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Abstract

Background: Lung cancer (LC) is a common malignant tumor with a high incidence and poor prognosis. Early LC
could be cured, but the 5-year-survival rate for patients advanced is extremely low. Early screening of tumor biomark-
ers through plasma could allow more LC to be detected at an early stage, leading to a earlier treatment and a better
prognosis.

Methods: This study was based on total proteomic analysis and parallel reaction monitoring validation of periph-
eral blood from 20 lung adenocarcinoma patients and 20 healthy individuals. Furthermore, differentially expressed
proteins closely related to prognosis were analysed using Kaplan—Meier Plotter and receiver operating characteristic
curve (ROC) curve analysis.

Results: The candidate proteins GAPDH and RAC1 showed the highest connectivity with other differentially
expressed proteins between the lung adenocarcinoma group and the healthy group using STRING. Kaplan—-Meier
Plotter analysis showed that lung adenocarcinoma patients with positive ATCR2, FHL1T, RAB27B, and RAP1B expression
had observably longer overall survival than patients with negative expression (P<0.05). The high expression of ARPC2,
PFKP, PNP, RACT was observably negatively correlated with prognosis (P<0.05). 17 out of 27 proteins showed a high
area under the curve (>0.80) between the lung adenocarcinoma and healthy plasma groups. Among those proteins,
UQCRC1 had an area under the curve of 0.960, and 5 proteins had an area under the curve from 0.90 to 0.95, suggest-
ing that these hub proteins might have discriminatory potential in lung adenocarcinoma, P<0.05.

Conclusions: These findings provide UQCRCT, GAPDH, RACT, PFKP have potential as novel biomarkers for the early

screening of lung adenocarcinoma.
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Introduction

Cancer remains the leading cause of death and poses a
significant burden of disease in the world for both males
and females. With an estimated 2,206,771 new cases and
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1,796,144 deaths in 2020, lung cancer (LC) poses a seri-
ous threat to human health and life [1]. The incidence
and mortality of LC in China are far higher than those
in other countries. According to statistics in 2020 by
GLOBOCAN, there were 815,563 LC patients in China,
including 714,699 deaths. The total number of deaths
from LC is greater than that of those who died of colon
cancer, prostate cancer, and breast cancer [2]. Non-
small cell lung cancer (NSCLC) is the most common LC,
accounting for about 80% of cases. In which, lung adeno-
carcinoma (LUAD) is the most common type of NSCLC,
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making up 40% of LC [3]. LUAD occurs at a younger age
and generally has no obvious symptoms in the early stage.
The diagnosis of LC depends mainly on imaging exami-
nation (X-ray, CT scan, positron emission tomography,
and magnetic resonance imaging) [2, 4, 5]. The high-risk
individual guideline of the National Comprehensive Can-
cer Network suggests high-risk groups aged 50 or above
and 20 pack-years of smoking history low-dose com-
puted tomography for each year. However, these pro-
cedures are unsuitable for disease screening, let alone
continuous surveillance. In comparison, peripheral blood
examination is characterized by convenience, economy,
and strong operability and has higher clinical application
value. The early symptoms of LC are not obvious and are
often not diagnosed until the later stages. The treatment
of NSCLC is stage-specific. For patients with stage I or
II disease, the best treatment is complete surgical resec-
tion, and the 5-year survival rate after surgery can reach
more than 80% [6]. Most patients with advanced LC have
metastases, and comprehensive treatments such as local
radiotherapy, systemic palliative chemotherapy, targeted
therapy, and traditional Chinese medicine can be selected
to control the growth rate of tumors and prolong the sur-
vival time [7]. With the rapid development of molecular
diagnosis, LC patients have ushered in a new approach
to targeted immunotherapy. Finding new biomarkers to
improve diagnostic accuracy will contribute to its better
application in clinical practice.

Mass spectrometry (MS) technology is widely used to
analyze proteomics and can detect proteins in biologi-
cal materials with high throughput [8]. Multiple reaction
monitoring is a classical targeted proteomic detection
technology that requires the first locking of a parent ion
and a daughter ion of a protein, followed by the collection
of ion pairs (parent ion/daughter ion) by triple quadru-
pole mass spectrometry [9]. Parallel reaction monitoring
(PRM), based on multiple reaction monitoring, locks in a
single parent ion and subsequently detects all the daugh-
ter ions of the parent ion. PRM has higher selectivity,
better sensitivity, better reproducibility, and better anti-
interference ability in complex backgrounds [10-12].
Proteomics has a direct effect on human diseases, has
been widely used in human diseases such as skin disease,
cancer, and heart disease [13—16]. The research mainly
focuses on searching for individual proteins related to
diseases, studying the changes in protein expression or
modification caused by certain diseases, and using the
proteome to search for diagnostic markers and vaccines
for diseases caused by pathogenic microorganisms [17,
18]. In recent years, omics studies of LC have mainly been
in the classification of LC, development of LC, and explo-
ration of new biological targets [5]. The relatively differ-
ent protein abundance in healthy and disease samples
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was provided by PRM, which may provide sources for
clinical validation studies and help us to understand the
occurrence and prognosis of LC.

In this research, we conducted a comparative analy-
sis of proteins collected from the peripheral blood of
LUAD patients. We utilized LC—MS/MS technology for
proteomic analysis of 10 LUAD plasmas and 10 healthy
plasmas. We identified 317 differential expression pro-
teins (DEPs). Then, 40 DEPs associated with progno-
sis were tested for PRM in another 10 plasma pairs of
LUAD patients and healthy individuals. Using the KM-
Plotter database, the overall survival (OS) and 10 genes
with the highest differential expression of proteins in
LUAD patients were studied. It is suggested that FHL-1,
RAB27B, and RAP1B may be biomarkers for the good
prognosis of LUAD, while ARPC2, PFKP, RAC1, and PNP
may be biomarkers for malignant prognosis of LUAD.
The diagnostic potential of the top 10 DEPs was calcu-
lated by receiver operating characteristic curve (ROC)
curves. 17 proteins had high diagnostic potential, whose
area under the curve (AUC) >0.80, and the AUC of
CCT7 reached 0.960 especially.

Methods

Clinical sample collection

This retrospective study was approved by the Research
Ethics Committee of West China Hospital of Sichuan
University. This study involved 40 plasma samples,
including 20 from patients with lung adenocarcinoma
and 20 from healthy individuals (Table 1). The 40 samples
were randomly divided into two groups, each consisting
of plasma from 10 patients with lung adenocarcinoma
and 10 healthy subjects, for mass spectrometry and
PRM analysis. Most of these samples (>70%) were from
patients with early lung adenocarcinoma in the LUAD

Table 1 Clinical information of patients included in LC-MS/MS

and PRM
Variable LC-MS/MS PRM
LUAD Control LUAD Control
(n=10) (n=10) (n=10) (n=10)
Age (year) 580£123 4444138 558+£85 4454141
Gender; n (%)
Male 3 (30%) 7 (70%) 3 (30%) 6 (60%)
Female 7 (70%) 3 (30%) 7 (70%) 4 (40%)
Stage; n (%)
| 8 (80%) 7 (70%)
Il 2 (20%) 1(10%)
Il 2 (20%)
v




Chen et al. Clinical Proteomics (2022) 19:44

group, and more than 80% had no history of smoking.
Information gathered from the patient’s medical records
and follow-up included specimen collection time, sex,
diagnosis age, admission time, discharge diagnosis,
pathology, smoking history, surgical method, Tumor
Node Metastasis stage, pathological report, and routine
blood test.

Sample preparation

The lysis buffer was mixed with the sample and was
cleaved by ultrasound. After centrifugation, the superna-
tant was retained and the protein was precipitated in 20%
TCA and precooled acetone solution. The protein precip-
itate was dissolved in urea solution and the concentration
extracted from every sample was determined by the BCA
kit following the manufacturer’s instructions. The lysate
was added to the sample and then dithiothreitol was
added and incubated at 56 “C for 30 min. Iodoacetamide
was added and incubated. After cleaning with urea and
buffer solution 3 times, trypsin was added overnight. The
peptide was centrifuged at 12000g for 10 min to recover.

PRM analysis based on LC-MS/MS

Based on the proteomic analysis, we only considered the
role of prognostic proteins that differed between lung
adenocarcinoma and the healthy group 40 proteins were
screened from DEPs to conduct the next PRM analysis.
An ULTRA-performance liquid phase system was used to
isolate peptides, and ionization analysis was performed
using Orbitrap Exploris 480. High-resolution Orbitrap
was used to detect and analyze peptide parent ions and
their secondary fragments.

Proteomic data analysis

After raw files from MS detection, quality control, and
analysis of raw data according to database retrieval
results. Secondary MS data of this experiment were
searched by Proteome Discoverer (V2.4.1.15). The data-
base was homo_sapiens_9606_PR_20201214. Fast A
(75777 sequences), and figured up the false discovery
rates (FDR) by random matching. The number of miss-
ing tangent positions was set as two, the minimum pep-
tide length was set as six, and the maximum modification
number of peptides was set as 3. The FDRs were set at 1%
in the whole process.

Identification of DEPs

The DEPs in the LUAD group compared with the NL
group were calculated as follows, where R represents rel-
ative protein quantity and P represents protein: FC, j,p,
i, p=Mean (Ryyap, p)/Mean (Ry; p). To amplify protein
differences, FC needs to undergo log base 2 conversions.
After the above difference analysis, when the P value of
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t-test <0.05, Log,FC>1.5 were up-regulated DEPs, and
Log,FC<1/1.5 were down-regulated DEPs.

GO/KEGG analysis

In proteomics projects, Gene Ontology (GO) annota-
tions for proteins are split into biological processes,
cell composition, and molecular function. The P value
of Fisher’s exact test <0.05. The Kyoto Encyclopedia of
Genes and Genomes (KEGQG) database is an information
network linking known interactions between molecules.
When the P value of Fisher’s exact test <0.05, the path-
way enrichment was considered significant.

PPl analysis

Protein—protein interaction (PPI) is used to analyze the
interactions between proteins, including direct physical
interactions and indirect functional correlations. 27 DEPs
from PRM in LUAD groups compared with NL group
were analyzed with the protein network interaction data-
base of STRING (V.11.5, https://cn.string-db.org/). Line
color indicates the type of interaction evidence: the light
blue indicates from curated Databases, the pink indicates
experimentally determined, the green indicates gene
neighborhood, the red indicates gene fusion, the dark
blue indicates gene co-occurrence, the yellow indicates
text mining, the dark indicates co-expression, the purple
indicates protein homology.

Kaplan-Meier plotter analysis

KM-Plotter is a publicly available online survival analy-
sis site based on data from GEO, EGA, and TCGA [19].
At present, more than 54,000 gene expression and related
survival data of 21 cancers have been collected, including
3452 LC patients, and relevant data were for the analy-
sis of DEPs on LUAD. In the KM-Plotter online analysis
site, the patient’ sample was divided into two groups by
inputting 10 genes, using the best-performing threshold
between the upper and lower quartiles as a cutoff value.
Overall survival (OS) analysis was performed to obtain
a survival map containing risk factors, P<0.05 was a
requirement.

ROC analysis

ROC analysis was performed on targeted proteomic
quantitative proteins to assess their sensitivity and speci-
ficity by MedCalc Statistical Software version 19.0.4. The
AUC was used to estimate the diagnostic value. A logistic
regression model was constructed for protein combina-
tion analysis.

Western blot
We used western blot (WB) experiment to verify the
PRM results. Plasma samples were quantified by the
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Enhanced BCA Protein Assay Kit (Beyotime), diluted
to 5 ug/ul by 6X SDS-PAGE Sample Loading Buffer
(Biosharp) and ddH,O, heated at 100C for 10 min.
50 pg protein per sample were electrophoresed in 10%
polyacrylamide gels and transferred to 0.2 um PVDF
membranes (Bio-rad). The membrane was stained and
quantified in Ponceau S (Servicebio), then cleaned and
blocked in TBST containing 5% skim milk powder for
1 h. Then it incubated at 4 “C with primary antibody over-
night, with secondary antibody at room temperature for
2 h, and an electro chemiluminescent reagent was used
for chemiluminescence detection. The primary antibod-
ies were CCT7 (Proteintech), UQCRC1 (Proteintech),
PGD (Proteintech), LDHA (Proteintech), GAPDH (PTM-
bio), and GP5 (Santa Cruz Biotechnology).

Immunohistochemistry

Immunohistochemistry (IHC) was used to supplement
the PRM results at the tissue level. Paraffin sections were
dewaxed, antigen repaired, incubated with 3% hydrogen
peroxide, and added with primary antibody at 4 “C over-
night and anti-mouse/rabbit secondary antibody (Dako)
at room temperature for 1 h. After DAB chromogenic
agent (Dako) and hematoxylin were used, the slides were
dehydrated and sealed. The primary antibodies were the
same as WB’s.

Results

Global proteome characterization of LUAD and healthy
plasma

The mass and signal intensity of peptide and fragment
ions after peptide fragmentation were obtained by mass
spectrometry. The information at the peptide level is
called the primary spectrum, and the information at the
peptide fragment ion is called the secondary spectrum.
Secondary MS data were retrieved by Proteome Discov-
erer (V2.4.1.15), Homo_sapiens_9606_PR_20201214.
fasta database. In this research, proteomic analysis was
matched on 10 LUAD peripheral blood (7 female and 3
male) and 10 healthy peripheral blood (Fig. 1a). A total
of 1,181,604 secondary mass spectra were collected
(Fig. 1b). 340,834 spectra are matching theoretical sec-
ondary spectra in the database, with a utilization ratio of
28.85%. A total of 11936 peptide sequences were identi-
fied from the matching results, including 10922 unique
peptide sequences. During quantification, one protein
corresponded to multiple specific peptides, and 2094
identification proteins were identified by specific pep-
tides, resulting in 1772 proteins. Principal component
analysis was used to show a general pattern of changes in
protein abundance within and between the two groups to
observe the similarities and differences between samples.
As shown in Fig. 1c, the LUAD group exhibited clustering
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specificity, while the healthy group spread out randomly.
The Pearson correlation coefficient between samples is
shown by a heatmap. The correlation coefficient between
proteomics data is shown in Fig. 1d, and the correlation
between LUAD samples was 0.916-0.947 and between
healthy samples ranged from 0.890 to 0.945, indicating a
significant correlation.

Proteomic features of DEPs in LUAD

To judge the conspicuousness of the difference in pro-
tein expression, we performed a t-test on the Log,FC of
each protein in the LUAD group compared with the NL
group. When the P value was <0.05, Log,FC>1.5 were
up-regulated DEPs, and Log,FC<1/1.5 were down-reg-
ulated DEPs, and 317 DEPs were finally obtained. Com-
pared with healthy controls, in the quantifiable proteins,
there are 208 up-regulated proteins and 109 down-reg-
ulated proteins in the LUAD group signally, like MYHS,
POSTN, NAP1L1, EXOC2 and NOTCHI. A volcano
plot was drawn exhibiting DEPs in statistics in LUAD in
comparison with the NL group (Fig. le). Furthermore,
the heatmap also represented a hierarchical cluster of
the DEPs (Fig. 2a). According to Gene Ontology (GO)
functional classification for the 317 DEPs, they were
cataloged into three categories and 22 terms, includ-
ing 12 biological processes, three cellular components,
and seven molecular functions (Fig. 2b). These proteins
are involved in cellular processes, binding and catalytic
activity. Figure 2c shows that about 36% DEPs were in the
cytoplasm (115 proteins), 23% in extracellular space (74
proteins), 13% in mitochondria (42 proteins), and 11% in
the nucleus (36 proteins), which suggests that DEPs of
LUAD may be secreted to carry out signal transduction,
participate in tumor energy metabolism through mito-
chondria, and regulate gene expression in the nucleus.
The Clusters of Orthologous Groups of proteins (COG)
categories indicated that the DEPs were related to energy
metabolism, carbohydrate metabolism, signal pathway
and mechanisms, cytoskeleton and protein modification
after translation, protein transportation and chaperones
(Fig. 2d).

KEGG and GO enrichment analyses of DEPs in plasma

To further predict the possible roles of DEPs, we con-
ducted functional enrichment analysis using Fisher’s
exact test, P<0.05 is required. The GO analysis included
biological processes, cellular component, and molecular
function annotations, explaining the function of DEPs in
multiple angles. The upregulated proteins in the plasma
of LUAD patients compared with healthy subjects were
significantly enriched in neurogenesis, negative regu-
lation of cell communication and signal transduction,
positive regulation of cell death and other biological
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apparatus, and endoplasmic reticulum lumen and are
involved in protein processing and transport. The molec-
ular function analysis revealed that DEPs were enriched

processes (Fig. 2e). According to the cellular component
annotation, the majority of the DEPs originated from
the endoplasmic reticulum, extracellular space, Golgi
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in ionic binding activity and protein heterodimerization
activity (Fig. 2f), which act a pivotal part in transmem-
brane transports and biological information transfer.
The downregulated proteins were centered on phospho-
rylation, regulation of organelle organization, ribose
and nucleoside phosphate metabolic processes. Cellu-
lar component annotation was focused on the cytoskel-
eton, mitochondrion, microtubule cytoskeleton, and
other regions related to cell proliferation. The molecular
functions of the downregulated proteins were enriched
in anion binding, small molecule binding and nucleo-
tide binding, which is consistent with the upregulated
proteins.

Development of targeted protein assays using PRM

To further extend the research for application and prog-
nosis role, PRM detection was further tested. The 317
DEPs obtained previously were retrieved from the data-
base, and the next study focused on 40 proteins closely
related to prognosis. PRM testing was performed in
peripheral blood from an additional 10 LUAD patients
and 10 healthy subjects, of which 35 proteins were quan-
titatively analyzed, limited by certain protein charac-
teristics and expression abundance. 27 proteins were
statistically significant, including 20 up-regulated differ-
ential proteins and seven down-regulated DEPs (Addi-
tional file 1: Table S1). The obtained data were processed
by Skyline (v.3.6) to calculate protein relative abundance
(Fig. 3a). The DEPs were involved in platelet activation,
VEGFA-VEGFR2 signaling pathway, and carbohydrate
catabolic process (Fig. 3b).

As illustrated in Fig. 3D, we researched the altered pro-
teins in STRING (V.11.5) and accessed the PPI network
(Fig. 3c); these proteins may have a specific role in the
early occurrence of LUAD. GAPDH, TUBA4A, WDRI,
and LDHA are the central proteins shown in the network.
The candidate proteins GAPDH and RAC1 showed the
highest connectivity with other differentially expressed
proteins between LUAD and NL using STRING by cal-
culating the ratio of LUAD/NL, the expression levels of
the top 10 significant DEPs, RAC1, ACTR2, PFKP, FHL1,
UQCRC1, POSTN, RAB27B, ARPC2, RAP1B, and PNP,
are shown in Fig. 3d.

KM-plotter was used to evaluate the prognosis per-
formance of every DEP. The KM analysis showed that
LUAD patients with positive ATCR2, FHL1, RAB27B,
and RAP1B (Fig. 4) expression had observably longer
OS than patients with negative expression (P<0.05). The
high expression of ARPC2, PFKP, PNP, RAC1, GAPDH,
and TUBA4A was observably negatively correlated with
OS prognosis (P<0.05). ARPC2 is involved in the con-
trol of intracellular dynamic changes of actin and facili-
tates cell migration and tumor metastasis in lung, colon,
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and breast cancer. PFKP is a platelet-specific phosphof-
ructokinase that makes a critical difference in metabolic
reprogramming in certain cancers, including bladder
cancer, breast cancer, and lung cancer, and is a poten-
tial driver gene in the GEO (Gene Expression Omnibus)
database [20-24]. RAC1 (Rac family small GTPase 1) is a
driver gene that regulates plenty of cellular events, par-
ticularly in cell growth and division, cytoskeletal and syn-
aptic recombination, autophagy, and tumor metastasis.
These 10 genes were analyzed for combined KM progno-
sis (Fig. 4) [25-27].

Overall survival of ATCR2, FHL1, RAB27B, RAP1B,
UQCRC1, ARPC2, PEKP, PNP, POSTN, RAC1, GAPDH
and TUBA4A were performed in KM-Plotter online sur-
vival analysis site

Potential diagnostic markers in LUAD

The samples used in this study were mainly concen-
trated in early LUAD, so the next step was to draw ROC
curves to check the effect of each DEPs in the diagnosis
of LUAD. If the AUC was >0.70, the proteins could be
regarded as a potential independent diagnostic factor.
The mean plasma protein expression of 10 healthy people
was negative, and ROC analysis was performed on the
27 proteins with differential expression by Medcalc soft-
ware. 17 out of 27 proteins revealed a high AUC (>0.80)
between the LUAD group and NL group. Among those
proteins, CCT7 had an AUC of 0.960, and there were
five proteins with an AUC from 0.90 to 0.95, indicating
that these central proteins might have the discrimina-
tive capacity in LUAD (Fig. 5a), P<0.05. Logistic regres-
sion analysis was performed for 6 plasma proteins with
higher AUCs, including CCT7, UQCRC1, PGD, GAPDH,
LDHA, and GP5 (Table 2), resulting in a detection rate of
92% (Fig. 5b). UQCRCI1 acts on cytochrome C upstream
or internally of mitochondrial electron transport and has
been studied extensively in Alzheimer’s disease, which
may play an important role in the targeted therapy of
pancreatic cancer [28-30].

Experimental verification by western blot

and immunohistochemistry

We examined the expression of these 6 potential bio-
markers by WB detection in 25 plasma samples (14
patients and 10 controls) and immunohistochemical
detection in 22 lung tissues (10 LUAD and 12 tumor-
adjacent tissues) (Table 3). The expression of GP5, CCT7,
UQCRCI, PGD, GAPDH and LDHA were higher in the
LUAD patients’ plasma (Fig. 6a, b), which basically con-
sistent with the PRM’s result. In addition, we also veri-
fied the expression of those proteins in LUAD tissues
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Fig. 4 Kaplan—-Meier survival analysis of LUAD group compared with NL group

and tumor-adjacent tissues by IHC with a similar trend
(Fig. 6¢).

Discussion

Lung adenocarcinoma is a common malignant tumor
with a high incidence and poor prognosis. However, the
early symptoms of LUAD are not obvious, and diagnosis
is difficult. The delay in the diagnosis of lung adenocar-
cinoma causes plenty of patients with malignant tumors
to lose the opportunity for early treatment [6]. Compared
with the imaging and histological methods commonly
used for the early diagnosis of LC, blood tests have the
advantages of low cost, convenience, and repeatable sam-
pling and have a great influence on the diagnosis, treat-
ment, and prognosis of tumors [4, 31]. The results of this
research are on the strength of total proteomic analysis
and PRM validation of peripheral blood from 20 LUAD
patients and 20 healthy individuals, which is a source of
several biomarkers with clinical application. Subsequent
GO/KEGG analysis showed that the DEPs were mostly
located in the endoplasmic reticulum, extracellular space,

and Golgi apparatus, which take an active part in protein
processing and transport and are enriched in substance
transport, information transfer, and the cytoskeleton.
Furthermore, 40 proteins closely related to prognosis
were detected by PRM, and 10 of the most significant
DEPs, RAC1, ACTR2, PFKP, FHL1, UQCRC1, POSTN,
RAB27B, ARPC2, RAP1B, and PNP, were obtained.

In recent years, biomarkers of LC have become a
research focus, and biomarker detection has shown a
certain potential in LC screening. Combining biomark-
ers, imaging omics, and artificial intelligence to establish
a comprehensive model for LC screening prediction may
be the development direction of improving LC screen-
ing ability in the future [32-34]. Chapman et al. detected
7 autoantibodies [p53, C-Myc, and hEGF, HER2, NY-
ESO-1, CAGE, Mucin 1 (MUC1), and GBU4-5 antibod-
ies] in 154 patients (104 LC patients and 50 normal),
which had a diagnose sensitivity of 61% and specificity
of 90%, respectively [35]. LC activates the complement
cascade effect through the classical complement path-
way, which downstream cleaves complement fragment
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Table 2 Six differentially expressed proteins identified in plasma samples

No Uniprot accession Gene Protein name Protein function

1 P31930 UQCRCT  Ubiquinol-cytochrome c reductase core protein 1 Enzymes, predicted intracellular proteins, Metallopeptidases

2 Q99832 CCT7 Chaperonin containing TCP1 subunit 7 Predicted intracellular proteins

3 P52209 PGD 6-Phosphogluconate dehydrogenase Enzymes, predicted intracellular proteins, Oxidoreductases

4 P04406 GAPDH  Glyceraldehyde-3-phosphate dehydrogenase Enzymes, predicted intracellular proteins, Oxidoreductases

5 P00338 LDHA Lactate dehydrogenase A Candidate cancer biomarkers, Enzymes, Oxidoreductases,
Predicted intracellular proteins

6 P40197 GP5 Glycoprotein V platelet Hemostatic, CD markers
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Table 3 Clinical information of patients included in WB and IHC

Variable WB IHC
LUAD Control LUAD Control
(n=14) (n=10) (n=10) (n=12)
Age (year) 65.6+£87 835494 59.7+7.1 5824134
Gender; n (%)
Male 5 (36%) 5 (50%) 5 (50%) 6 (50%)
Female 9 (64%) 5 (50%) 5(50%) 6 (50%)
Stage; n (%)
| 11 (78%) 4 (40%) 2(16.7%)
Il 3(22%) 2 (20%) 5(41.7%)
Il 2 (20%) 4 (33.3%)
% 2 (20%) 1(8.3%)

4D in increased concentrations in the body fluids of LC
patients [36, 37]. The value of circulating tumor DNA
(ctDNA) in guiding the precision therapy of advanced
tumors has been confirmed by relevant studies, but its
role in the diagnosis of early LC remains uncertain. Cir-
culating tumor cells (CTCs) are tumor cells detached by
a primary tumor or metastatic tumor located in periph-
eral blood [37, 38]. The number of CTCs is small and
heterogeneous, so detection technology is required and
being explored. Exosomes are considered as non-inva-
sive or minimally invasive biomarkers with the poten-
tial of cancer detection. In addition, there are certain
studies on exosomes as cancer immunotherapy in anti-
cancer vaccines, reducing tumor exosomes to prevent
adverse prognosis and exosomes as drug delivery carri-
ers [39, 40]. Currently, tumor markers commonly used in
the clinic, such as CEA, FRT, NSE, CYFRA21-1, CA50,
SCC, and CA125, show increasing positive expression in
advanced stages but have low sensitivity and specificity.
Screening is aimed at high-risk healthy populations. The
use of screening methods must be highly sensitive and
specific to precancerous or very early cancer, and accu-
racy requirements are very high. The combined detec-
tion of autoantibodies is helpful for the early diagnosis of
LC, but its sensitivity does not meet the needs of early
screening of LC. Research on ctDNA is still in the early
stage, and the size and release mechanism of ctDNA
remain unclear. The sensitivity and specificity of existing
detection techniques for ctDNA detection are not ideal
[41]. The content of CTCs in peripheral blood is very low,
with only a few CTCs in 1 billion blood cells, and the sen-
sitivity and specificity of early LC diagnosis are not high.
Some of the DEPs we found did not appear in pre-
vious studies, which may be influenced by sample dif-
ferences, different platforms, and screening criteria.
Hence, more accurate methods of analysis and more
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samples are needed to confirm our findings. Ubiqui-
nol-cytochrome c reductase core protein 1 (UQCRC1),
a key component of mitochondrial complex III, plays
an important role in mitochondrial metabolism.
UQCRC1 has a carcinogenic effect in pancreatic
ductal adenocarcinoma (PDAC) and can be used as a
potential prognostic marker and therapeutic target for
PDAC [30]. GAPDH is widely used as a standardized
reference for WB and other experiments for its con-
stant expression in the same cells or tissues generally.
Several studies have linked GAPDH expression to liver
cancer and T cell lymphoma [42-45]. This study found
that GAPDH was different expressed in the plasma of
LUAD and healthy people by PRM detection and WB
as well. CCT7 has prognostic value in endometrial
cancer, hepatocellular carcinoma and breast cancer
[46]. GP5, also known as CD42d, is mainly expressed
in platelets and megakaryocytes, involved in platelet
adhesion and aggregation [47, 48]. LDHA is abnor-
mally highly expressed in many cancers, including
lung cancer, and is associated with malignant progres-
sion, is a biomarker for cancer diagnosis and prognosis
[49]. PGD has been reported to promote hepatocellu-
lar carcinoma and prostate cancer through the AMPK
pathway. In conclusion, GP5, CCT7, UQCRC]1, PGD,
GAPDH and LDHA have been found to play a role
in tumor development, prognosis and even diagno-
sis in previous studies. GP5, a part of the receptor
for von Willebrand factor, has been poorly studied
in tumor and disease diagnosis. This is an interest-
ing question as to why GP5 expresses stably different
between LUAD and healthy people. RAC1 is an impor-
tant intracellular signal transduction molecule that
is closely related to the occurrence and development
of malignant tumors and a tumor driver gene. RAC1
inhibitors improve resistance to the EGFR inhibitor
gefitinib in LC patients [50]. The DNA methylation of
PFKP (phosphofructokinase platelet) was significantly
upregulated in tumors, and the detection of hepatocel-
lular carcinoma was highly accurate [51].

The current study has some limitations. Firstly, the
sample quantity used in this discovery phase was
insufficient. The goal of the next step is to evaluate
the action of these specific proteins in more samples.
The role of these markers in the early stage of LC still
needs to be explored. In addition, the next step is to
combine biomarker detection and autoantibody detec-
tion in peripheral blood to increase the accuracy and
specificity of early screening. In our study, the four
protein signatures we narrowed had high diagnostic
power between LUAD and NL, suggesting that they
have potential as novel biomarkers for the early screen-
ing of LUAD. The study adds to our understanding of
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Fig. 6 Western blot analysis and immunohistochemistry staining of six proteins a Western blot of GP5, CCT7, UQCRC1, PGD, GAPDH, LDHA in
healthy and LUAD plasmas, Ponceau S was used for quantification of total protein, b histogram of protein expression level calculated by line's
IntDen divide total protein per lane (ug). ¢ Immunohistochemistry staining of GP5, CCT7, UQCRC1, PGD, GAPDH and LDHA in LUAD tissues and
tumor-adjacent tissues; scale bar= 100 um (magnification, x 200). (*P value < 0.05, **P value <0.01)

UQCRC1

potential biomarkers for LUAD, providing new and
specific therapeutic targets for this cancer (Additional
file 1).

Conclusion

In this study, 10 DEPs, RAC1, ACTR2, PFKP, FHLI,
UQCRC1, POSTN, RAB27B, ARPC2, RAPIB, and
PNP, were found to be associated with the prognosis of
LUAD. Among the 27 DEPs, 17 proteins in the LUAD
group and NL group had higher AUC (>80). Among
these proteins, CCT7 had an AUC of 0.960, and 5 of

them had an AUC between 0.90 and 0.95, suggesting
that these central proteins might have the discrimina-
tion ability of LUAD.

Abbreviations

LC: Lung cancer; NSCLC: Non-small cell lung cancer; LUAD: Lung adeno-
carcinoma; MS: Mass spectrometry; PRM: Parallel reaction monitoring; DEP:
Differential expression protein; KM-Plotter: Kaplan-Meier plotter; OS: Overall
survival; WB: Western blot; IHC: Immunohistochemistry; FHL-1: Four and a half
LIM domain 1; RAB27B: Member RAS oncogene family; RAP1B: Member RAS
oncogene family; ARPC2: Actin related protein 2/3 complex subunit 2; PFKP:



Chen et al. Clinical Proteomics (2022) 19:44

Phosphofructokinase, platelet; RACT: Rac family small GTPase 1; PNP: Purine
nucleoside phosphorylase; ROC: Receiver operating characteristic; AUC: Area
under the curve; CCT7: Chaperonin containing TCP1 subunit 7; TNM: Tumor
node metastasis; TCA: Trichloroacetic acid; BCA: Bicinchoninic acid; LC-MS/
MS: Liquid chromatography tandem mass spectrometry; MS: Mass spec-
trometry; FDR: False discovery rates; NL: Normal; FC: Fold change; GO: Gene
ontology; KEGG: Kyoto encyclopedia of genes and genomes; PPI: Protein—
protein interaction; MYH6: Myosin heavy chain 6; POSTN: Periostin; NAP1L1:
Nucleosome assembly protein 1 like 1; EXOC2: Exocyst complex component
2; NOTCH1: Notch receptor 1; COG: Clusters of orthologous groups; GAPDH:
Glyceraldehyde-3-phosphate dehydrogenase; TUBA4A: Tubulin alpha 4a;
WDR1: WD repeat domain 1; LDHA: Lactate dehydrogenase A; ACTR2: Actin
related protein 2; UQCRC1: Ubiquinol-Cytochrome C reductase core protein
1; PNP: Purine nucleoside phosphorylase; APRC2: Actin related protein 2/3
complex subunit 2; PGD: Phosphogluconate dehydrogenase; GP5: Glycopro-
tein V platelet; C-Myc: MYC proto-oncogene; Hegf: Basic fibroblast growth
factor; HER2: Human epidermal growth factor receptor 2; NY-ESO-1: New York
esophageal squamous carcinoma antigen 1; CAGE: Cancer-associated antigen;
MUCT: Mucin 1; CTC: Circulating tumor cell; ctDNA: Circulating tumor DNA.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/512014-022-09381-x.

Additional file 1: Table S1. Differentially expressed proteins identified in
plasma samples.

Acknowledgements
Thanks to all the staff of the Institute of Respiratory Health, West China Hospi-
tal, Sichuan University for their support and suggestions.

Author contributions

LZ, HC and XL conceived and designed the study; YZ, HH, and LZ prepared the
samples. HC analyzed the data. HC and XL wrote the manuscript. All authors
reviewed the manuscript. All authors read and approved the final manuscript.

Funding

This work was supported by the Clinical Research Incubation Project of West
China Hospital of Sichuan University (2018HXFHO12), the Hospital Enterprise
Cooperative Clinical Research Innovation Project (2019HXCX04), the Sichuan
Science and Technology Program (2020YFS0573), the National Natural Science
Foundation of China (81974363), the National Natural Science Foundation of
China (82173251).

Availability of data and materials
The datasets used and/or analysed during the current study are available from
the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate

Ethical approval for this study (No.1167/2020) was provided by the Ethics
Committee on Biomedical research, West China Hospital of Sichuan University
on 18/12/2020.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details

'Key Laboratory of Transplantation Engineering and Immunology, Ministry
of Health, West China Hospital, Sichuan University, Chengdu, Sichuan, China.
?Laboratory of Pathology, West China Hospital, Sichuan University, Chengdu,
Sichuan, China. 3Institute of Respiratory Health, West China Hospital, Sichuan
University, Chengdu, Sichuan, China. “Day Surgery Center, West China
Hospital, Sichuan University, Chengdu, Sichuan, China. SFrontiers Science

Page 13 of 14

Center for Disease-Related Molecular Network, West China Hospital, Sichuan
University, Chengdu, Sichuan, China.

Received: 27 March 2022 Accepted: 6 November 2022
Published online: 21 November 2022

References

1. Cancer today. http//gco.arc.fr/today/home. Accessed 13 Feb 2022.

2. Siegel RL, Miller KD, Fuchs HE, Jemal A. Cancer statistics, 2022. CA Cancer
JClin. 2022;72:7-33.

3. Thai AA, Solomon BJ, Sequist LV, Gainor JF, Heist RS. Lung cancer. The
Lancet. 2021;398:535-54.

4. Nooreldeen R, Bach H. Current and future development in lung cancer
diagnosis. Int J Mol Sci. 2021;22:8661.

5. Thakur SK, Singh DP, Choudhary J. Lung cancer identification: a review on
detection and classification. Cancer Metastasis Rev. 2020;39:989-98.

6. Shah DR, Masters GA. Precision medicine in lung cancer treatment. Surg
Oncol Clin N Am. 2020;29:15-21.

7. Arbour KC, Riely GJ. Systemic therapy for locally advanced and metastatic
non-small cell lung cancer: a review. JAMA. 2019,322:764.

8. Noor Z, Ahn SB, Baker MS, Ranganathan S, Mohamedali A. Mass spec-
trometry—based protein identification in proteomics—A review. Brief
Bioinform. 2021;22:1620-38.

9. Ankney JA, Muneer A, Chen X. Relative and absolute quantitation in mass
spectrometry-based proteomics. Annu Rev Anal Chem. 2018;11:49-77.

10. Ronsein GE, Pamir N, von Haller PD, Kim DS, Oda MN, Jarvik GP, et al. Paral-
lel reaction monitoring (PRM) and selected reaction monitoring (SRM)
exhibit comparable linearity, dynamic range and precision for targeted
quantitative HDL proteomics. J Proteomics. 2015;113:388-99.

11. Peterson AC, Russell JD, Bailey DJ, Westphall MS, Coon JJ. Parallel reaction
monitoring for high resolution and high mass accuracy quantitative,
targeted proteomics. Mol Cell Proteomics. 2012;11(11):1475-88.

12. Gallien S, Bourmaud A, Kim SY, Domon B. Technical considerations
for large-scale parallel reaction monitoring analysis. J Proteomics.
2014;100:147-59.

13. Li X, Wang W, Chen J. Recent progress in mass spectrometry proteomics
for biomedical research. Sci China Life Sci. 2017;60:1093-113.

14. Pavel AB, Zhou L, Diaz A, Ungar B, Dan J, He H, et al. The proteomic skin
profile of moderate-to-severe atopic dermatitis patients shows an inflam-
matory signature. J Am Acad Dermatol. 2020;82:690-9.

15. Consortia Oslo Breast Cancer Research Consortium (OSBREAC), Johans-
son HJ, Socciarelli F, Vacanti NM, Haugen MH, Zhu Y, et al. Breast cancer
quantitative proteome and proteogenomic landscape. Nat Commun.
2019;10:1600.

16. Chen I-H, Xue L, Hsu C-C, Paez JSP, Pan L, Andaluz H, et al. Phosphopro-
teins in extracellular vesicles as candidate markers for breast cancer. Proc
Natl Acad Sci. 2017;114:3175-80.

17. Ul Qamar MT, Ahmad S, Fatima |, Ahmad F, Shahid F, Naz A, et al. Design-
ing multi-epitope vaccine against Staphylococcus aureus by employing
subtractive proteomics, reverse vaccinology and immuno-informatics
approaches. Comput Biol Med. 2021;132:104389.

18. Chen L, Qin D, Guo X, Wang Q, Li J. Putting proteomics into immuno-
therapy for glioblastoma. Front Immunol. 2021;12:593255.

19. Baldzs G. KM-plot. Kaplan—-Meier plotter. http://www.kmplot.com/analy
sis. Accessed 13 Feb 2022.

20. Sun C, Xiong D, YanY, Geng J, Liu M, Yao X. Genetic alteration in phospho-
fructokinase family promotes growth of muscle-invasive bladder cancer.
Int J Biol Markers. 2016;31:286-93.

21. Zhang L, Ke J, Min S, Wu N, Liu F, Qu Z, et al. Hyperbaric oxygen therapy
represses the warburg effect and epithelial-mesenchymal transi-
tion in hypoxic NSCLC cells via the HIF-1a/PFKP axis. Front Oncol.
2021;11:691762.

22. Peng M,Yang D, HouY, Liu S, Zhao M, Qin'Y, et al. Intracellular citrate
accumulation by oxidized ATM-mediated metabolism reprogramming
via PFKP and CS enhances hypoxic breast cancer cell invasion and metas-
tasis. Cell Death Dis. 2019;10:228.

23. ShenJ, Jin Z, Lv H,Jin K, Jonas K, Zhu C, et al. PFKP is highly expressed
in lung cancer and regulates glucose metabolism. Cell Oncol.
2020;43:617-29.


https://doi.org/10.1186/s12014-022-09381-x
https://doi.org/10.1186/s12014-022-09381-x
http://gco.iarc.fr/today/home
http://www.kmplot.com/analysis
http://www.kmplot.com/analysis

Chen et al. Clinical Proteomics

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

(2022) 19:44

Liu B, Li F, Liu M, Xu Z, Gao B, Wang Y, et al. Prognostic roles of phosphof-
ructokinase platelet in clear cell renal cell carcinoma and correlation with
immune infiltration. Int J Gen Med. 2021;14:3645-58.

Feng X, Zhang H, Meng L, Song H, Zhou Q, Qu C, et al. Hypoxia-induced
acetylation of PAKT enhances autophagy and promotes brain tumorigen-
esis via phosphorylating ATG5. Autophagy. 2021;17:723-42.
Scott-Solomon E, Kuruvilla R. Prenylation of axonally translated Rac1
controls NGF-dependent axon growth. Dev Cell. 2020;53:691-705.e7.
Zhu Z,Yu Z,Rong Z, Luo Z, Zhang J, Qiu Z, et al. The novel GINS4 axis
promotes gastric cancer growth and progression by activating Rac1 and
CDC42.Theranostics. 2019;9:8294-311.

Lin C-H, Tsai P-I, Lin H-Y, Hattori N, Funayama M, Jeon B, et al. Mitochon-
drial UQCRC1 mutations cause autosomal dominant parkinsonism with
polyneuropathy. Brain. 2020;143:3352-73.

Li J-L, Lin T-Y, Chen P-L, Guo T-N, Huang S-Y, Chen C-H, et al. Mitochondrial
function and Parkinson’s disease: from the perspective of the electron
transport chain. Front Mol Neurosci. 2021;14:797833.

Wang Q, Li M, GanY, Jiang S, Qiao J, Zhang W, et al. Mitochondrial protein
UQCRCT1 is oncogenic and a potential therapeutic target for pancreatic
cancer. Theranostics. 2020;10:2141-57.

Jones GS, Baldwin DR. Recent advances in the management of lung
cancer. Clin Med. 2018;18:541-6.

Hoffman RM, Sanchez R. Lung cancer screening. Med Clin North Am.
2017;101:769-85.

Yatabe Y, Dacic S, Borczuk AC, Warth A, Russell PA, Lantuejoul S, et al. Best
practices recommendations for diagnostic immunohistochemistry in
lung cancer. J Thorac Oncol. 2019;14:377-407.

Thawani R, McLane M, Beig N, Ghose S, Prasanna P, Velcheti V, et al. Radi-
omics and radiogenomics in lung cancer: a review for the clinician. Lung
Cancer. 2018;115:34-41.

Murray A, Chapman CJ, Healey G, Peek LJ, Parsons G, Baldwin D, et al.
Technical validation of an autoantibody test for lung cancer. Ann Oncol.
2010;21:1687-93.

Ajona D, Remirez A, Sainz C, Bertolo C, Gonzalez A, Varo N, et al. A model
based on the quantification of complement C4c, CYFRA 21-1 and CRP
exhibits high specificity for the early diagnosis of lung cancer. Transl Res.
2021,233:77-91.

Seijo LM, Peled N, Ajona D, Boeri M, Field JK, Sozzi G, et al. Biomarkers in
lung cancer screening: achievements, promises, and challenges. J Thorac
Oncol. 2019;14:343-57.

Maly V, Maly O, Kolostova K, Bobek V. Circulating tumor cells in diagnosis
and treatment of lung cancer. In Vivo. 2019;33:1027-37.

Li M-Y, Liu L-Z, Dong M. Progress on pivotal role and application of exo-
some in lung cancer carcinogenesis, diagnosis, therapy and prognosis.
Mol Cancer. 2021;20:22.

Xu K, Zhang C, Du T, Gabriel ANA, Wang X, Li X, et al. Progress of
exosomes in the diagnosis and treatment of lung cancer. Biomed Phar-
macother. 2021;134:111111.

Liang W, Zhao Y, Huang W, Gao Y, Xu W, Tao J, et al. Non-invasive diag-
nosis of early-stage lung cancer using high-throughput targeted DNA
methylation sequencing of circulating tumor DNA (ctDNA). Theranostics.
2019;9:2056-70.

Butera G, Mullappilly N, Masetto F, Palmieri M, Scupoli MT, Pacchiana R,
et al. Regulation of autophagy by nuclear GAPDH and its aggregates in
cancer and neurodegenerative disorders. Int J Mol Sci. 2019;20:2062.
Ganapathy-Kanniappan S. Evolution of GAPDH as a druggable target of
tumor glycolysis? Expert Opin Ther Targets. 2018;22:295-8.

Sirover MA. Pleiotropic effects of moonlighting glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH) in cancer progression, invasiveness, and
metastases. Cancer Metastasis Rev. 2018;37:665-76.

Zhong X-Y. CARM1 methylates GAPDH to regulate glucose metabolism
and is suppressed in liver cancer. Cell Rep. 2018;24(12):3207-3223.

Li W, Liu J, Zhao H. Prognostic power of a chaperonin containing

TCP-1 subunit genes panel for hepatocellular carcinoma. Front Genet.
2021;12:668871.

Gillis JL, Hinneh JA, Ryan NK, Irani S, Moldovan M, Xie J, et al. A feedback
loop between the androgen receptor and 6-p hosphogluoconate dehy-
drogenase (6PGD) drives prostate cancer growth. elife. 2021;10:262592.
Chen H,Wu D, Bao L, YinT, Lei D, Yu J, et al. 6PGD inhibition sensitizes
hepatocellular carcinoma to chemotherapy via AMPK activation and
metabolic reprogramming. Biomed Pharmacother. 2019;111:1353-8.

49.

50.

Page 14 of 14

FengY, Xiong Y, Qiao T, Li X, Jia L, Han Y. Lactate dehydrogenase A: a key
player in carcinogenesis and potential target in cancer therapy. Cancer
Med. 2018;7:6124-36.

Ciarlantini MS, Barquero A, Bayo J, Wetzler D, Dodes Traian MM, Bucci
HA, et al. Development of an improved guanidine-based Rac1 inhibitor
with in vivo activity against non-small cell lung cancer. ChemMedChem.
2021;16:1011-21.

51. Sha X, Wang K, Wang F, Zhang C, Yang L, Zhu X. Silencing PFKP
restrains the stemness of hepatocellular carcinoma cells. Exp Cell Res.
2021;407:112789.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Quantitative proteomics identified circulating biomarkers in lung adenocarcinoma diagnosis
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Introduction
	Methods
	Clinical sample collection
	Sample preparation
	PRM analysis based on LC–MSMS
	Proteomic data analysis
	Identification of DEPs
	GOKEGG analysis
	PPI analysis
	Kaplan–Meier plotter analysis
	ROC analysis
	Western blot
	Immunohistochemistry

	Results
	Global proteome characterization of LUAD and healthy plasma
	Proteomic features of DEPs in LUAD
	KEGG and GO enrichment analyses of DEPs in plasma
	Development of targeted protein assays using PRM
	Potential diagnostic markers in LUAD
	Experimental verification by western blot and immunohistochemistry

	Discussion
	Conclusion
	Acknowledgements
	References




