, 2 mL of 
peripheral blood specimens was collected from each 
participant using ethylenediaminetetraacetic acid (EDTA) 
tubes. After centrifugation for 10 minutes at 2,000 ×g and 
4 ℃, the plasma was aspirated and stored at −80 ℃ for 
subsequent use.

Isolation of EVs 

The ultracentrifugation method was optimized according to 
the process outlined in a previous study (23). After melting 
at 37 ℃, the plasma specimens underwent centrifugation for 
15 minutes at 3,000 ×g to remove cell debris. Subsequently, 
the supernatant was diluted with phosphate-buffered saline 
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(PBS) at 8-fold volume, and centrifuged for 15 minutes 
at 13,000 ×g to remove significant-scale particles. The 
supernatant then underwent ultracentrifugation for 4 hours 
in a P50A72-986 rotor (CP100NX; Hitachi, Tokyo, Japan) 
at 150,000 ×g and at 4 ℃ for exosome pelleting. The pellet 
was then resuspended in PBS and recentrifuged for 2 hours 
at 150,000 ×g and 4 ℃. Subsequently, the exosome pellets 
were washed with PBS and resuspended in 200 µL of PBS. 
For a full description of this process, please see the EV-
TRACK protocol(EV200082) (24).

Nanoparticle tracking analysis (NTA)

Vesicle suspensions at concentrations ranging from 1×107 to 
1×109 particles/mL were examined using the 405 nm laser-
equipped ZetaView PMX 110 (Particle Metrix, Meerbusch, 
Germany) to determine the sizes and quantities of the 
separated particles. A 60-second video was taken at a frame 
ratio of 30 frames/s. Furthermore, particle movement was 

analyzed using NTA software (ZetaView 8.02.28, Particle 
Metrix).

Transmission electron microscopy 

A 10 µL exosome solution was placed onto a copper mesh 
and incubated for 1 minute at ambient temperature. The 
exosome solution was then washed using sterile distilled 
water, and was contrasted for 1 minute using uranyl acetate 
solution. Subsequently, the specimen was dried for 2 minutes 
under an incandescent light. The copper mesh was observed 
and photographed with a transmission electron microscope 
(TEM; H-7650, Hitachi).

Western blotting assay 

The exosome supernatant was denatured in a 5× sodium 
dodecyl sulfonate (SDS) buffer and then underwent 
western blotting assay (50 µg protein/lane; 10% SDS-

Table 1 Patients’ characteristics for the training, internal validation and external validation cohorts

Characteristics
Training cohort (n=48) Internal validation cohort (n=32) External validation cohort (n=30)

NC (n=24) LUAD (n=24) NC (n=12) LUAD (n=20) NC (n=10) LUAD (n=20)

Age (years), mean (SD) 53.00 (7.49) 51.96 (7.97) 51.25 (9.14) 55.20 (7.41) 57.00 (11.17) 53.25 (10.92)

Gender, n (%)

Female 9 (37.50) 15 (62.50) 3 (25.00) 10 (50.00) 6 (60.00) 16 (80.00)

Male 15 (62.50) 9 (37.50) 9 (75.00) 10 (50.00) 4 (40.00) 4 (20.00)

Smoking history, n (%)

Yes 8 (33.33) 2 (8.33) 6 (50.00) 10 (50.00) 4 (40.00) 6 (30.00)

No 16 (66.67) 22 (91.67) 6 (50.00) 10 (50.00) 6 (60.00) 14 (70.00)

Family history, n (%)

Yes 4 (16.67) 3 (12.50) 3 (25.00) 6 (30.00) 2 (20.00) 4 (20.00)

No 20 (83.33) 21 (87.50) 9 (75.00) 14 (70.00) 8 (80.00) 16 (80.00)

Nodule size (cm), mean (SD) 1.35 (0.66) 1.22 (0.48) 1.23 (0.32) 0.93 (0.44) 0.9 (0.26) 1.11 (0.52)

Pathology, n (%)

HC 13 (54.17) 0 6 (50.00) 0 5 (50.00) 0

BPN 11(45.83) 0 6 (50.00) 0 5 (50.00) 0

AIS 0 8 (33.33) 0 7 (35.00) 0 7 (35.00)

MIA 0 5 (20.83) 0 6 (30.00) 0 6 (30.00)

IAC 0 11 (45.83) 0 7 (35.00) 0 7 (35.00)

NC, non-cancerous control; LUAD, lung adenocarcinoma; SD, standard deviation; HC, health control; BPN, benign pulmonary nodule; 
AIS, adenocarcinoma in situ; MIA, minimal invasive adenocarcinoma; IAC, invasive carcinoma.
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polyacrylamide gel electrophoresis) with calnexin (10427-
2-AP, Promega, Madison, WI, USA), TSG101 (sc-
13611, Santa Cruz, CA, USA), Alix (sc-53540, Santa Cruz 
Biotechnology, Inc., Dallas, TX, USA), HSP90 (60318-I-
Ig, Proteintech, Rosemont, IL, USA), CD9 (60232-I-Ig, 
Proteintech), and rabbit polyclonal antibody CD63 (sc-
5275, Santa Cruz). The proteins were visualized using the 
Tanon4600 Automatic chemiluminescence image analyzing 
method (Tanon, Shanghai, China).

EV RNA isolation and RNA analyses

Total RNA was extracted and purified based on the plasma 
exosome using the miRNeasy Mini tool (cat. no. 217004, 
Qiagen, Hilden, Germany) according to the manufacturer’s 
instructions. RNA degradation and contamination, 
especially DNA contamination, was monitored on 1.5% 
agarose gels. RNA concentration and purity were evaluated 
using the RNA Nano 6000 Assaying Tool based on the 
Agilent Bioanalyzer 2100 Method (Agilent Technologies, 
Santa Clara, CA, USA).

RNA isolation and qRT-PCR

The total RNA from EVs was extracted using miRNeasy 
Serum/Plasma Advanced Kit (Qiagen, cat. No. 217004) 
according to the manufacturer’s protocol. The total 
RNA was then reverse transcribed to synthesize cDNA 
using PrimeScript™ RT reagent Kit (Perfect Real Time) 
(TAKARA, RR037A). The abundance of target gene 
expression was detected by TaqMan® probe using real-time 
qPCR. Two microliters of cDNA was used as the template 
for each PCR reaction. The sequence of primers and probes 
were shown as Table S1.

Library preparation and sequencing

With the Ovation SoLo RNA-Seq Library Preparation 
Kit (NuGEN, San Carlos, CA, USA), 5 ng of RNA per 
specimen was used as the input material for the sequencing 
libraries, and the index codes were added into the attribute 
sequences of the respective specimens according to the 
manufacturer’s instructions. Then, PCR outcomes were 
purified (AMPure XP method), and the library quality was 
assessed using the Agilent Bioanalyzer 2100 and qPCR. 
The index-coded specimens were clustered on acBot 
Cluster Generating Method using TruSeq PE Cluster 
Kitv3-cBot-HS (Illumina, San Diego, CA, USA) according 

to the manufacturer’s instructions. When the cluster was 
generated, the library prepared products were sequenced 
onto an Illumina Hiseq platform, and subsequently, the 
paired-end reads were produced.

RNA-sequencing analysis 

The transcriptome was aligned to the reference genome 
with Hisat2 and was assembled using StringTie according 
to the reads mapped to the GRCh38 human genome. The 
transcripts under the assembly were annotated using known 
mRNA gff by employing the Cuffcompare program from 
the Cufflinks package. 

This study employed transcripts unknown for screening 
putative lncRNAs. We considered transcripts over 200 nt in 
length and having over 2 exons to be lncRNA candidates. 
These were subsequently screened with CPC/CNCI/
CPAT/Pfam, which is capable of distinguishing protein-
coding genes in noncoding genes. 

Statistical analyses

LncRNA and mRNA raw read counts were converted to 
FPKM values using Cuffdiff (v2.1.1). In order to improve 
the reliability of the analysis results, we used only RNA 
(mean FPKM ≥1 and in more than 1/4 sample FPKM 
>0) to perform downstream analysis. The ExLR FPKM 
was further standardized using the TMM method via R 
package “edgeR”. Differential expression analysis of the 
controls compared with LUAD samples was performed 
using the Mann Whitney U test, with a cutoff TMM ≥5, 
fold change ≥1.5, and P value ≤0.05. In the training cohort, 
136 exLRs were differentially expressed in LUAD samples 
compared with the controls. Although the integration of 
data was carried out together, in fact, samples (especially 
plasma samples of tumor patients) are collected by different 
investigators in three hospitals at different time periods. 
So, Information about the three cohorts is relatively 
independent and not easy to leak.

We used LASSO regularization to narrow the number of 
candidate markers. LASSO regularization was performed 
using the “glmnet” package in R software, and the training 
cohort was employed to process LASSO regression in 
1000 repetitions. We used 5-fold cross-validation and 
the Akaike information criterion to estimate the expected 
generalization error and then selected the optimal value of 
“1-se”” lambda parameter to construct an adaptive general 
linear model for marker selection. Following LASSO 
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regularization analysis, the frequency statistics of the top 20 
differential exLRs were selected to a construct diagnostic 
model by logistic regression using the “glm” function in 
R software. R package “pROC” was used to evaluate the 
performance of the model and visualize the result. We 
selected results with better comprehensive performance 
by comparing the area under the ROC curve (AUC), 
sensitivity, specificity, and negative predictive value (NPV). 
The same evaluation was also performed on the validation 
cohort. Finally, 8 exLR markers (NFKBIA, NDUFB10, 
SLC7A7, ARPC5, SEPTIN9, HMGN1, H4C2, and lnc-
PLA2G1B-2:3) were selected. 

All statistical tests were two-sided and performed using R 
3.2.3. P<0.05 was considered statistically significant. 

Results

Human blood exSR-seq and exLR-seq

The clinical information of the patients corresponding to 
each sample has been shown in Table 1. This study presented 
an optimized strategy for exLR-seq analysis involving 64 
LUAD plasma samples, 22 BPN plasma samples, and 24 
HCs plasma samples (Figure S1). TEM and NTA showed 
that EVs were in the rounding, cup-shaping, and double-
membrane-bound vesiclelike configurations (Figure 1A), 
with a size range of 70–200 nm (Figure 1B). Western blot 
analysis demonstrated the expression of the EV markers (Alix, 
TSG101, and CD9) in the aforementioned EVs. Calnexin, a 
negative EV marker, was not detected (Figure 1C).

ExLR-seq generated a median read count of 35.3 million 
mapped reads for each sample. Although the number of 
reads in each sample was different, there was no significant 
change in the number of valid long RNAs identified with 
the increasing number of reads. Despite the broad range 
of mapped reads, nearly 9,871 annotated genes and 1,237 
lncRNAs were consistently detected (Figure 1D). Protein-
coding RNAs (mRNAs) constituted 72.78% of the total 
mapped reads, and lncRNAs accounted for 20.66% of the 
overall mapped reads. Other RNA types accounted for small 
fractions of the isolated sequences (6.2% for pseudogenes 
and 0.22% for rRNA alone; Figure 1E). In terms of the 
respective exLR-seq sample, this study performed median 
detection of 6,304 mRNAs and 399 lncRNAs (Figure 1F). 
In addition, no noticeable location preferences across 
chromosomes were identified between the 2 EV long RNA 
species (Figure 1G). The basic coverage of exLRs was also 
analyzed, and the results showed that the coverage of most 

mRNAs and lncRNAs in EVs was not 100% (Figure 1H). 
Dur ing  the  pre t rea tment  o f  p l a sma  EVs ,  the 

interference of platelets and platelet-derived EVs might 
have been introduced, and hence, the expression level of 
mitochondrial genes in platelets would be significantly 
higher than that in other tissues and cells. Therefore, we 
used the mitochondrial gene expression ratio to evaluate the 
impact of platelets on our samples. This study compared 
the mitochondrial gene expression ratio in our data set 
with that of exoRbase (25), and found that the ratio in our 
samples was similar to that of exoRbase (Figure 1I). These 
results suggested that platelet effects were removed during 
sample processing in this study.

Comparison of exLRs between LUAD and NCs

RNA concentration (ng per mL plasma) of EVs enriched 
fractions isolated from HC, BPN and LUAD groups was 
analyzed. Total RNA isolated from EVs enriched fractions 
was analyzed and quantitated. No significant difference 
was identified in the RNA concentration of EVs enriched 
fractions (ng/mL plasma) between HC, BPN patients 
and LUAD cases (Figure 2A). The LUAD group had a 
significantly higher number of detected RNA species, 
including both mRNAs and lncRNAs, than did the HCs. 
However, in terms of the number of detected RNA species, 
the LUAD group was not significantly different from 
the BPN group (Figure 2B). According to t-distributed 
stochastic neighbor embedding (T-SNE) and principal 
component analysis (PCA) analyses, generally, in terms 
of the exLR profiles, there were differences between the 
LUAD cases and healthy individuals, as well as some BPN 
cases (Figure 2C,2D). A total of 117 exLRs were identified 
as being differentially expressed in LUAD compared to 
noncancerous control cases (Table S2). Among these, 3 
lncRNAs and 80 mRNAs were found to be upregulated, 
and 23 lncRNAs and 11 mRNAs were found to be 
downregulated in LUAD cases compared to NCs. As per 
the unsupervised hierarchical clustering of the differentially 
expressed exLRs (DEexLRs), LUAD and NCs were clearly 
separated (Figure 2E). By Kyoto Encyclopedia of Genes 
and Genomes (KEGG) pathway analysis, enrichment of the 
mentioned DEexLRs could be observed in a few pathways 
that were involved in carcinoma, such as the estrogen 
signaling pathway, viral carcinogenesis, the cGMP-PKG 
signaling pathway, the cytosolic DNA-sensing signaling 
pathway, and the glucagon signaling pathway (Figure 2F). 
According to these findings, biomarkers in exLRs may be 
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used to detect early LUAD.

Establishment of the exLR d-signature for LUAD

The workflow applied for identifying the exLR d-signature 
for the diagnosis of LUAD is shown in Figure 3. The choice 
of the exLRs (n=136) that were differentially expressed 
in LUAD cases compared to the NCs was made from a 

training cohort of 24 NC cases (BPN + healthy) individuals 
and 24 LUAD cases. The selected exLR markers were 
analysed using the LASSO method to shrink the number of 
variables. Finally, 8 exLR markers (NFKBIA, NDUFB10, 
SLC7A7, ARPC5, SEPTIN9, HMGN1, H4C2, and lnc-
PLA2G1B-2:3) were selected (Table 2).

Based on logistic regression, this study built an exLR-
based diagnostic signature (exLR d-signature) for LUAD. 
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Detailed parameters of the model and the cutoff value:
Z = (–15.439212538296 + 0.276596940044276*NFKBIA 

+  0 . 1 1 6 6 7 7 9 3 9 8 5 1 7 4 3 * N D U F B 1 0  + 
0.287717146886391*SLC7A7 + 0.10254802626883*ARPC5 
+  0 . 1 5 2 1 0 2 2 8 6 4 6 4 2 8 8 * S E P T I N 9  + 
0.43111045527139*HMGN1 + -0.00489333268680212*H4C2 
+ –0.226760347812566*lnc.PLA2G1B-2:3).

Probability=e^Z/(1+e^Z). Cutoff value: 0.21. Probability 
is taken as the predicted value of the final model, if 
Probability > Cutoff, the sample is cancer patient.

In the training cohort, the exLR d-signature had the 
ability to distinguish LUAD from NCs, with a specificity of 
91.7%, a sensitivity of 95.8%, and an AUC of 0.991 (95% 
CI: 0.973 to 1; Figure 4A,4B). Next, the exLR d-signature 
was used in the internal validation cohort of 12 NCs and 
20 LUAD cases. LUAD was detected with a specificity of 
83.3%, a sensitivity of 87.5%, and an AUC of 0.921 (95% 
CI: 0.832 to 1; Figure 4A,4B). The exLR d-signature was 

then used in the external validation cohort of 10 NCs and 
20 LUAD cases: LUAD was detected with a specificity of 
90%, a sensitivity of 75%, and an AUC of 0.9 (95% CI: 
0.793 to 1; Figure 4A,4B). 

Unsupervised hierarchical clustering with the 8 exLRs 
effectively distinguished LUAD from the NCs with high 
specificity and sensitivity (Figure S2). 

The exLR d-signature could detect early LUAD from NCs

The ability of a biomarker to detect LUAD at an early stage 
determines its true value for LUAD diagnosis. To assess 
the diagnostic significance of the exLR d-signature in the 
different stages of early LUAD, we separated the LUAD 
cases into AIS, MIA, and invasive adenocarcinoma (IAC) 
cases. We found that the d-signature had no correlation 
with tumor stage, indicating that the d-signature’s diagnostic 
performance was determined by the tumor burden in stage 
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I LUAD (Figure 5A). The d-signature exhibited the ability 
to identify LUAD cases from the NCs, HCs and BPN 
cases, with AUCs of 0.948, 0.969, and 0.925, respectively, 
in the combined cohorts (Figure 5B). Further, the LUAD 
was found to exhibit a high median exLR d-signature score 
compared to that of the BPN (P<0.001) and HC (P<0.001) 
cases (Figure 5C). In the combined cohorts, the d-signature 
had the ability to distinguish AIS, MIA, and the remaining 
IAC cases from the HCs with AUCs of 0.934, 0.909, and 
0.987, respectively (Figure 5D). According to these findings, 

the exLR d-signature could be applied for the early 
detection of LUAD with high accuracy. 

Validation of the 8 genes in the exLR d-signature by RT-qPCR

qPCR was used to evaluate the 8 exLRs using a cohort 
comprising 30 LUAD samples and 16 noncancerous 
controls. The expression levels of the 8 exLRs are shown 
in Figure 6. There were 6 exLRs (NFKBIA, NDUFB10, 
ARPC5, SEPTIN9, H4C2, and lnc-PLA2G1B-2:3) with 
upregulated expression in LUAD patients compared to 
NC controls (P<0.05). Moreover, in order to confirm the 
origin of these exLRs, we performed degradation assay 
using Proteinase K and RNase prior to RNA extraction. 
Coomassie blue staining verified that the proteins in sEVs 
enriched fractions were largely degraded by Proteinase K 
(Figure 7A). Agilent 2100 Bioanalyzer results suggested that 
sEVs enriched fraction derived RNA was slightly decreased 
(Figure 7B). We also verified that in sEVs enriched fraction 
NFKBIA, NDUFB10, SLC7A7, ARPC5, SEPTIN9, 
HMGN1, H4C2, and lnc-PLA2G1B-2:3 could not be 
degraded by the pretreatment of Proteinase K and RNase 
A (Figure 7C). Those results suggested that these 8 exLRs 
were all well protected by sEV membrane in sEVs enriched 
fractions.

Biological process network of 8 genes in the exLR d-signature

We conducted a network analysis relative to the 8 RNAs in 
our signature of the GO: Biological Process signature by 
considering the union of 7 mRNAs and target genes of 1 

Table 2 Characteristics of differential expression of the eight 
markers for early LUAD detection identified in this study

Biomarker P value log2FC FDR

NFKBIA 0.0017 0.8666 0.4843

NDUFB10 0.0019 0.6927 0.4843

SLC7A7 0.0072 1.0254 0.5651

ARPC5 0.0001 1.2126 0.4338

SEPTIN9 0.0007 0.6908 0.4450

HMGN1 0.0004 2.0347 0.4421

H4C2 0.0020 −0.7178 0.4843

lnc-PLA2G1B-2:3 0.0001 −1.6102 0.4338

FDR, false discovery rate; LUAD, lung adenocarcinoma; FC, fold 
change.

Figure 3 Workflow of data generation and analysis. Diagnostic 
marker selection: LASSO was applied to a training cohort of 24 
LUAD patients and 11 BPN patients, and 13 HCs, leading to a final 
selection of eight markers. These eight markers were applied to a 
validation cohort of 24 LUAD patients and 8 BPN patients, and 8 
HCs. LASSO, least absolute shrinkage and selection operator; NC, 
non-cancerous control; LUAD, lung adenocarcinoma; BPN, benign 
pulmonary nodule; HC, healthy control.
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Figure 6 The expression levels of the 8 EV long RNA  markers between lung adenocarcinoma cases and noncancerous controls.

lncRNA. The interaction network resulted very dense with 
483 nodes and 596 edges. For a selective visualization of the 
most important pathways in the network, we highlighted 
the interactions of the following relevant pathways: 
epidermal growth factor receptor signaling pathway, 
positive regulation of intrinsic apoptotic signaling pathway, 
epithelial to mesenchymal transition, Notch signaling 
pathway, activation of MAPK activity and apoptotic 
signaling pathway (Figure 8). A complete list of the 
signature 8 RNAs, target genes and the pathways detected 
by the target network analysis are displayed in https://cdn.
amegroups.cn/static/public/tlcr-21-729-1.xlsx. 

Discussion

This work acquired the exLR-seq expression profiles 
from 110 human plasma EV samples, including 64 LUAD 
plasma samples, 22 BPN plasma samples, and 24 HCs 
plasma samples. To the best of our knowledge, this is the 
first published EV long RNA-sequencing expression profile 
for LUAD cases. Moreover, this work first compared the 
differences in exLRs levels between LUAD, BPN, and HCs, 
and then built an EV diagnostic signature for early LUAD.

Early diagnosis can help to reduce lung carcinoma 
mortality. According to recently conducted analyses, 
EVs represent an attractive source of diagnosis-related 
biomarkers for early stage lung carcinoma. Jin et al. created a 

panel with 4 EV miRNAs (let-7b-5p, let-7e-5p, miR-23a-3p, 
and miR-486-5p), which displayed a promising diagnosis-
related performance in identifying stage I NSCLC, with 
a specificity of 92.31%, a sensitivity of 80.25%, and an 
AUC of 0.899 (19). Furthermore, Yao et al. developed an 
EV miRNA signature for stage I/II LUAD, with an AUC 
of 0.993 (26). As reconfirmed by the studies mentioned 
above, plasma EV miRNA exhibited comparatively higher 
diagnosis-related accuracy in terms of LUAD, especially 
for early diagnosis. In addition to EV miRNA, EV proteins 
may also be employed to identify lung carcinoma (27). 
Sandfeld-Paulsen et al. reported that EV membrane-
attached proteins, such as CD151, CD171, and tetraspanin 
8, may be potential biomarkers that can distinguish 
between cases with and without lung carcinoma (28).  
Moreover, according to An et al., fibronectin on EVs was 
found to perform well in the diagnosis of NSCLC cases and 
shows promise for future clinical use (29). Other molecules, 
such as mRNAs, lncRNAs, and circRNAs, have also 
been identified inside EVs. However, given our currently 
limited understanding of EV long RNAs, extensive studies 
should be conducted to determine their potential as lung 
carcinoma biomarkers. Zhang et al. reported that the EV 
lncRNA, MALAT-1, is highly expressed in NSCLC cases 
compared to healthy individuals (30). Xian et al. recently 
reported that 3 EV circRNAs (circ_0047921, circ_0056285, 
and circ_0007761) are promising biomarkers for NSCLC 

https://cdn.amegroups.cn/static/public/tlcr-21-729-1.xlsx
https://cdn.amegroups.cn/static/public/tlcr-21-729-1.xlsx
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Figure 7 sEVs-associated characteristic evaluation of the 8 exLR markers. (A) Coomassie blue staining showed the total protein level in 
EV enriched fractions when treated by proteinase K and RNase A. (B) Representative Agilent 2100 Bioanalyzer results of sEVs enriched 
fractions derived RNA with and without the pretreatment of Proteinase K and RNase A before RNA extraction procedure. (C) The levels of 
eight genes in the exLR d-signature detected from sEVs enriched fraction samples with and without the pretreatment of Proteinase K and 
RNase A. exLR, EV long RNA; sEV, small extracellular vesicle; FU, fluorescence unit; nt, nucleotide.

diagnosis (31). It is clear from these studies that EVs have 
long RNAs, which could be biomarkers for the noninvasive 
diagnosis of lung carcinoma. 

In this study, nearly 11,000 exLRs could be detected 
in the respective samples. Among them, mRNAs and 
lncRNAs constituted a significant portion of the mapped 
reads. According to the T-SNE and PCA analyses, in 
terms of the exLR profile, LUAD cases were generally 

different from healthy individuals and some BPN cases. 
Moreover, through KEGG pathway analysis, enrichment 
of the mentioned DELRs could be seen in a few pathways 
that were involved in cancer progression. We then built a 
d-signature consisting of 8 exLRs (NFKBIA, NDUFB10, 
SLC7A7, ARPC5, SEPTIN9, HMGN1, H4C2, and lnc-
PLA2G1B-2:3) for LUAD detection. This signature 
showed high diagnostic performance in the training (AUC 
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Figure 8 Biological process network of 8 exLR markers. Red nodes are 8 exLR markers. Green nodes are target genes of lnc-PLA2G1B-2:3. 
Yellow nodes are important pathway/function. Grey nodes are other pathways that we are not concerned. exLR, EV long RNA; EV, 
extracellular vesicle.

0.991), internal validation (AUC 0.921), and external 
validation (AUC 0.9) cohorts. 

In a previous cancer study, Wei et al. reported that 
serum high-mobility group nucleosome-binding protein 
1 (HMGN1) was a novel clinical biomarker of non-small 
cell lung cancer. Patients suffering with NSCLC were 
found to have significantly higher serum levels of HMGN1 
than the HCs (32). In patients with NSCLC, HMGN1 
overexpression may correlate with tumor development, 
invasion, and metastasis (33-35). Nuclear factor of 
κ-light polypeptide gene enhancer in B cells inhibitor α 
(NFKBIA), a tumor suppressor gene, was found to be 
silenced in LUADs (36,37). Also, Zhang et al. reported that 
cytoplasmic NFKBIA expression were associated with a 
poorer prognosis in NSCLC patients (38). Actin-related 
protein 2/3 complex subunit 5 (ARPC5) was found to be 
helpful for cell migration and invasion in head and neck 
squamous cell carcinoma (39). Xiong et al. demonstrated 
there to be a correlation between patients in the ARPC5 
high expression group and poor overall survival in multiple 
myeloma cases; thus, they considered ARPC5 to be an 
independent prognostic factor (40). Furthermore, there 

has been dysregulation of SLC7A7 observed in varied 
types of cancers, including ovarian cancer, NSCLC, 
and glioblastoma (41-43). Overexpression of SLC7A7 
enables cells to have an advantage in growth and survival 
under limited amino acid availability, which may lead 
to tumorigenesis (44). Dai et al. reported that elevated 
SLC7A7 expression is correlated with poor prognosis and 
enhanced infiltration of macrophages, neutrophils and DCs 
in multiple cancers, especially in NSCLC (42). The Septin 9 
(SEPT9) gene has been found to be associated with a variety 
of human diseases, and it plays a role in the development of 
tumors (45). Warren et al. revealed that Septin 9 methylated 
DNA is a sensitive and specific blood test for colorectal 
cancer (46). According to Zhang et al., glioma has higher 
transcription levels of SEPTIN9 than does normal tissue, 
which may be a tumor-promoting factor in glioma (47). At 
present, little is known about H4C2, NDUFB10 and lnc-
PLA2G1B-2:3. There are also relatively few studies on the 
relationship between these 8 genes and EVs.

Lung carcinoma is the leading cause of carcinoma-related 
mortality worldwide. Early diagnosis could help to improve 
the survival rate of lung carcinoma. For LUAD, if the 
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disease is detected at the stage stage and treated with curative 
resection, the 5-year survival may be 80% or higher (3).  
However, early-stage diagnosis is difficult. This study built 
an exLR d-signature with the ability to distinguish stage II 
LUAD cases from healthy individuals and BPN cases. It is 
worth noting that the tumor burden was found to have little 
influence on the exLR d-signature scores of cases, indicating 
that the d-signature may be helpful for detecting tumors 
that are still AIS or MIA. In fact, the d-signature detected 
stage I LUAD from noncancerous controls (NCs) with an 
AUC of 0.948, a sensitivity of 85.9%, and a specificity of 
89.1% in the combined 3 cohorts. Thus, from this finding, 
we can conclude that the exLR d-signature could be a 
potential biomarker for the clinical diagnosis of stage I 
LUAD. 

There were several strengths in the present study 
compared to other biomarker signature studies. First, in the 
LUAD group, we included several cases that were in a very 
early stage (AIS and MIA), which is extremely difficult to 
diagnose by other approaches. Our results showed that the 
d-signature could detect AIS from noncancerous controls 
with a specificity of 89.1%, a sensitivity of 86.4%, and an 
AUC of 0.934. It also could detect MIA with a specificity 
of 89.1%, a sensitivity of 70.6%, and an AUC of 0.909. 
Identification of the mentioned cases with a noninvasive tool 
could improve the overall prognostic process and 5-year 
survival rate of LUAD. Moreover, in the NC group, we not 
only recruited healthy individuals (as was the case in most 
previous studies), but also recruited cases with pulmonary 
benign nodules as noncancerous controls. Thus, the possible 
exLR disturbance attributed to other factors was considered 
in advance in the screening of biomarker. Also, the low false-
positive rate in this study suggests that it has the ability to 
prevent unnecessary lung resection for BPN cases.

However, there were several limitations to this study 
that should be noted. Firstly, this study may be limited by 
selection bias due to the limited number of participants. 
Second, there was a multicentric validation study performed 
based on the patient samples from 3 different centers in 
Beijing and a validation of the exLR d-signature in large 
cohorts from other regions in China. However, the efficacy 
and stability of this diagnostic method may be improved 
by its application in other ethnic populations or other 
countries. Third, the non-cancerous control samples in 
our study are from the healthy crowd in our hospital and 
the patients who underwent surgery in our department 
but proved to be benign nodule by pathological evaluation 

after surgery. So, the study participants are generally 
younger and the majority have no smoking history. Thus, 
validation of the signature using a larger cohort that 
matches the screening criteria of being at high risk of lung 
cancer is needed in the future. Finally, our study lacked 
prognostic information, as all of the included cases were 
newly diagnosed. Thus, the prognostic value of this exLR 
signature could not be evaluated.

Conclusions

Stage I LUAD cases exhibited a unique plasma exLR profile 
compared with NCs. The exLR d-signature demonstrated 
relatively high sensitivity and specificity in distinguishing 
cases with early LUAD from both HCs and BPN cases. 
The exLR d-signature is a promising potential noninvasive 
biomarker for the early detection and routine screening of 
LUAD.
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Supplementary

Table S1 The sequence of primers and probes for qPCR

RNA Primer/Probe Sequence

GAPDH Forward primer TCAGCCGCATCTTCTTTTGC

Reverse primer GCCCAATACGACCAAATCCG

Probe TCGCCAGCCGAGCCACATC

RPS29 Forward primer CTCGCTCTTGTCGTGTCTG

Reverse primer GCAGTGCCAAGGAAGACAG

Probe TGCCGCCAGTGTTTCCGTCAG

NFKBIA Forward primer TACCTGGGCATCGTGGAG

Reverse primer TGGCAGCATCTGAAGGTTTT

Probe CTTCACCTCGCAGTGGACCTGCA

NDUFB10 Forward primer CAGCCCAATCCCATCGTC

Reverse primer GAACTGCTCCACTTCCTTGAT

Probe TAGAGCGGCAGCACGCAAAG

SLC7A7 Forward primer CATCGTTGCAGGCATTGTTAG

Reverse primer GAGCCCACAAAGAAAAGCCT

Probe CACTGTACTCAGCTCTGTTCTCCTACT

ARPC5 Forward primer CGAGGTGGACTCCTGCCT

Reverse primer CTGCCCGGTCCTTCACTG

Probe ACTCTTGGTGTTGATAGGGGGGTTC

SEPTIN9 Forward primer CAGAGCGGCTTGGGTAAA

Reverse primer CCTTGCTCAGGCGTTTCA

Probe CGAGATCAAGTCCATCACGCACGATAT

HMGN1 Forward primer AAGGCAGCAGCGAAGGATAAA

Reverse primer CTTCGTTTCCCCGTTTTCCG

Probe TTGGTTAGCCACTTCGGCCTGT

H4C2 Forward primer CGGTAAAGGTTTGGGTAAGGG

Reverse primer ACCTTGAGAACGCCACGA

Probe TGCGGGATAACATCCAAGGCATCAC

lnc-PLA2G1B-2:3 Forward primer AATGAGGTTTATCCGAGGCG

Reverse primer AATTGCCAATGCCGACTATATTTC

Probe CCAATACCCCGCCATGACGAC
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Figure S1 Workflow of exLR-seq of human plasma in this study. ExLR, EV long RNA.

Table S2 One hundred and seventeen differentially expressed exLRs in LUAD compared to noncancerous control cases

#ID P value log2FC Regulated

lnc-PLA2G1B-2:3 1.27E-06 –1.947594983 Down

lnc-LRR1-1:3 4.43E-06 –1.290133005 Down

H4C2 5.23E-05 –0.679950289 Down

lnc-ELFN1-2:1 8.50E-05 –2.155749488 Down

lnc-KCNE1B-156:1 0.000191614 –5.279607479 Down

lnc-GIMAP7-1:1 0.000221219 –1.998927029 Down

lnc-BTD-2:1 0.000232007 –0.817666808 Down

ALB 0.000379291 –2.532450745 Down

UGT2B7 0.000745449 –5.731823213 Down

lnc-LRR1-1:2 0.00088795 –0.984806657 Down

HBA1 0.001010969 –0.845812602 Down

lnc-RAP2C-4:1 0.001055362 –1.136081083 Down

lnc-MOV10-2:1 0.001149605 –2.870689542 Down

lnc-KCNE1B-155:1 0.002189525 –6.323745542 Down

lnc-CUL1-5:1 0.002279872 –5.162244469 Down

lnc-ARHGEF39-1:4 0.005669443 –0.673759811 Down

lnc-LASP1-3:1 0.005775693 –1.064980339 Down

WDR74 0.006218877 –1.044515707 Down

lnc-FRAT1-7:1 0.006334353 –2.616493318 Down

lnc-C15orf48-1:18 0.009087213 –0.715656199 Down

CPOX 0.010642687 –0.714290066 Down

lnc-SIDT2-2:2 0.011406974 –0.906362407 Down

CENPF 0.013534758 –0.790292357 Down

MAN1A2 0.016005888 –0.592540108 Down

lnc-MACC1-1:6 0.019805966 –0.62982731 Down

PITPNB 0.022517405 –0.635265694 Down

Table S2 (continued)
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Table S2 (continued)

#ID P value log2FC Regulated

TMEM56 0.023990236 –0.854854592 Down

lnc-EPN2-3:3 0.024757482 –0.936371357 Down

CHD2 0.02594818 –0.633049559 Down

lnc-HMGN1-1:12 0.027612576 –0.910825169 Down

lnc-SLC5A10-3:2 0.040242465 –1.04449215 Down

lnc-SAG-4:1 0.043915914 –0.864991931 Down

lnc-GRAP-1:2 0.047189731 –1.111299222 Down

lnc-HMGA1-2:1 0.048555554 –0.796757742 Down

NDUFAF3 1.76E-05 0.675158886 Up

LRRC37A2 1.81E-05 1.034807696 Up

NFKBIA 7.88E-05 0.776008413 Up

YPEL2 0.000101332 1.064127987 Up

PPP4C 0.000103891 0.822125754 Up

NBR1 0.000150392 0.69037815 Up

TMEM71 0.000165763 0.829743161 Up

MTPN 0.000182603 0.997584233 Up

IL1B 0.000293754 0.940909436 Up

CALM3 0.000388126 0.616498789 Up

TBC1D31 0.000455562 0.66365715 Up

ARPC5 0.000466044 0.930508297 Up

CCL4 0.000487686 0.62859341 Up

WDR11 0.000610666 0.701553371 Up

SNHG5:43 0.000610666 1.064122267 Up

MBOAT2 0.000697721 0.758868625 Up

PSMA1 0.000729213 0.659244163 Up

U2AF1 0.000729213 0.693503644 Up

RABGAP1L 0.000968311 0.801530912 Up

TESC 0.001078228 0.741514113 Up

HAX1 0.001101552 0.625045749 Up

HERPUD2 0.001305635 0.659136837 Up

TRMT112 0.001420274 0.634532903 Up

CDA 0.001748654 1.327307668 Up

FUT8 0.001822181 1.019055174 Up

RNF11 0.002018601 0.638862541 Up

GOSR2 0.002060144 0.653492812 Up

Table S2 (continued)
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Table S2 (continued)

#ID P value log2FC Regulated

EXOC6 0.002145593 0.637675218 Up

TES 0.00242181 0.655522466 Up

LRMP 0.004035314 0.70351741 Up

LTB 0.004113448 0.705484454 Up

ICAM3 0.004699963 0.650698722 Up

TAGLN2 0.004880917 0.597136552 Up

CHMP4A 0.004973736 0.662997942 Up

VPS13A 0.005775693 0.983889732 Up

MYL9 0.005993595 1.05288056 Up

POM121 0.0061053 0.818808257 Up

TBPL1 0.006218877 0.847739283 Up

UFM1 0.006334353 0.596922447 Up

UIMC1 0.006571111 0.695665159 Up

DGUOK 0.006692448 0.605455503 Up

CYFIP2 0.007599735 0.647849128 Up

PIAS1 0.007737977 0.626736261 Up

FBXL17 0.008021242 0.674537893 Up

COA3 0.008021242 0.9783731 Up

KLRF1 0.008166327 0.627481185 Up

CMC1 0.008166327 0.83966341 Up

LSM7 0.008313757 0.605982637 Up

ACTN1 0.008463563 0.60650826 Up

VAPB 0.008615778 0.859341203 Up

PRUNE1 0.008615778 0.80041944 Up

SLC44A2 0.008770436 0.632267582 Up

PTPN4 0.009751571 0.70923632 Up

lnc-RPL21-7:1 0.010458878 0.919149245 Up

ZCCHC17 0.0124306 0.600478779 Up

PSMD8 0.01423808 0.652003555 Up

PPP6R1 0.01423808 0.681283536 Up

NDUFA7 0.01497345 0.810534045 Up

FCGR3B 0.015225903 0.665744859 Up

RASA2 0.015482097 0.595764612 Up

CD226 0.016005888 1.040176054 Up

ASCC2 0.016820786 0.642242932 Up

Table S2 (continued)
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Table S2 (continued)

#ID P value log2FC Regulated

MFSD1 0.020455634 1.120830994 Up

ANXA3 0.021123812 0.604265822 Up

PF4V1 0.022161717 1.103314874 Up

YAF2 0.023990236 0.712171918 Up

SLC7A7 0.024371242 0.650284795 Up

MAPRE2 0.024757482 0.60050882 Up

SUSD1 0.025545893 0.904972245 Up

PIGN 0.02594818 1.301874324 Up

GZMA 0.026769209 0.659074344 Up

GNAQ 0.026769209 0.89624002 Up

ACVR2A 0.02718807 1.426062627 Up

CDKAL1 0.027612576 0.65905202 Up

NCOA2 0.028920561 0.610036193 Up

RBM5 0.02936825 0.616279521 Up

POC1B 0.029821887 0.699172491 Up

ZFAS1:27 0.03074726 1.350409921 Up

ITM2B 0.03121912 0.587357716 Up

RNH1 0.03169718 0.621070636 Up

MGST2 0.036832991 0.742890258 Up

LRBA 0.04266117 1.131761547 Up

YWHAZ 0.044554882 0.596115918 Up



© Translational Lung Cancer Research. All rights reserved. https://dx.doi.org/10.21037/tlcr-21-729

A

B

C

Figure S2 Heatmap of 8 exLR markers selected for diagnostic prediction model in the training cohort (A), internal validation cohort (B) and 
external validation cohort (C). ExLR, EV long RNA.
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