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Background: Paclitaxel is widely used in the treatment of cancer and has a good effect in 
the treatment of non-small cell lung cancer. The combination of TMT proteomics and 
bioinformatics is used to systematically analyze the molecular mechanism of paclitaxel in 
the treatment of lung adenocarcinoma A549 cell, which is helpful to screen new therapeutic 
targets.
Methods: MTT assay was used to analyze the inhibitory effect of paclitaxel on the proliferation 
of A549 cells. The proteins were identified by TMT quantitative proteomics and the differential 
expression proteins (DEPs) database was constructed. The DEPs were enriched by Gene 
Ontology (GO) and KEGG pathway annotation. Based on the information in the STRING 
database, find the interaction between DEPs, and the protein–protein interaction (PPI) networks 
of DEPs were constructed and analyzed by using the Cytoscape software. According to the PPI 
network results, select the hub proteins from DEPs for WB verification.
Results: A total of 5449 proteins were identified in A549 by TMT proteomics. Compared 
with the control group, 281 DEPs were significantly up-regulated and 218 were significantly 
down-regulated after paclitaxel treatment. GO functional analysis, we found that the main 
functions of these DEPs are binding, catalytic activity, molecular function regulator and so 
on. They are mainly involved in cellular process, metabolic process, biological regulation 
and so on. KEGG analysis showed that the three most significant signal transduction path-
ways of DEPs enrichment were DNA replication, steroid biosynthesis, oxidative phosphor-
ylation. In PPI network, there are 294 nodes among which CDK1, MCM2-5 and PCNA are 
located at the center of proteins interaction. WB analysis confirmed that the expression of 
CDK1 was significantly down-regulated, consistent with the TMT results.
Conclusion: Paclitaxel significantly increased the expression of tubulin, binding tubulin to 
promote A549 cell death. In addition, paclitaxel significantly inhibited the expression of hub 
proteins, DNA replication and cell cycle pathways, thus killing lung adenocarcinoma cell 
A549. These findings will enhance the understanding of the mechanism of paclitaxel in the 
treatment of lung adenocarcinoma cell A549 and provide new valuable targets.
Keywords: proteomics, tandem mass tags, TMT, paclitaxel, alveolar epithelial cells, A549

Introduction
Lung cancer has a 27% mortality rate, the highest of all cancers.1 Almost 85% of lung 
cancer cases belong to non-small cell lung cancer (NSCLC), including lung 
adenocarcinoma.2 The five-year survival rate of NSCLC is only 15%, and most 
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NSCLC patients are already in advanced stage at the time of 
diagnosis.3 At this time, chemotherapy is the main treatment 
method. Paclitaxel was originally extracted from Taxus bre-
vifolia and is widely used in cancer treatment, such as cervi-
cal cancer, pancreatic cancer, and so on.4,5 In the treatment of 
NSCLC, paclitaxel has a good effect, and it’s still regarded as 
the first-line therapies for advanced NSCLC patients.6 

Therefore, a deeper understanding of the molecular mechan-
ism of paclitaxel in the treatment of lung adenocarcinoma 
will help to screen effective therapeutic targets. Tandem mass 
tag (TMT) and Isobaric Tags for Relative and Absolute 
Quantitation (iTRAQ) are quantitative techniques of peptide 
labeling in vitro developed by Thermo and AB SCIEX, 
respectively, with the same basic principles. TMT and 
iTRAQ are high-throughput screening techniques commonly 
used in quantitative proteomics in recent years. By combin-
ing with the N-terminal groups of peptides, the peptides can 
be labeled, and samples from different sources can be labeled 
with reagents of different molecular weights, thereby achiev-
ing comparison of proteomes between different samples.7,8 

TMT/iTRAQ quantitative proteomics have applications in 
many fields, such as: Li et al used 8-plex iTRAQ to analyze 
the differentially expressed proteins of tolerance to salt stress 
in cotton roots.9 Zhao et al analyzed the differential expres-
sion of heat-resistant proteins in spinach with 8-plex iTRAQ 
to improve the understanding of spinach heat-resistant 
mechanism.10 Zou et al used a 6-plex TMT labeling and 
titanium dioxide-based phosphopeptide enrichment to quan-
titatively analyze the differential expression of phosphory-
lated proteins after ginsenoside Rg3 treatment of breast 
cancer cells.11 In addition, TMT technology is widely used 
in gastric cancer, liver cancer, breast cancer and other tumors 
to screen for differential proteins, tumor markers, and prog-
nostic markers.12–14

In this study, TMT was used to detect the differentially 
expressed proteins in lung adenocarcinoma A549 cells 
treated with paclitaxel, and bioinformatics analysis was 
conducted to identify important protein molecules and 
signal pathways related to paclitaxel treatment of lung 
cancer. Explore the molecular mechanism of paclitaxel in 
the treatment of lung cancer, and provide new molecular 
targets for the precise treatment of lung cancer.

Materials and Methods
Cell Culture and Cell Viability Assay
The human lung cancer A549 cell line was purchased from 
the Chinese Academy of Sciences Type Culture Collection in 

Shanghai, China. Human A549 lung adenocarcinoma epithe-
lial cells were cultured in RPMI-1640 medium (Beijing 
Solarbio Science & Technology Co., Ltd.) supplemented 
with 10% fetal bovine sera (Biological Industries). The effect 
of paclitaxel (Hainan Choitec Pharmaceuticals Co., Ltd.) on 
the growth and proliferation of A549 cells was measured 
using the MTT method and repeated three times. A549 cells 
were seeded in 96-well plates at a density of 104 cells/well, 
100 μL/well with RPMI-1640 medium containing 10% FBS. 
After seeding for 24 h, the medium was removed and 
replaced with 100 μL of fresh medium containing serial 
concentrations of paclitaxel (2.5 μg/mL, 5 μg/mL, 10 μg/ 
mL, 20 μg/mL, 40 μg/mL). After 48 h of incubation, the cells 
were treated with 20 μL of fresh medium containing 0.5 mg/ 
mL MTT (Beijing Solarbio Science & Technology Co., Ltd.) 
and incubated at 37°C for 4 h. The solution was removed, and 
about 150 μL of DMSO (Beijing Solarbio Science & 
Technology Co., Ltd.) was added to each well to dissolve 
the purple formazan crystals. Absorbance was determined at 
570 nm by using a microplate reader. Results were expressed 
as the percentage of MTT reduction relative to the absor-
bance of control cells.

Sample Preparation and TMT Labeling
A549 cells in logarithmic phase were collected and seeded at 
a density of 6×105/10 mL in a 10 cm petri dish. The RPMI- 
1640 medium contained 10% serum, 5% CO2, and was incu-
bated at 37°C. After 24 hours, they were divided into control 
group and paclitaxel group, with two dishes in each group. The 
control group was replaced with a normal medium, and the 
paclitaxel group was replaced with a medium containing 10 
μg/mL paclitaxel, and all incubated for 48 hours at 37°C. 
Wash twice with 4°C pre-chilled PBS (Beijing Solarbio 
Science & Technology Co., Ltd.) buffer, collect cells, and 
retain cell pellet after centrifugation. Repeat the above steps 
three times to collect three batches of samples.

Extraction of protein from samples by SDT (4% SDS, 
100 mM Tris/HCl pH 7.6, 0.1 M DTT) Pyrolysis.15 After 
centrifuged at 14,000 g for 40 min, the supernatant was 
quantified with the BCA Protein Assay Kit (Bio-Rad, 
USA). The protein sample was stored at −80 °C. Then 
protein extracts were processed using the filter aided pro-
teome preparation (FASP) method for TMT experiments, 
peptide segment quantification at OD280.15

TMT Labeling
One hundred microgram peptide mixture of each sample 
was labeled using TMT reagent according to the 
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manufacturer’s instructions (TMT Mass Tagging Kits and 
Reagents, Thermo Fisher Scientific).

The labeled peptide segments of each group were 
mixed equally and graded with the High pH Reversed- 
Phase Peptide Fractionation Kit (User Guide: Pierce High 
pH Reversed-Phase Peptide Fractionation Kit, Thermo 
Fisher Scientific). Firstly, the column was equilibrated 
with acetonitrile and 0.1% trifluoroacetic acid (TFA). 
Then the mixed labeled peptide samples were loaded, 
and pure water was added, desalination was carried out 
by low-speed centrifugation. Finally, the column-bound 
peptide was gradient eluted with acetonitrile solution of 
high pH with successively increasing concentration. After 
vacuum drying of each eluted peptide sample, the lyophi-
lized samples were redissolved with 12 μL of 0.1% FA. 
And the peptide concentration was determined by OD280.

LC-MS/MS Data Acquisition
Each fraction was injected for nano-MS/MS analysis. Each 
grading sample was separated by HPLC system Easy nLC 
with nanoliter flow rate. The buffer Solution A is 0.1% 
formic acid aqueous solution, and the Solution B is 0.1% 
formic acid acetonitrile aqueous solution (84% acetonitrile). 
The chromatographic column is equilibrated with 95% 
Solution A, and the sample is loaded from the autosampler 
to the loading column (Thermo Scientific Acclaim 
PepMap100, 100 μm*2 cm, nanoViper C18). Separated by 
analytical column (Thermo scientific EASY column, 10 cm, 
ID75 μm, 3 μm, C18-A2), and the flow rate is 300 nL/min. 
Samples were separated by chromatography (Thermo Fisher 
Scientific, Inc.) and then analyzed by Q-exactive mass spec-
trometer. The detection method is positive ion, the scanning 
range of parent ion is 300–1800 M/Z, the resolution of the 
primary mass spectrum is 70,000 at 200 m/z, the AGC 
(Automatic gain control) target is 1e6, the Maximum IT is 
50 ms, and the dynamic exclusion time is 60.0 s. The mass-to 
-charge ratios of peptides and peptide fragments were col-
lected as follows: After each full scan, 20 fragments were 
collected (MS2 scan), MS2 Activation Type was HCD, 
Isolation window was 2 m/z, Secondary MS resolution was 
17,500 at 200 m/z (TMT 6-plex), Normalized Collision 
Energy was 30 eV, Underfill was 0.1%.

Protein Identification and Quantitative 
Analysis
The data of mass spectrometry results were RAW files, 
which were identified and quantitatively analyzed by 

software Mascot 2.2 and Proteome Discoverer Version 
1.4 (Thermo Fisher Scientific Inc.).

Differentially Expressed Proteins 
Definition and Cluster Analysis
Differentially expressed proteins (DEPs) were screened for 
criteria with fold changes greater than 1.2-fold (up- 
regulation≥1.2-fold or down-regulation≤0.83) and 
P value≤0.05. The volcano plot was constructed in order 
to visualize the DEPs between control groups and paclitaxel 
groups. In the volcano plot, multiples of protein expression 
difference (log Foldchanges) as abscissa X and P value of 
T-test (lg P value) as ordinate Y.

The studied protein relative expression data were used 
to performing hierarchical clustering analysis. Firstly, the 
quantitative information of the target protein set is normal-
ized to the (−1,1) range. Then, Cluster 3.0 (http://bonsai. 
hgc.jp/~mdehoon/software/cluster/software.htm), the Java 
TrueView software (http://jtreeview.sourceforge.net) and 
Complex Heatmap R package (R Version 3.4) were used. 
Euclidean distance algorithm for similarity measure and 
average linkage clustering algorithm for clustering were 
selected when performing hierarchical clustering. Finally, 
a clustering heat map is generated to visualize the results.

Gene Ontology (GO) Annotation and 
Pathway Enrichment Analysis
The protein sequence data of DEPs were in batches 
retrieved from UniProtKB (Release 2016_10) in FASTA 
format. The NCBI BLAST+ software was used to identify 
homolog sequences from Swiss-Prot database (mouse) and 
transferred the functional annotation to the studied 
sequences. The top 10 blast hits (E-value <10-3) of the 
query sequences were retrieved and loaded into Blast2GO 
(Version 3.3.5) for GO mapping and annotation.16 The 
annotation parameters of BLAST2GO were as follows: 
E-value filter=10-6, default gradual EC weights, an annota-
tion cutoff = 75, and GO weight =5.The sequences without 
BLAST hits and un-annotated sequences were selected to 
InterProScan against EBI databases for retrieving func-
tional annotations, and then the InterProScan GO terms 
were merged to the annotation set.17 The GO annotation 
results were plotted by R scripts.

The protein sequences of DEPs in FASTA format were 
blasted against the online Kyoto Encyclopedia of Genes 
and Genomes (KEGG) database (http://geneontology.org/) 
to retrieve their KOs and were subsequently mapped to 
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pathways in KEGG.18 The KAAS (KEGG Automatic 
Annotation Server) software was used to annotate the 
KEGG pathway.

To further explore the impact of DEPs in cell physio-
logical process and the internal relations between DEPs, 
GO and KEGG pathway enrichment analysis were per-
formed. All enrichment analyses were based on the 
Fisher’s exact test. The Benjamini-Hochberg correction 
multiple testing was performed to adjust the p-values. 
Only functional categories and pathways with p-values 
<0.05 were considered as significant.

Construction of PPI Network and 
Screening Hub Protein
The protein–protein interaction information of the studied 
proteins was retrieved from STRING software (http:// 
string-db.org/) by their gene symbols. The results were 
downloaded in the XGMML format and imported into 
Cytoscape software (http://www.cytoscape.org/,version 
3.2.1) to visualize and further analyze functional protein- 
protein interaction networks.19 Furthermore, the degree of 
each protein was calculated to evaluate the importance of 
the protein in the PPI network.

Identification by Western Blotting
According to the PPI network results, select the hub proteins 
from DEPs for WB verification. A549 cells in the logarithmic 
growth stage were divided into 2 groups: control group and 10 
μg/mL paclitaxel group. After 48 h, A549 cell proteins were 
collected and extracted with RIPA (Beijing Solarbio Science 
& Technology Co., Ltd.) lysis buffer containing 1 mM PMSF 
(Beijing Solarbio Science & Technology Co., Ltd.). Protein 
concentration was determined by BCA (Beijing Solarbio 
Science & Technology Co., Ltd.) method. Then 20ng protein 
samples each group were separated by SDS-PAGE and elec-
trotransferred onto PVDF membrane (Millipore, USA). The 
membranes were blocked with 5% skim milk for 1 h and 
incubated with primary antibodies overnight at 4°C. The 
following day, the membrane was washed three times with 
TBST (Beijing Solarbio Science & Technology Co., Ltd.), and 
incubated with secondary antibodies for 1 h at room tempera-
ture. At the last, the membrane was washed three times with 
TBST and the target bands were detected by ECL (Beijing 
Solarbio Science & Technology Co., Ltd.). GAPDH 
(Company ABclonal, Inc. Wuhan) was used as the internal 
control to normalize protein levels. The primary antibodies 
used in this study include CDK1 (Company ABclonal, Inc. 

Wuhan) and MCM5 (Company ABclonal, Inc. Wuhan). The 
secondary antibodies were from ABclonal too.

Results
Inhibitory Effect of Paclitaxel on A549 
Cell Proliferation
A549 cells were treated with various concentrations of pacli-
taxel (2.5 μg/mL, 5 μg/mL, 10 μg/mL, 20 μg/mL, 40 μg/mL) 
for 48 h and cell viability was determined using MTT assay. 
The proliferation inhibition rate was significantly increased 
with the increase of paclitaxel concentration in a significant 
dose-dependent manner. Whereas, paclitaxel treatment had 

Figure 1 The effects of paclitaxel on the viability of A549 cells were evaluated by 
using MTT assay. The values are expressed as the means ± SD, (n=5).

Table 1 Statistics of Protein Identification Results

Database Spectra 
(PSM)

Peptides Unique 
Peptides

Protein 
Groups

SwissProt 

human

100,388 41,635 37,764 5449

Notes: Database: database and species names; Spectra (PSM, Peptide Spectrum 
Match): number of spectra matched to the identified peptides; Peptides: total 
number of peptides identified; Unique Peptides: total number of unique peptides 
identified; Protein Groups: total proteins identified.
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a significant effect on reducing cell viability at concentrations 
higher than 10 μg/mL. At concentrations of 10 μg/mL, pacli-
taxel significantly attenuated the cell viability to 48.77% 
(Figure 1). Experiments were repeated three times including 
five technical replicates for each testing condition.

Protein Identification Results
In the 6-plex TMT-based quantitative proteomic studies, 
more than 5449 proteins were identified from the cell 
lysates of the Control and the Paclitaxel (10 μg/mL) 
groups. After statistical analysis, the protein identification 
results are presented in Table 1. For full lists of identified 
proteins and peptides see Supplementary Data 1 and 2.

Differentially Expressed Proteins 
Screening
To explore the DEPs between paclitaxel group and control 
group, we applied TMT to select potential targets with 
1.2-fold change differences as the screening criteria. The 

proteins with ratio values of more than 1.2-fold or less 
than 0.83-fold (P<0.05) were considered as differentially 
expressed proteins (DEPs). In paclitaxel group compared 
with control, 499 DEPs were identified, 281 (56.3%) of 
which were up regulated and 218 (43.7%) of which were 
down-regulated. The number of DEPs in Table 2. Table 3 
lists the top 20 up-regulated and Table 4 the identified 
down-regulated proteins. See Supplementary Data 3 for 
full lists of significantly changed DEPs.

Volcano Plot of the Quantified DEPs
Proteins expression difference fold change as the horizon-
tal axis and P value obtained from T-test as the vertical 
axis, which were used to map the volcano. Volcano plot 
showing the significant difference between the control and 
paclitaxel groups. The x-axis and y-axis represent log2 fold 
change (FC) of proteins and -log10 of the P-value, respec-
tively. In Figure 2 each dot represents a protein. Red dots 
indicate a significant difference (FC≥1.2 or ≤0.83, 
P<0.05), and the black dots stand for no significant 
difference.

Bioinformatics Analysis
Cluster Analysis of DEPs
In this study, hierarchical clustering was used to analyze the 
differential expression proteins in A549 cell lines treated 

Table 2 Statistical Results of DEPs

Comparisons Up- 
Proteins

Down- 
Proteins

All- 
Proteins

Paclitaxel vs 

Control

281 218 499

Table 3 Top 20 Up-Regulated Significant DEPs

Accession Protein Name Gene Name P value

Q9ULQ1 Two pore calcium channel protein 1 TPCN1 0.0000003

Q8WTV0 Scavenger receptor class B member 1 SCARB1 0.0000033

O00767 Acyl-CoA desaturase SCD 0.0000056
Q9Y2K6 Ubiquitin carboxyl-terminal hydrolase 20 USP20 0.0000145

Q9BUF5 Tubulin beta-6 chain TUBB6 0.0000250

P35052 Glypican-1 GPC1 0.0000868
P07437 Tubulin beta chain TUBB 0.0000873

P02794 Ferritin heavy chain FTH1 0.0001032

P68366 Tubulin alpha-4A chain TUBA4A 0.0001183
O95864 Acyl-CoA 6-desaturase FADS2 0.0001655

P46821 Microtubule-associated protein 1B MAP1B 0.0001677

Q96I36 Cytochrome c oxidase assembly protein COX14 COX14 0.0001694
Q13885 Tubulin beta-2A chain TUBB2A 0.0001922

P38571 Lysosomal acid lipase/cholesteryl ester hydrolase LIPA 0.0001937

P29317 Ephrin type-A receptor 2 EPHA2 0.0001970
P56134 ATP synthase subunit f, mitochondrial ATP5MF 0.0002362

Q9Y3A0 Ubiquinone biosynthesis protein COQ4 homolog, mitochondrial COQ4 0.0002520

P01023 Alpha-2-macroglobulin A2M 0.0002584
P00846 ATP synthase subunit a MT-ATP6 0.0002664

Q99595 Mitochondrial import inner membrane translocase subunit Tim17-A TIMM17A 0.0003269
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with paclitaxel, and the data were displayed in the form of 
heat map. As shown in Figure 3, the DEPs obtained through 
the standard screening with fold changes greater than 1.2 

times (P<0.05) can effectively separate the comparison 
group, thereby explaining the rationality of DEPs screening. 
In the clustering heat map, each row represents a protein, 

Table 4 Top 20 Down-Regulated Significant DEPs

Accession Protein Name Gene Name P value

P78347 General transcription factor II–I GTF2I 0.000001
P06493 Cyclin-dependent kinase 1 CDK1 0.000002

Q14527 Helicase-like transcription factor HLTF 0.000008

P61024 Cyclin-dependent kinases regulatory subunit 1 CKS1B 0.000008
O15347 High mobility group protein B3 HMGB3 0.000013

P11169 Solute carrier family 2, facilitated glucose transporter member 3 SLC2A3 0.000022

P33316 Deoxyuridine 5ʹ-triphosphate nucleotidohydrolase, mitochondrial DUT 0.000024
P16403 Histone H1.2 HIST1H1C 0.000026

P45973 Chromobox protein homolog 5 CBX5 0.000028
Q9NSV4 Protein diaphanous homolog 3 DIAPH3 0.000030

O14929 Histone acetyltransferase type B catalytic subunit HAT1 0.000033

P26358 DNA (cytosine-5)-methyltransferase 1 DNMT1 0.000056
Q9ULD2 Microtubule-associated tumor suppressor 1 MTUS1 0.000061

P02679 Fibrinogen gamma chain FGG 0.000072

Q8WVB6 Chromosome transmission fidelity protein 18 homolog CHTF18 0.000084
Q8TE67 Epidermal growth factor receptor kinase substrate 8-like protein 3 EPS8L3 0.000086

Q712K3 Ubiquitin-conjugating enzyme E2 R2 UBE2R2 0.000091

P39748 Flap endonuclease 1 FEN1 0.000100
Q86VW0 SEC14 domain and spectrin repeat-containing protein 1 SESTD1 0.000117

Q5T2W1 Na (+)/H (+) exchange regulatory cofactor NHE-RF3 PDZK1 0.000121

Figure 2 Volcano Plot of Differential Expression Analysis. In the log2(Z/K), Z represents Paclitaxel and K represents Control. The proteins with the largest and most 
statistically significant absolute fold-change between paclitaxel treatment and control are those at the upper left and right corners (red dots).
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and each column corresponds to a group of samples. The 
abscissa displays the samples and the ordinate represents 
significantly DEPs. Red represents significantly up- 
regulated proteins, blue represents significantly down 
regulated proteins, and white represents proteins without 
quantitative information. See Supplementary Figure 1 for 
a full-size image.

DEPs Gene Ontology Analysis
In this project, we use Blast2Go (http://www.blast2go. 
com/) software to annotate GO functions for all proteins 
identified.16 To characterize DEPs, the Gene Ontology 
(GO) terms including biological process (BP), molecular 
function (MF) and subcellular component (CC) were ana-
lyzed. The enrichment analysis of the DEPs was deter-
mined by Fisher’s exact test. P-values were calculated 
using Fisher’s exact test. As show in Figure 4, the color 
gradient represents the size of the p value; the color is 
from orange to red, and the nearer red represents the 
smaller the p value; the higher the significant level of 
enrichment of the corresponding GO annotation. The top 
20 GO terms ranked by the FDR value are listed in Table 
5. For full list of GO terms see Supplementary Data 4

The analysis results show that the 515 GO items 
involved in Biological Process (BP). It is mainly involved 
in important BP such as DNA-dependent DNA replication, 
DNA replication, DNA strand elongation involved in 
DNA replication, double-strand break repair via break- 
induced replication, and DNA replication initiation. The 
top 10 GO terms of Biological Processes in Table 6. See 
Supplementary Figure 2 for GO level 2 BP.

DEPs involved 125 GO terms in the Molecular Function 
(MF). It is mainly involved in MF such as oxidoreductase 
activity, oxidoreductase activity, acting on a heme group of 
donors, oxygen as acceptor, cytochrome-c oxidase activity, 
heme-copper terminal oxidase activity and oxidoreductase 
activity, acting on a heme group of donors and so on. The top 
10 GO terms of Molecular Function in Table 7. See 
Supplementary Figure 3 for GO level 2 MF.

In Cellular Component (CC), there are 123 GO items in 
total. They are mainly localized proteins such as intrinsic 
component of membrane, integral component of membrane, 
membrane part, mitochondrial membrane, and mitochondrial 
envelope. The top 10 GO terms of Cellular Component in 
Table 8. See Supplementary Figure 4 for GO level 2 CC.

GO enrichment analysis showed that the functions of 
these DEPs were mainly binding, catalytic activity, mole-
cular function regulator, transporter activity and structural 

molecule activity. These DEPs are mainly involved in 
important biological processes such as cellular process, 
metabolic process, biological regulation, regulation of bio-
logical process and cellular component organization or 
biogenesis.

Figure 3 Cluster analysis of 499 DEPs. Each row represents one protein, and each 
column represents one sample. Red represent significantly upregulated proteins, 
blue represent significantly downregulated proteins, and white represent no sig-
nificantly proteins.
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Paclitaxel Regulates Network Signaling 
Pathways in A549 Cells
Enrichment Analysis of KEGG Pathways for DEPs
KEGG pathway enrichment analysis of DEPs between the 
paclitaxel and control groups by Fisher’s exact test. A total 
of 31 pathways were enriched significantly P<0.05. These 
KEGG pathways were sorted in ascending order based on 
FDR value, and the top 5 most significantly enriched 
differentially were DNA replication, Steroid biosynthesis, 
Oxidative phosphorylation, Parkinson disease and 
Alzheimer disease. The top 20 enriched pathways are 
shown in Figure 5 and listed in Table 9. For full list of 
enriched KEGG pathways see Supplementary Data 5.

The Protein–Protein Interaction Network Analysis
To establish functional links among the DEPs, the PPI network 
was constructed using Cytoscape. The protein interaction 

network created 293 nodes and 2291 edges with an average 
node degree of 15.6, as shown in Figure 6. The PPI network 
demonstrated that CDK1 (P06493), MCM5 (P33992), MCM2 
(P49736), MCM3 (P25205), MCM4 (P33991) were the hub 
nodes of such protein-protein interaction. Most of these hub 
nodes are enriched in DNA replication pathway, especially the 
MCM proteins family. The top 20 hub proteins with the high-
est values of degree in Table 10.

Western Blot Verification
According to the results of PPI network analysis, CDK1 
(P06493) and MCM5 (P33992) were selected from the hub 
proteins, and their protein expression level was determined by 
Western Blot. Compared with the control group, the protein 
expression of CDK1 and MCM5 in the paclitaxel (10 μg/mL) 
treatment group were significantly down-regulated, as shown 
in Figure 7. The results of WB validation of the CDK1 and 
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Table 5 Top 20 GO Terms

GO ID Term P value FDR Rich Factor Category

GO:0031224 Intrinsic component of membrane 0.00000000 0.000000 0.147 CC
GO:0016021 Integral component of membrane 0.00000000 0.000001 0.147 CC

GO:0044425 Membrane part 0.00000000 0.000001 0.129 CC

GO:0006261 DNA-dependent DNA replication 0.00000000 0.000002 0.333 BP
GO:0006260 DNA replication 0.00000000 0.000002 0.276 BP

GO:0006271 DNA strand elongation involved in DNA replication 0.00000003 0.000034 0.714 BP

GO:0000727 Double-strand break repair via break-induced replication 0.00000005 0.000056 1.000 BP
GO:0006270 DNA replication initiation 0.00000008 0.000079 0.545 BP

GO:0016125 Sterol metabolic process 0.00000010 0.000084 0.328 BP
GO:0031966 Mitochondrial membrane 0.00000012 0.000091 0.168 CC

GO:0016491 Oxidoreductase activity 0.00000014 0.000094 0.174 MF

GO:0005740 Mitochondrial envelope 0.00000015 0.000094 0.164 CC
GO:0005743 Mitochondrial inner membrane 0.00000016 0.000094 0.183 CC

GO:0008203 Cholesterol metabolic process 0.00000021 0.000112 0.328 BP

GO:0006811 Ion transport 0.00000026 0.000132 0.170 BP
GO:1,902,652 Secondary alcohol metabolic process 0.00000028 0.000132 0.323 BP

GO:0044843 Cell cycle G1/S phase transition 0.00000032 0.000142 0.250 BP

GO:0042555 MCM complex 0.00000057 0.000240 1.000 CC
GO:0033260 Nuclear DNA replication 0.00000061 0.000240 0.412 BP

GO:0019866 Organelle inner membrane 0.00000068 0.000254 0.173 CC

Table 6 Top 10 GO-Enriched Terms of Biological Processes (BP)

GO ID Term P value FDR Rich Factor

GO:0006261 DNA-dependent DNA replication 0.0000000 0.000002 0.333

GO:0006260 DNA replication 0.0000000 0.000002 0.276
GO:0006271 DNA strand elongation involved in DNA replication 0.0000000 0.000034 0.714

GO:0000727 Double-strand break repair via break-induced replication 0.0000001 0.000056 1.000

GO:0006270 DNA replication initiation 0.0000001 0.000079 0.545
GO:0016125 Sterol metabolic process 0.0000001 0.000084 0.328

GO:0008203 Cholesterol metabolic process 0.0000002 0.000112 0.328

GO:0006811 Ion transport 0.0000003 0.000132 0.170
GO:1,902,652 Secondary alcohol metabolic process 0.0000003 0.000132 0.323

GO:0044843 Cell cycle G1/S phase transition 0.0000003 0.000142 0.250

Table 7 Top 10 GO-Enriched Terms of Molecular Function (MF)

GO ID Term P value FDR Rich Factor

GO:0016491 Oxidoreductase activity 0.0000001 0.000094 0.174

GO:0016676 Oxidoreductase activity, acting on a heme group of donors, oxygen as acceptor 0.0000027 0.000652 0.563

GO:0004129 Cytochrome-c oxidase activity 0.0000027 0.000652 0.563
GO:0015002 Heme-copper terminal oxidase activity 0.0000027 0.000652 0.563

GO:0016675 Oxidoreductase activity, acting on a heme group of donors 0.0000053 0.001012 0.529

GO:0003688 DNA replication origin binding 0.0000169 0.002537 0.533
GO:0022857 Transmembrane transporter activity 0.0000461 0.005257 0.175

GO:0005200 Structural constituent of cytoskeleton 0.0000815 0.007853 0.273

GO:0005215 Transporter activity 0.0000909 0.008539 0.165
GO:0060089 Molecular transducer activity 0.0000936 0.008692 0.200
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MCM5 were in accordance with the results of TMT 
proteomics.

Paclitaxel Significantly Up-Regulate 
Tubulins
Our results showed that the expression of tubulin TUBB6, 
TUBB, TUBA4A, TUBB2A in A549 cells treated with 
paclitaxel were significantly increased. And GO enrich-
ment analysis showed that one of the main functions of 

these differentially expressed proteins was binding. This is 
consistent with previous reports that paclitaxel is 
a microtubule stabilizer that can bind to β-tubulin to sta-
bilize microtubule polymers.20 In the study, these tubulins 
are involved in signaling pathways such as Gap Junction, 
Phagosome, Tight Junction, Apoptosis and Pathogenic 
Escherichia coli infection from the KEGG pathways ana-
lysis. The role of tubulins in these signaling pathways 
deserves further study.

Table 8 Top 10 GO-Enriched Terms of Cellular Component (CC)

GO ID Term P value FDR Rich Factor

GO:0031224 Intrinsic component of membrane 0.0000000 0.000000 0.147
GO:0016021 Integral component of membrane 0.0000000 0.000001 0.147

GO:0044425 Membrane part 0.0000000 0.000001 0.129

GO:0031966 Mitochondrial membrane 0.0000001 0.000091 0.168
GO:0005740 Mitochondrial envelope 0.0000002 0.000094 0.164

GO:0005743 Mitochondrial inner membrane 0.0000002 0.000094 0.183

GO:0042555 MCM complex 0.0000006 0.000240 1.000
GO:0019866 Organelle inner membrane 0.0000007 0.000254 0.173

GO:0070469 Respiratory chain 0.0000012 0.000396 0.288
GO:0043596 Nuclear replication fork 0.0000016 0.000494 0.526
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Paclitaxel Inhibits DNA Replication
Pathway enrichment analysis showed that DNA Replication 
signaling was a major down-regulated pathway in A549 cells 
treated with paclitaxel. Nodes with a higher degree are hubs 
of the PPI network. Many of the hub proteins were enriched 
in DNA replication pathway, such as CDK1, MCM2-7, 
PLOA1, FEN1, LIG1, etc., and the expression levels of 
these hub proteins were all significantly down-regulated. 
And WB results showed that the protein expression of 
CDK1 and MCM5 in the paclitaxel group were significantly 
decreased. These findings suggest that paclitaxel may induce 
A549 cancer cell death by inhibiting DNA replication path-
way. Figure 8 shows the details of the DNA replication 
pathway, where green is a significantly down-regulated pro-
tein and red is significantly up-regulated protein.

Paclitaxel Inhibits A549 Cell Cycle
Regulating cell cycle distribution is an effective way to 
treat the proliferation of lung adenocarcinoma cells. The 
results demonstrated that paclitaxel significantly inhibited 
the expression of cell cycle proteins, CDK1,2,4,6, PCNA, 
Orc1-6, Mcm2-7, Kip1,2, Cyc A, Cyc B and Cyc D when 
compared with the controls (P<0.05). Paclitaxel signifi-
cantly inhibited the cell cycle pathway of A549 cells, 
thereby contributing to anti-cancer effect. Figure 9 shows 
the details of the Cell Cycle pathway, where green is 

a significantly down-regulated protein and red is signifi-
cantly up-regulated protein. All KEGG pathway figures 
from https://www.kegg.jp/kegg/.58

Discussion
Taken together, we applied TMT label-free quantitative 
proteomics approach to investigate the proteomic changes 
in A549 cells treated with paclitaxel, which led to the 
identification of 499 DEPs. Through bioinformatics analy-
sis of these DEPs, revealed the molecular mechanism of 
paclitaxel in treating lung adenocarcinoma A549 cell and 
found several important proteins and pathways.

The microtubules are major components of the cytoske-
leton, which are composed of α- and β-tubulin dimers. 
Microtubules are highly dynamic structures, and play essen-
tial roles in important biological processes such as sister 
chromatid separation, cell motility, cell migration, cell 
shape maintenance, intracellular transport and signal 
transduction.21,22 Paclitaxel is a tubulin stabilizer, which 
can bind to β-tubulin subunits of microtubules, enhance 
microtubules stability, inhibit microtubule dynamics, cause 
tumor cell growth stagnation in G2-M phase, and promote 
subsequent cell death.23–25 It is precisely because paclitaxel 
inhibits microtubule dynamics that in turn inhibits many of 
the above biological processes. In our study, the expression 
levels of these tubulins were significantly increased, such as 

Table 9 Top 20 Most Enriched KEGG Pathways

Map ID Map Name P value FDR Rich Factor

hsa03030 DNA replication 0.000000 0.000000 0.56
hsa00100 Steroid biosynthesis 0.000000 0.000004 0.71

hsa00190 Oxidative phosphorylation 0.000005 0.000456 0.24

hsa05012 Parkinson disease 0.000017 0.001146 0.23
hsa05010 Alzheimer disease 0.000156 0.008428 0.21

hsa04540 Gap junction 0.000202 0.008428 0.29

hsa04932 Non-alcoholic fatty liver disease (NAFLD) 0.000217 0.008428 0.22
hsa04115 p53 signaling pathway 0.000318 0.010805 0.35

hsa04714 Thermogenesis 0.000414 0.012518 0.18
hsa05016 Huntington disease 0.000510 0.013877 0.19

hsa00983 Drug metabolism - other enzymes 0.000658 0.016165 0.29

hsa04145 Phagosome 0.000713 0.016165 0.23
hsa04260 Cardiac muscle contraction 0.000847 0.017713 0.29

hsa04610 Complement and coagulation cascades 0.000981 0.019064 0.37

hsa05150 Staphylococcus aureus infection 0.001828 0.033144 0.45
hsa04110 Cell cycle 0.002149 0.036539 0.22

hsa03430 Mismatch repair 0.005506 0.088101 0.32

hsa00592 Alpha-Linolenic acid metabolism 0.006632 0.097556 0.60
hsa00240 Pyrimidine metabolism 0.006815 0.097556 0.25

hsa01524 Platinum drug resistance 0.010000 0.136000 0.24
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TUBB6, TUBB, TUBA4A and TUBB2A. Combined with 
bioinformatics analysis, they participated in signaling path-
ways such as Gap Junction, Phagosome, Tight Junction, 
Apoptosis and Pathogenic Escherichia coli infection. Thus, 
tubulins and these pathways deserve further study in depth.

DNA replication is essential for cell proliferation, and 
several proteins involved in the pathway were inhibited. The 
minichromosome maintenance complex (MCM) family 
plays an important role in DNA replication. The MCM2-7 
hexamer complex is the core of the replication helicase and is 

highly conserved.26,27 In G1-phase, MCM2-7 hexamer is 
loaded to the origin of DNA replication, forming a stable 
inactive dihexamer, which is an important part of the pre- 
replication complex (pre-RC).28,29 In eukaryotes, CDC45, 
the MCM2-7 helicase and GINS proteins form the CMG 
complex.30 The formation of CMG complex is promoted 
by phosphorylation of Dbf4-dependent protein kinase 
(DDK) and cyclin kinase (CDK), at the onset of S-phase.31 

CMG is an active replication helicase that unwinds double- 
stranded DNA at the replication fork.32 The activated CMG 

Figure 6 Protein–protein interaction network consisting of 499 DEPs.
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uncouples the DNA double strand to facilitate loading of 
replication factors (such as DNA polymerase α/δ/ɛ).33 The 
MCM has the function of recruiting replication factors and 
can promote the replication forks.34,35 After DNA replica-
tion, the MCM2-7 complex gradually dissociated from chro-
matin to prevent DNA replication again.36

Cyclin-dependent kinase CDK1, an important player in 
the DNA replication pathway, was significantly down- 
regulated (Top 2) in our study. And CDK1 has the highest 
degree among the hub proteins in the PPI network. In 
different cell cycles, CDKs have different activities.37 In 
G1 phase, CDK is inactive, after entering S phase, CDK 
activity increases, and worked synergistically with DDK to 
activate the CMG complex.38 In eukaryotes, DNA replica-
tion starts simultaneously at multiple sites to accelerate 
large genome replication.39 CDK1 can promote the pro-
gress of DNA replication forks and prevent stagnation. 

Inhibition of CDK1 will cause the replication forks to 
stagnate or slowdown.40 Indeed, CDK1 is essential for 
DNA replication. So, it may be useful as a novel target 
of therapeutic modalities for lung adenocarcinoma.

After paclitaxel treatment, almost all proteins in the cell 
cycle pathway were inhibited. Some proteins are involved in 
both the DNA replication pathway and the cell cycle signal-
ing pathway, such as CDKs, PCNA, MCM2-7, etc. CDKs are 
crucial for cell proliferation, and their activities regulate cell 
cycle. PCNA (Proliferating Cell Nuclear Antigen) is asso-
ciated with tumor growth and progression.41 It is reported 
that DNA replication and cell cycle progression are 
coupled.42 Additionally, we speculated that there might be 
crosstalk between the DNA replication signaling and cell 
cycle signaling pathways.

TPCN1 (Two pore calcium channel protein 1) levels were 
significantly up-regulated after paclitaxel treatment in A549 
cells. TPC (TPCN for gene name) is a member of the voltage- 
gated ion channel superfamily, which is located on the lyso-
some of the acidic organelle.43,44 There are three subtypes of 
TPC1, TPC2 and TPC3. Humans only express TPC1 and 
TPC2, forming Ca2+ channels in the form of dimers.45,46 In 
our study, TPCN1 was enriched in Calcium signaling pathway. 
TPC can regulate the whole or local intracellular Ca2+ 

concentration.43,47 Intracellular Ca2+ has been known to play 
critical roles in regulating tumorigenesis, cell proliferation, 

Table 10 The Top 20 Hub Proteins with the Highest Values of Degree

No. Accession Protein Name Gene Name Degree

1 P06493 Cyclin-dependent kinase 1 CDK1 49
2 P33992 DNA replication licensing factor MCM5 MCM5 41

3 P49736 DNA replication licensing factor MCM2 MCM2 40

4 P25205 DNA replication licensing factor MCM3 MCM3 38
5 P33991 DNA replication licensing factor MCM4 MCM4 37

6 P12004 Proliferating cell nuclear antigen PCNA 37

7 P33993 DNA replication licensing factor MCM7 MCM7 34
8 P52732 Kinesin-like protein KIF11 KIF11 34

9 Q9BPX3 Condensin complex subunit 3 NCAPG 33
10 O95347 Structural maintenance of chromosomes protein 2 SMC2 33

11 P31350 Ribonucleoside-diphosphate reductase subunit M2 RRM2 33

12 Q14566 DNA replication licensing factor MCM6 MCM6 30
13 P09884 DNA polymerase alpha catalytic subunit POLA1 30

14 P23921 Ribonucleoside-diphosphate reductase large subunit RRM1 28

15 O43663 Protein regulator of cytokinesis 1 PRC1 28
16 Q9NTJ3 Structural maintenance of chromosomes protein 4 SMC4 27

17 P49642 DNA primase small subunit PRIM1 27

18 O75717 WD repeat and HMG-box DNA-binding protein 1 WDHD1 27
19 P39748 Flap endonuclease 1 FEN1 24

20 P18858 DNA ligase 1 LIG1 23

GAPDH

CDK1

GAPDH

MCM5

Figure 7 Western Blot Verification of CDK1 and MCM5. The protein 
expression of CDK1 and MCM5 were significantly down-regulated when A549 
treated with 10μg/mL paclitaxel.
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migration, and apoptosis.48–50 Several studies reported high 
expression of TPC1 in breast cancer, bladder cancer, and liver 
cancer, etc.51,52 When knocking down TPC1 or inhibiting 
TPC1 activity, it can inhibit cancer cell migration.53 Thus, 
TPCN1 may represent a molecular target for lung adenocarci-
noma, and deserve future exploration.

After enrichment analysis, the oxidative phosphoryla-
tion pathway is significant. In this pathway, 113 proteins 

were significantly affected, of which 84 were down- 
regulated and 29 were up-regulated. In human cells, oxi-
dative phosphorylation and glycolysis are the two primary 
metabolic pathways responsible for ATP production. Most 
cancer cells have been reported to obtain 70–90% of their 
ATP from oxidative phosphorylation, and the rest is pro-
duced by glycolysis.54,55 In breast cancer and liver cancer 
cells, graphene can inhibit migratory and invasion abilities 

Figure 8 The DNA Replication Pathway from the KEGG Pathway hsa03030. Red box indicates up-regulation; green box indicates down-regulation; white indicates no 
significant change. The darker the color, the greater the statistical significance.
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by suppressing the oxidative phosphorylation pathway.56 

However, PGC-1α activates mitochondrial oxidative phos-
phorylation to promote cell metastasis, in breast epithelial 
cancer cell 4T1.57 Taken together, we believe that the 
oxidative phosphorylation pathway plays an important 
role in the development of lung adenocarcinoma. 
However, whether paclitaxel can inhibit the oxidative 
phosphorylation pathway needs further verification. 
Oxidative phosphorylation is essential for all human 
cells. Unless specific cells can be targeted, it is not appro-
priate to inhibit oxidative phosphorylation pathway to treat 
cancer.

Conclusion
In this study, we combined TMT proteomics technology 
with bioinformatics to screen out the differential expres-
sion proteins from lung adenocarcinoma cell A549 treated 

with paclitaxel. These findings may provide useful path-
ways and key target proteins for the treatment of lung 
adenocarcinoma, and provide some basis for understand-
ing the molecular mechanism of paclitaxel for lung 
adenocarcinoma.

In summary, paclitaxel promoted the death of lung 
adenocarcinoma cell A549 by the following points. First, 
tubulin TUBB, TUBB2A, TUBA4A, TUBB6 were signif-
icantly up-regulated. Paclitaxel, as a microtubule stabili-
zer, combined with tubulin to inhibit microtubule 
dynamics. Second, paclitaxel inhibited the DEPs in DNA 
replication pathway and the cell cycle pathway. In addi-
tion, these findings suggest that CDKs, MCMs and PCNA, 
etc., may be potential therapeutic targets of lung adeno-
carcinoma A549. These hub proteins and pathways effec-
tively provide direction and ideas, which are worthy of 
further research and verification.

Figure 9 The Cell Cycle Pathway from the KEGG Pathway hsa04110.
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