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Abstract
Non-small-cell lung cancer (NSCLC), with its aggressive biological behavior, is one 
of the most diagnosed cancers. Tumor-associated inflammatory cells play important 
roles in the interaction between chronic inflammation and lung cancer, however the 
mechanisms involved are far from defined. In the present study, by developing an 
orthotopic NSCLC mouse model based on chronic inflammation, we proved that an 
inflammatory microenvironment accelerated the growth of orthotopic xenografts in 
vivo. Tumor-associated macrophages, the most abundant population of inflamma-
tory cells, were identified. Treatment with macrophage-conditioned medium (MCM) 
promoted the growth and migration of NSCLC cells. Using bioinformatics analysis, 
we identified downregulated PP2Ac expression in NSCLC cells upon treatment with 
MCM. We further confirmed that this downregulation was executed in an NF-κB 
pathway-dependent manner. As IκB kinase (IKK) has been proved to be a substrate of 
PP2Ac, inhibition on PP2Ac could result in amplification of NF-κB pathway signaling. 
Overexpression of PP2Ac, or the dominant-negative forms of IKK or IκB, attenuated 
the acceleration of growth and metastasis by MCM. Using bioinformatics analysis, we 
further identified that CXCL1 and COL6A1 could be downstream of NF-κB/PP2Ac 
pathway. Luciferase assay and ChIP assay further confirmed the location of response 
elements on the promoter regions of CXCL1 and COL6A1. Elevated CXCL1 facilitated 
angiogenesis, whereas upregulated COL6A1 promoted proliferation and migration.
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1  | INTRODUC TION

The incidence of lung cancer among all cancers is the second high-
est with rates of 14% and 13% in males and females respectively.1 
Non-small-cell lung cancer (NSCLC) is the most common type of 
cancer affecting the lungs accounting for approximately 85% of all 
lung cancer cases.1-3 NSCLC is a highly invasive tumor with the char-
acteristics of dysregulation of apoptosis, uncontrolled cell prolifer-
ation, invasion, angiogenesis, and metastasis.4,5 Despite the recent 
advances in lung cancer researches, the 5-y survival rate of patients 
with NSCLC is still only c. 18%.1

Clinical epidemiological studies showed a strong correlation 
between chronic inflammation and cancer.4,6,7 In addition, 20% of 
cancers are associated with chronic infections.8 Recently, a variety 
of studies have demonstrated a close connection between inflam-
matory infiltration and the development of lung cancer.5 However, 
the mechanisms involved are still far from being defined.

Inflammatory cells play an important role in the interaction be-
tween chronic inflammation and lung cancer.9Inflammatory cells 
provide multifunctional molecules into the tumor microenvironment, 
including growth factors, pro-angiogenic factors, and extracellular 
matrix-modifying enzymes, which can maintain proliferative signals 
or restrict apoptosis, promote angiogenesis, invasion, epithelial-
mesenchymal transition (EMT) activation, and metastasis.10-12

A previous study has demonstrated that, in the presence of 
macrophage-conditioned medium (MCM), breast cancer cells be-
came detached and acquired an EMT-like morphology, which oc-
curred during metastasis.13 Macrophages, which are the major 
population of tumor-associated inflammatory cells, have 2 distinct 
phenotypes: Ml and M2.14 M1 is associated with a better prognosis 
of NSCLC and is related to anti-tumor behaviors.15 M2, also termed 
as tumor-associated macrophages (TAMs),16 is the most common 
phenotype that promotes tumor growth, angiogenesis, invasion, 
and metastasis.15 TAMs are prominent type of inflammatory cells in 
many tumors and can infiltrate tumors at an early stage of cancer 
development. Previous studies have demonstrated that TAMs can 
promote the growth and metastasis of cancer cells.13,17

In the present study, using in vivo and in vitro models, we inves-
tigated the mechanisms involved in the progression of NSCLC driven 
by TAMs.

2  | MATERIAL S AND METHODS

2.1 | Patients and tissue samples

The study material was obtained from 58 patients with lung can-
cer whose tissue samples were available (mean age 57 y, range 32-
78 y) and who were treated between January 2010 and July 2017 
at the First Affiliated Hospital of Soochow University. All human 
tissue samples were obtained and handled in accordance with an 
approved Institutional Review Board application (the Committee on 
Medical Ethics, the First Affiliated Hospital of Soochow University). 

Patients received systemic therapy in accordance with National 
Comprehensive Cancer Network lung cancer clinical practice guide-
lines and were followed regularly. Prognostic analyses were per-
formed regarding overall survival (OS).

2.2 | Reagents

TGF-β, IL-6, IL-8, and CXCL1 were purchased from PeproTech. 
Okadaic acid (OA), SP600125, PD98059, GF109203X, Bay-11-7082, 
and BIRB796 were purchased from Enzo Life Science International. 
IL-4 was purchased from PeproTech. TGF-β neutralizing antibody 
(MAB1835, R&D Systems), IL-6 neutralizing antibody (MAB206, 
R&D Systems), IL-1b neutralizing antibody (MAB601, R&D Systems) 
were purchased from R&D Systems.

2.3 | Immunohistochemistry

All resection specimens were fixed in 10% buffered formalin and 
paraffin embedded by routine processing. Sections were obtained at 
3-μm thickness, heated at 60°C for 30 min, deparaffinized, and hy-
drated through a series of xylene and alcohol baths before staining. 
The slides were microwaved with antigen retrieval solution (citrate 
buffer, pH 6.0, containing 0.3% trisodium citrate and 0.04% citric 
acid) for 5 min. After replenishment of the solution, the slides were 
microwaved again for 5  min and then allowed to cool for 20  min. 
The sections were then rinsed in PBS and immersed in 3% H2O2 for 
15  min to block endogenous peroxidase. Thereafter, the sections 
were incubated with 10% BSA at room temperature for 60 min to 
block nonspecific antibodies. Immunohistochemical staining was 
performed with rabbit anti-CD163 antibody (ab87099; Abcam), rab-
bit anti-Ki67 antibody (ab15580; Abcam), rabbit anti-CD34 antibody 
(ab81289; Abcam), rabbit anti-PP2Ac antibody (ab32141; Abcam), or 
rabbit anti-phosphorylated IKK (S176, ab138426; Abcam) at room 
temperature for 1 h. After 20-min incubation with the correspond-
ing secondary antibodies, the bound complex was visualized using a 
SuperPicture Polymer Detection kit (no. 87-8963; Invitrogen).

2.4 | Microvessel density (MVD) evaluation

Angiogenesis vascularity was defined as the number of vessels 
per field counted in the area of highest vascular density, termed 
as microvessel density (MVD). Endothelial cells were marked with 
anti-CD34 antibody. CD34 antigen was localized in the cytoplasm 
and cellular membrane of vascular endothelial cells. Single en-
dothelial cells, endothelial cell clusters, and microvessels in the tu-
mors, clearly separated from adjacent microvessels, were counted. 
Peritumoral vascularity and vascularity in areas of necrosis were 
not scored. A vascular lumen was not a requirement for a struc-
ture to be counted as a microvessel. Branching structures were 
counted as 1, unless there was a break in the continuity of the 
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vessel, in which case it was counted as 2 distinct vessels. Areas 
with a higher density of CD34+ cells and cell clusters relative to 
adjacent areas were classified as ‘hot spots.’ The slides were ini-
tially screened at low power to identify the areas with the high-
est number of microvessels or vascularity hot spots. Microvessels 
were counted in ×400 magnification fields. MVD was defined as 
the number of manually counted vessel profiles per mm2 taken as 
the average from the 3 hot-spot counts.

2.5 | Orthotopic xenograft nude mouse model

Here, 4-wk-old female BALB/c athymic nude mice (SLAC Laboratory 
Animal Co. Ltd, Shanghai, China) were maintained in a specific room 
that was climate controlled, with food and water, and on a 12 h/12 h, 
light/dark cycle. Mice were allowed to adapt to the housing facili-
ties for 7 d before any experimental procedures were begun. All 
protocols were approved by the animal use and care committee of 
Soochow University. Chronic pneumonia was established by injec-
tion of porcine pancreatic elastase (PPE). PPE (Solarbio) was dis-
solved in 0.9% normal saline. The mice were anesthetized and an 
incision of the neck skin was made. Then 3.75 units of PPE in 50 μL 
solvent was injected into the main trachea.

At 2 wk after PPE injection, NSCLC cells (5  ×  106) in 100  µL 
Matrigel (Becton Dickinson) were injected into the left lungs of nude 
mice. At 5 wk later, the mice were anesthetized and given d-luciferin 
in PBS. At 20  min after d-luciferin injection, bioluminescence was 
imaged with a charge-coupled device camera (IVIS; Lumina II, 
PerkinElmer). Then, the lung and tumor tissues were stripped, for-
malin fixed, and paraffin embedded.

2.6 | Subcutaneous xenograft nude mouse model

NSCLC cells were injected subcutaneously into nude mice in a total 
volume of 100 μL (5 × 106 cells) and the mice were assigned doxy-
cycline (4 mg/mL) treatment, which was conducted twice a week. At 
the end of the experiment, the mice were anesthetized. Then, the 
tumors were resected, formalin fixed, and paraffin embedded.

2.7 | Cells culture

The human NSCLC cell lines H292 and H1650, and the human 
monocytic leukemia cell line THP-1 were purchased from the 
ATCC. Cells were maintained in RPMI-1640 medium (Gibco). 
Medium was supplemented with 10% FBS (Gibco), 100 U/mL peni-
cillin, and 100 mg/mL streptomycin at 37°C in a 5% CO2 in air in-
cubator with a humidified atmosphere. The cells were passaged 
every 2-3 d to maintain exponential growth. Mouse macrophage 
RAW264.7 cells were purchased from the ATCC and were main-
tained in DMEM (Gibco). Medium and culture conditions were the 
same as described earlier.

2.8 | Macrophage preparation and culture

THP-1 cells were seeded and cultured in RPMI-1640 medium sup-
plemented with 160 nmol/L PMA and 10% FBS. After 24 h, activated 
macrophage-like THP-1 cells were further cultured in medium sup-
plemented with 40  ng/mL human macrophage colony-stimulating 
factor (MCSF; PeproTech Inc). Cells were allowed to differentiate for 
7 d in the presence of MCSF. On day 7, fresh medium without MCSF 
was added to the cells, and the cells were cultured for another 48 h. 
The culture medium was collected, centrifuged, stored in aliquots at 
−80°C, and defined as MCM. RAW264.7 were seeded and cultured 
in DMEM medium supplemented with 10 ng/mL IL-4 and 10% FBS. 
After 24 h, fresh medium without IL-4 was added to the cells, and 
the cells were cultured for another 48 h. The culture medium was 
collected, centrifuged, stored in aliquots at −80°C, and defined as 
mouse MCM.

2.9 | Methyl thiazolyl tetrazolium (MTT) assay

Cells growth was evaluated using an MTT assay. Briefly, 5 × 104 cells 
per well were inoculated onto 24-well plates. After treatments for 
various periods of time, MTT (Sigma) was added to each well at a final 
concentration of 0.5 mg/mL. The mixture was incubated at 37°C for 
6 h. The medium was then removed, and 800 μL DMSO (Sigma) was 
added to each well. Absorbance was measured at 490 nm using a 
microplate reader (Thermo Fisher Scientific). Relative cell viability 
was calculated as follows: relative cell viability = (mean absorbance 
of the test wells/mean absorbance of the control wells) × 100%.

2.10 | Wound healing assay

Cells (1  ×  104/well) were seeded into 6-well plates and grown to 
confluency. The monolayer culture was artificially scraped wounded 
with a sterile micropipette tip to create a denuded zone of con-
stant width. Each well was washed with PBS twice to remove the 
detached cells. Cell migration to the wounded region was observed 
using an XDS-1B inverted microscope (MIC Optical and Electrical 
Instrument, Chongqing, China) and photographed (×40 magnifica-
tion). Images were captured at 0, 4, 8, 12, 16, 20 and 24 h to monitor 
the wound healing process. The wound areas were measured using 
ImageJ software (NIH).

2.11 | Bioinformatics analysis

The enrichment of immune cell subpopulations was analyzed in 
19 solid tumors using a web-accessible relational database TCIA 
(https://tcia.at/), which provided the results of comprehensive im-
munogenomic analyses of next-generation sequencing (NGS) data. 
Macrophages and others immune cell types were identified using 
single sample Gene Set Enrichment Analysis (ssGSEA) and the 

https://tcia.at/
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deconvolution method, to determine the expression of predefined 
immune subsets that were overrepresented in the tumor microenvi-
ronment. The gene expression profiles GSE9315 found after MCM 
treatment in NSCLC cells were retrieved from the GEO database 
(https://www.ncbi.nlm.nih.gov/geo/) for analysis. The selection cri-
terion was defined as a more than 1.5-fold difference in the level of 
expression. A heat map of differentially expressed genes (DEGs) was 
generated using the online tool Functional Enrichment Analysis Tool 
(FunRich) (http://www.funri​ch.org/). The Database for Annotation, 
Visualization, and Integrated Discovery (DAVID) (https://david.
ncifc​rf.gov/) and FunRich were used to annotate input genes, clas-
sify gene functions, identify gene conversions, and carry out Gene 
Ontology (GO) term analysis. The Kyoto Encyclopedia of Genes and 
Genomes (KEGG) pathway database (http://www.genome.jp/kegg/
pathw​ay.html) was used for pathway analysis and mapping. A P 
value < .05 was set as the cut-off criterion. Assessment and integra-
tion of protein-protein interactions (PPI) were performed using the 
STRING database (http://strin​g-db.org/). A combined score  >  0.4 
was set as the cut-off criterion. The network constructed by STRING 
was visualized using Cytoscape software (http://cytos​cape.org/).

2.12 | Western blot analysis

Total protein was extracted using a lysis buffer containing 50 mmol/L 
Tris-HCl (pH 7.4), 150 mmol/L NaCl, 1% Triton X-100, 0.1% sodium 
dodecyl sulfate (SDS), 1 mmol/L EDTA, protease inhibitors (10 mg/
mL leupeptin, 10 mg/mL aprotinin, 10 mg/mL pepstatin A, 1 mmol/L 
4-[2-aminoethyl] benzenesulfonyl fluoride), and phosphatase inhibi-
tors (1 mmol/L NaF, 1 mmol/L Na3VO4). Protein extracts were sepa-
rated using 10% SDS-polyacrylamide gel electrophoresis (PAGE) and 
were transferred to nitrocellulose filter (NC) membranes. After 1 h 
blocking in 5% non-fat milk, the membranes were incubated over-
night at 4°C with rabbit anti-PP2Ac antibody (ab32141; Abcam), rab-
bit anti-phosphorylated IKK antibody (Ser 176/180, Cell Signaling 
Technology), rabbit anti-IKK antibody (Cell Signaling Technology), 
mouse anti-phospho-IκB antibody (Ser 32/36, Cell Signaling 
Technology), rabbit anti-IκB antibody (Cell Signaling Technology), 
or mouse anti-β-actin antibody (Santa Cruz Biotechnologies). 
Protein expression was determined using horseradish peroxidase-
conjugated antibodies followed by ECL (Millipore) detection. β-Actin 
was used as the internal control.

2.13 | Real-time PCR

Total RNA was extracted using TRIzol reagent (Invitrogen) in ac-
cordance with the manufacturer's protocol. After spectropho-
tometric quantification, 1 μg total RNA in a final volume of 20 μL 
was used for reverse transcription with PrimeScript RT Reagent kit 
(TaKaRa) in accordance with the manufacturer's protocol. Aliquots 
of cDNA corresponding to equal amounts of RNA were used for 
quantification of mRNA by real-time PCR using the Light Cycler 

96 Real-time Quantitative PCR Detection system (Roche). The 
reaction system (13  μL) contained the corresponding cDNA, for-
ward and reverse primers, and the SYBR Green PCR master mix 
(Roche). All data were analyzed using B2M gene expression as an 
internal standard. The specific primers were as follows: B2M, for-
ward, 5′-TCAAGAAGGTGGTGAAGCAG-3′, reverse, 5′-AAGGTGG  
AGGAGTGGGTGTC-3′, product, 112 bp; PP2Acα, forward, 5′-CGC  
CAGAAGTACACGAGGAAC-3′, reverse, 5′-CGTTGGATTCTTTTGT  
CAGGATTT-3′, product, 240 bp; PP2Acβ, forward, 5′-GGGAAACCT  
GCCTTTGTAT-3′, reverse, 5′-CATCATTAGTATGGCACATTTGGTC-3′,  
product, 156  bp; PP2Ac, forward, 5′-GTTCACCAAGGAGCTGG  
ACCA-3′, reverse, 5′-CATGCACATCTCCACAGACAGTAAC-3′, prod-
uct, 164 bp; CXCL1, forward, 5′-CACCCCAAGAACATCCAAAGT-3′, 
reverse, 5′-CCTTCAGGAACAGCCACCA-3′, product, 210  bp; COL  
6A1, forward, 5′-ATCTTCGTGGTGGTGGTCATAA-3′, reverse, 5′-TG  
GAGGACAGGGTTTGGTG-3′, product, 354  bp. F4/80, forward, 
5′-CTTCCTGCTGTGTCGTGCTGTT-3′, reverse, 5′-GCCGTCTGGTT  
GTCAGTCTTGT-3′, product, 123 bp. CD86, forward, 5′-GGTCACA  
GCAGAAGCAGCCAAA-3′, reverse, 5′-TTCAGAGGAGCAGCACCA  
GAGA-3′, product, 102 bp. CD163, forward, 5′-CTGGACTGTGGCG  
TGGCAATT-3′, reverse, 5′-GCTTCGTTGGTCAGCCTCAGAG-3′, 
product, 212 bp.

2.14 | Construction of overexpression plasmid and 
lentivirus preparation

A lentiviral Tet-ON advanced inducible expression system was used 
for doxycycline (Dox)-dependent gene regulation and contained 
a regulator vector pLVX-Tet-On Advanced and a response vector 
pLVX-Tight-Puro (provided by Shanghai Taitool Bioscience Co. Ltd.). 
Vectors containing coding sequences (CDS) of a dominant-negative 
mutant form of IKKα (DN-IKKα, S176/180A), a dominant-negative 
mutant form of IκBα (DN-IκBα, S32/36A), and wild-type PP2Acα 
(WT-PP2Acα) have been described previously (PMID: 21376459, 
PMID: 21958460).18,19 The CDSs were PCR amplified and subcloned 
into the response vector pLVX-Tight-Puro. To produce separate 
regulator and response lentiviral supernatants, HEK293T cells and 
the Lenti-X HTX Packaging System were used to generate high-titer 
lentiviral supernatants from the pLVX-Tet-On Advanced Vector and 
from the pLVX-Tight-Puro Vector, which contained the gene of inter-
est, following the protocol in the Lentiviral Packaging Kit (Cat. No. 
632162, Clontech Laboratories, Inc). Target cells were then simul-
taneously co-transfected with the 2 lentiviruses. After culturing for 
48-72 h, the cells are harvested for analysis.

2.15 | RNA interference and generation of stably 
knockdown cell lines

The sequences of small hairpin RNAs (shRNAs) against human 
CXCL1 (①. 5′-GCGGAAAGCTTGCCTCAAT-3′, ②. 5′-GATGCTGAAC 
AGTGACAAA-3′, ③. 5′-GGTATGATTAACTCTACCT-3′, ④. 5′-GCAC 

http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE9315
https://www.ncbi.nlm.nih.gov/geo/
http://www.funrich.org/
https://david.ncifcrf.gov/
https://david.ncifcrf.gov/
http://www.genome.jp/kegg/pathway.html
http://www.genome.jp/kegg/pathway.html
http://string-db.org/
http://cytoscape.org/
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ACTGTCCTATTATAT-3′) or COL6A1 (①. 5′-CCAAGCGCTTCATCG 
ACAA-3′, ②. 5′-CCAAGGACTTCGTCGTCAA-3′, ③. 5′-GCTGGTCA 
AGGAGAACTAT-3′, ④. 5′-GCATTGGCCTGCAGAACTT-3′, ⑤. 
5′-CCTGCAGAACTTCGAGATT-3′) were cloned into the pLenti-
hU6-shRNA-PuroR plasmid (Shanghai Taitool Bioscience Co. Ltd.), 
which encodes an HIV-derived lentiviral vector containing a multiple 
cloning site for insertion of shRNA constructs to be driven by an 
upstream U6 promoter. A negative control vector containing the se-
quence 5′-TTCTCCGAACGTGTCACGT-3′ was used.

2.16 | Luciferase reporter assay

The NF-κB binding motifs in the promoter regions of CXCL1 and 
COL6A1 were identified using the JASPAR database (http://jaspar.
gener​eg.net/). Different fragment sequences were synthesized by 
General Biosystems Co. Ltd. and then inserted into a pGL3-basic 
vector (Promega). All vectors were verified by sequencing, and their 
luciferase activities were assessed using the Dual-luciferase Assay 
Kit (Promega), in accordance with the manufacturer's instructions. 
Briefly, cells were first transfected with appropriate plasmids in 24-
well plates. Next, the cells were collected and lysed for luciferase 
assay 36  h after transfection. The relative luciferase activity was 
normalized to Renilla luciferase activity.

2.17 | Chromatin immunoprecipitation assays

Chromatin immunoprecipitation (ChIP) assays were performed using 
the EZ-ChIP kit in accordance with the manufacturer's instruc-
tions (Millipore). Briefly, the collected and resuspended cells were 
crosslinked with 1% formaldehyde at 37°C for 10 min and quenched 
with glycine for 5 min. Cells were then washed with cold PBS twice 
and resuspended in lysis buffer on ice for 10 min. Crosslinked DNA 
was sheared into 200-1000 base pair (bp) fragments by sonication. 
After centrifugation, the supernatant containing sheared crosslinked 
chromatin and protein G Agarose beads was incubated with anti-
NF-κB p65 mouse antibody (Santa Cruz Biotechnology) or normal 
mouse immunoglobulin G (IgG, Santa Cruz Biotechnology) at 4°C 
overnight with rotation for immunoprecipitation. The DNA/anti-
body/agarose bead complexes were washed and eluted with elu-
tion buffer. Purified chromatin DNA samples were measured with 
primers for the promoters of CXCL1 or COL6A1 by real-time PCR 
using the Light Cycler 96 Real-time Quantitative PCR Detection 
system (Roche) in accordance with the protocol for the EZ-ChIP kit 
(Millipore).

2.18 | Tube formation assay for 
angiogenesis evaluation

For basement membrane reconstitution, Matrigel (BD Biosciences) 
was diluted 2-fold with cold DMEM (without FBS) and added to 

96-well plates at 4°C. The plates were incubated for 2 h in a 37°C cell 
culture incubator to allow the Matrigel to solidify. Carboxyfluorescein 
diacetate succinimidyl ester (Beyotime)-labeled HUVECs were 
trypsinized, counted, resuspended in basal medium, and added on 
top of the reconstructed basement membrane (5 × 104 cells/well). 
After 4-12 h, the formed networks were photographed and analyzed 
using Image-Pro Plus software (Media Cybernetics) to calculate the 
area of the network. Endotubes were quantified by counting 9 ran-
dom fields/sample under a microscope (×40 magnification).

2.19 | Statistical analysis

Each experiment was performed in at least triplicate. Statistical anal-
ysis was performed using SPSS 16.0 software (SPSS Inc). Chi-square 
tests were used to compare Ki67, MVD, and CD163. Kaplan-Meier 
curves were constructed to analyze survival data. Results were ex-
pressed as the mean ±  standard deviation. Statistical analysis was 
performed using an unpaired Student t test. P < .05 was considered 
significant.

3  | RESULTS

3.1 | TAMs promoted the progression of NSCLC 
both in vitro and in vivo

To assess the distribution of macrophages in NSCLC, we first used 
GSEA via the Cancer Immunome Database (TCIA).20 The results for 
macrophage characteristics revealed heterogeneity in 19 solid can-
cers, and macrophages were enriched in both lung adenocarcinoma 
(LUAD) and lung squamous cell carcinoma (LUSD) (Figure 1A). The in-
filtration of immune cellular profiles showed that macrophages were 
dominant in the tumor microenvironment of NSCLC (Figure 1B). To 
further evaluate the role of TAMs in NSCLC, we detected the level 
of CD163, a specific indicator for M2,21 in all 58 specimens from pa-
tients with lung cancer. We found that higher expression of CD163 
was seen in most of the patients with lung cancer and negatively 
correlated with the prognosis (Figure 1C,D). In addition, we also in-
vestigated the levels of Ki67 and MVD (stained by CD34 antibodies, 
Figure  1D), which are commonly used as proliferation and angio-
genesis indicators, respectively. We also discovered that the level 
of CD163 was positively related to Ki67 and MVD (Figure 1D), sug-
gesting that TAMs may promote the proliferation and angiogenesis 
of lung cancer.

Studies have shown that injecting PPE into the mice trachea can 
cause chronic pneumonia.22-24 PPE-induced pneumonia could in-
duce both M1 type and M2 type macrophages as shown by qRT-PCR 
measurement of the macrophage-specific gene F4/80, the M1 type 
macrophage-specific marker CD86, and the M2 type macrophage-
specific marker CD163 in the Control and PPE groups (Figure S2A). 
To further verify whether TAMs could promote the progression of 
lung cancer in vivo, we used a nude mouse chronic pneumonia model 

http://jaspar.genereg.net/
http://jaspar.genereg.net/
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and PPE treatment and an orthotopic xenograft nude mouse model. 
H&E staining and immunohistochemistry confirmed the infiltration 
of M2 into the lung (Figure 1E), suggesting successful establishment 

of a nude mouse model of orthotopic pneumonia. We found that 
the tumors in the PPE group were larger than in the control group 
(Figure 1F), and the expression levels of both Ki67 and MVD were 
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higher (Figure 1G), indicating that M2 infiltration into the tumor mi-
croenvironment significantly elevated the growth and angiogenesis 
of lung cancer. We also found that mouse M2-type macrophages 
could induce human tumor cell migration in vitro (Figure S2B).

In addition, to investigate the role of TAMs in lung cancer in 
vitro, we used MCM to pretreat lung cancer cells. We discovered 
that TAMs could promote proliferation and migration of lung cancer 
cells (Figure 1I,H).

3.2 | Downregulation of PP2Ac by TAMs 
participated in the progression of NSCLC

To verify the molecular mechanisms involved in the effects of TAMs 
during the progression of lung cancer, bioinformatics analysis was 
performed based on the microarray GSE9315, downloaded from the 
GEO database (https://www.ncbi.nlm.nih.gov/geo/), this contained 
the gene data for NSCLC cells with or without treatment with MCM. 
In total, 176 DEGs were identified in LUAD cells, and consisted of 29 
upregulated and 147 downregulated genes (Figure S1A). In addition, 
to gain further insight into the functions of the DEGs, we performed 
functional enrichment analysis with the DAVID and KOBAS bioin-
formatics resources to explore the underlying biological function. 
GO term analysis was used to show the biological process and mo-
lecular functions of DEGs. Meanwhile, a PPI network of DEGs was 
constructed using Cytoscape software (http://cytos​cape.org/). We 
found that 176 DEGs were significantly enriched in ECM-receptor 
interaction, P13K-Akt, TNF, TGF-beta, MAPK, NF-κB, and p53 sign-
aling pathway (Figure  S1B-G). In addition, as shown in Figure  2A, 
PP2Acβ was downregulated in the PPI network of DEGs, this was 
consistent with our previous study in pancreatic cancer.25

To further investigate the role of PP2Ac in NSCLC, we firstly 
detected the expression of PP2Ac in samples from patients with 
NSCLC using immunohistochemistry (Figure  2B), and found that 
the expression of PP2Ac was negatively correlated with CD163 
(Figure 2C). TGF-β, IL-6, and IL-1β were the main cytokines secreted 
from TAMs.26 PP2Ac contains 2 subunits, α and β, and their major 

sequence has 97% identity.27 To verify the impact of these factors 
on PP2Ac, we then detected the expression levels of PP2Ac, PP2Acα 
and PP2Acβ following treatment with MCM, TGF-β, IL-6 and IL-1β. As 
expected, all of these cytokines could downregulate the expression 
of PP2Ac and its subunits (Figure 2D). We also performed experi-
ments with neutralizing antibodies antagonizing TGF-β (10 μmol/L), 
IL-6 (3 μg/mL), and IL-1β (10 μg/mL) in MCM to observe the expres-
sion of PP2Ac in cancer cells. As shown in Figure S2C, we found that 
inhibition of TGF-β, IL-6, and IL-1β attenuated the downregulation 
of PP2Ac, PP2Acα and PP2Acβ. Western blot analysis further con-
firmed that the level of PP2Ac was decreased after cell treatment 
with MCM in vitro (Figure 2E). We also detected the expression of 
PP2Ac in the specimens of NSCLC orthotopic xenografts after PPE 
treatment, and found that the expression of PP2Ac was negatively 
correlated with PPE treatment (Figure 2F).

To explore whether PP2Ac participated in the process of TAM-
induced NSCLC progression, PP2Acα was overexpressed in the H292 
cell line through a lentiviral Tet-ON advanced inducible expression 
system (Figure  2G). We found that overexpression of PP2Acα im-
paired the proliferation and migration of lung cells induced by treat-
ment with MCM in vitro (Figure 2H,K). Moreover, overexpression of 
PP2Ac also significantly weakened the growth and angiogenesis of 
tumors in subcutaneous xenograft nude mouse models (Figure 2I,J). 
Therefore, the pro-tumor effects of TAMs in the microenvironment 
may be executed through mechanisms involving downregulation of 
the expression of PP2Ac.

3.3 | TAMs accelerated the progression of NSCLC 
through a NF-κB/PP 2Ac positive feedback loop

Our previous study found that the NF-κB pathway is an important 
upstream pathway regulating the expression of PP2Ac in pancreatic 
cancer.25 IκB kinase (IKK), the key regulator of the NF-κB pathway, 
is one of the direct substrates of PP2A.28,29 Based on the classical 
NF-κB pathway cascade, activated IKK can induce sequential phos-
phorylation of IκB at Ser 32 and 36, which subsequently causes IκB 

F I G U R E  1   TAMs promoted the progression of NSCLC both in vitro and in vivo. A, Enrichment of macrophage across 19 solid cancers, 
including lung adenocarcinoma (LUAD), stomach adenocarcinoma (STAD), lung squamous cell carcinoma (LUSC), skin cutaneous melanoma 
(SKCM), breast invasive carcinoma (BRCA), cervical squamous cell carcinoma and endocervical adenocarcinoma (CESC), bladder urothelial 
carcinoma (BLCA), thyroid carcinoma (THCA), pancreatic adenocarcinoma (PAAD), head and neck squamous cell carcinoma (NHSC), kidney 
renal clear cell carcinoma (KIRC), kidney chromophobe (KICH), kidney renal papillary cell carcinoma (KIRP), liver hepatocellular carcinoma 
(LIHC), glioblastoma multiforme (GBM), prostate adenocarcinoma (PRAD), ovarian serous cystadenocarcinoma (OV), colorectal cancer 
(CRC), uterine corpus endometrial carcinoma (UCEC). B, The mean fraction of immune subpopulations in NSCLC. C, Kaplan-Meier curves 
for OS based on tumor CD163 expression in patients with NSCLC. D, Immunohistochemical examinations of CD163, Ki67, and CD34 levels 
in human NSCLC tissue samples, and the quantitative relationships between the expression levels of CD163 and Ki67/MVD. *P < .05 and 
**P < .01 compared with the control groups. E, H&E staining and immunohistochemical examinations of CD163 in mice chronic pneumonia 
samples established by PPE treatment. F, Establishment of a nude mouse chronic pneumonia model by PPE treatment and orthotopic 
xenograft model by H292 cells. Representative in vivo bioluminescence images and bioluminescence analysis of lung orthotopic xenografts. 
Photographs of orthotopic xenografts and tumor weight in the PPE group vs the control group. G, Immunohistochemical examination of 
CD163, Ki67 and CD34 levels in mice H292 orthotopic xenografts after PPE treatment, and the quantitative expression levels of CD163, 
Ki67, and MVD analyzed by SPSS. H, MCM treatment resulted in time-dependent inhibition on the migration of H292 cells by wound healing 
assay. **P < .01 compared with the control groups. I, MCM treatment resulted in time-dependent growth inhibition of H292 cells by MTT. 
*P < .05 and **P < .01 compared with the control groups

http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE9315
https://www.ncbi.nlm.nih.gov/geo/
http://cytoscape.org/
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to be ubiquitinated and degraded in a proteasome-dependent man-
ner, resulting in the release and nuclear translocation of the NF-κB 
complex.30 In this study, we found using bioinformatics analysis that 
the NF-κB pathway was also involved in the process of TAM-induced 
progression of lung cancer (Figure  S1G). Therefore, we supposed 
that TAMs accelerated the progression of lung cancer by repressing 
the expression of PP2Ac, which then might cause activation of the 
NF-κB pathway through phosphorylation of IKK.

To verify this hypothesis, we then detected the expressions 
of p-IKK in the specimens from patients with NSCLC by immu-
nohistochemistry and found that the expression of p-IKK was 
positively related to CD163 but negatively associated with PP2Ac 
(Figure 3B). Similar results were found in the specimens of NSCLC 
orthotopic xenografts after PPE treatment. As shown in Figure 2C, 
the expression of p-IKK was also positively correlated with PPE 
treatment.
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In addition, as shown by western blot in Figure  3D, treatment 
with MCM induced phosphorylation of IKK and IκB with a consistent 
abatement of the total protein level of IκB and resulted in the acti-
vation of the NF-κB pathway. EF-24 (IKK inhibitor) and Bay 11-7082 
(IκB inhibitor) could both inhibit the NF-κB pathway. We found that 
inhibition of the NF-κB pathway could weaken the inhibitory effects 
of TAMs on PP2Ac at both mRNA and protein levels (Figure 3E,F). 
Moreover, we also established DN-IKKα (S176/180A) and DN-IκBα 
(S32/36A) overexpression cell lines through a Tet-ON advanced 
inducible expression system and found that overexpression of DN-
IKKα (S176/180A) and DN-IκBα (S32/36A) could impair the inhib-
itory effects of TAMs on PP2Ac at both mRNA and protein levels 
(Figure  3E,F). Similar results were confirmed upon treatment with 
TGF-β, IL-6 and IL-1β, the main cytokines secreted from TAMs. As 
shown in Figure 3G, overexpression of DN-IKKα (S176/180A) and 
DN-IκBα (S32/36A) reduced the inhibitory effects of TGF-β, IL-6 and 
IL-1β on PP2Ac at the mRNA level, indicating that TAMs repressed 
the expression of PP2Ac through an NF-κB signaling pathway-
dependent manner.

PP2A can repress multiple kinase signaling pathways including 
JNK, ERK, IKK, p38, PKC, and Src.19 As IKK has been proved to be a 
substrate of PP2Ac, we verified whether inhibition of PP2Ac could 
result in the amplification of NF-κB pathway signaling. As shown 
in Figure  3H, western blot analysis confirmed that PP2A inhibitor 
OA treatment could phosphorylate and activate these kinase sig-
naling pathways including JNK, ERK, IKK, p38, PKC, and Src. In ad-
dition, the expression of p-IKK was upregulated and expression of 
PP2Ac was downregulated after MCM treatment. However, over-
expression of PP2Ac significantly attenuated the upregulation of p-
IKK (Figure 3I), suggesting that TAMs repressed the expression of 
PP2Ac, which could further phosphorylate and activate IKK through 
an NF-κB/PP2Ac positive feedback loop.

3.4 | Inhibition of NF-κB pathway suppressed the 
progression of NSCLC induced by MCM treatment

To further confirm the role of NF-κB pathway in the progression of 
lung cancer and the connections between the NF-κB pathway and 
TAMs, we constructed dominant-negative mutant forms of IKKα 
(DN-IKKα, S176/180A), and dominant-negative mutant forms of 

IκBα (DN-IκBα, S32/36A) regulated by a lentiviral Tet-ON advanced 
inducible expression system. As shown in Figure 4A,B, subcutane-
ous xenograft nude mouse models confirmed that the growth and 
angiogenesis of tumors were weakened upon overexpression of DN-
IKKα (S176/180A) and DN-IκBα (S32/36A).

In addition, we also found that overexpression of DN-IKKα 
(S176/180A) and DN-IκBα (S32/36A) impaired the proliferation 
and migration of lung cells induced by treatment with MCM in 
vitro (Figure 4C,D). These results implied that inhibition of the NF-
κB pathway suppressed the progression of lung cancer induced by 
MCM treatment.

3.5 | CXCL1 and COL6A1 were upregulated by 
TAMs through NF-κB/PP2Ac pathway

To investigate whether NF-κB could regulate the expressions of 
downstream genes, we analyzed the microarray data of GSE44619, 
including 2 LUAD cancer cell lines, HCC827 and PC9, which were 
transduced with control retrovirus (MiG) or MiG retrovirus express-
ing IκB alpha super-repressor (SR) mutant. Using fold change (FC) 
≥ 1.5 as the cut-off criterion, we extracted 6179 and 5841 DEGs 
from 2 LUAD cancer cell lines respectively. Using an available Venn 
diagram website, 1756 common DEGs were identified, including 
792 upregulated genes and 964 downregulated genes in IκB alpha 
supersession samples compared with control samples in HCC827 
and PC9 lung cancer cell lines. The overlapping areas indicated com-
mon DEGs. These DEGs identified by bioinformatics analysis might 
be involved in and play important roles in the NF-κB pathway. To 
further investigate the key genes between MCM treatment and the 
NF-κB pathway, we used deposited microarray datasets GSE9315 
and GSE44619 mentioned above to further find the expression in-
tersection. Four key genes including COL6A1, CXCL1, NFKB2 and 
RELB were found in 25 upregulated genes of MCM treatment LUAD 
cells sample and 964 downregulated genes of inhibitor of nuclear 
factor kappa B (IκB) alpha supersession samples. In addition, PF4 
was identified in 146 downregulated genes from an MCM treatment 
LUAD cell sample and 792 upregulated genes from IκB alpha super-
session samples (Figure 5A). Heat maps of the 5 genes are displayed 
(Figure 5B). Studies have shown that NFKB2 and RELB are involved 
in the nonclassical NF-κB pathway,31 whereas CXCL1 participates in 

F I G U R E  2   Downregulation of PP2Ac by TAMs participated in the progression of NSCLC. A, Protein-protein interactions (PPI) network 
of differentially expressed genes (DEGs). B, Immunohistochemical examinations of PP2Ac levels in human NSCLC tissue samples. C, The 
quantitative relationships between the expression levels of PP2Ac and CD163. **P < .01 compared with the control groups. D, The mRNA 
levels of PP2Acα, PP2Acβ and PP2Ac in H292 cells after treatment with MCM, TGF-β (10 ng/mL), IL-6 (50 ng/mL) and IL-1β (10 ng/mL) 
by real-time PCR. **P < .01 compared with the control groups. E, The protein levels of PP2Ac in H292 cells after treatment with MCM by 
western blot. F, Immunohistochemical examinations of PP2Ac levels in H292 orthotopic xenografts samples after treatment with PPE, 
and the quantitative expression levels of PP2Ac analyzed by SPSS. G, Confirmation of overexpression of PP2Acα in H292 cells based on a 
lentiviral Tet-ON advanced inducible expression system by western blot. H, MTT confirmed that the overexpression of PP2Acα impaired the 
time-dependent proliferation of H292 cells induced by MCM. ##P < .01 compared with the control groups. I, Photographs of subcutaneous 
xenografts and tumor weight in the H292 PP2Acα overexpression group vs the control group. J, Immunohistochemical examination of 
Ki67 and CD34 levels in subcutaneous xenografts samples upon overexpression of PP2Acα, and the quantitative relationships between 
the expression levels of PP2Acα and Ki67/MVD. K, Wound healing assay confirmed that overexpression of PP2Acα impaired the time-
dependent inhibition of migration of H292 cells induced by MCM. ##P < .01 compared with the control groups

http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE44619
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE9315
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE44619
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tumor growth and angiogenesis,32-34 and COL6A1 plays an impor-
tant role in tumor metastasis,35 implying that CXCL1 and COL6A1 
might be the key downstream genes regulated by NF-κB upon treat-
ment with MCM.

By real-time PCR, we identified that MCM treatment significantly 
upregulated the expression levels of CXCL1 and COL6A1, which could 
be attenuated upon overexpression PP2Acα, DN-IKKα(S176/180A) 
and DN-IκBα (S32/36A) (Figure 4C,D). We had confirmed that PP2A 
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inhibitor OA treatment could phosphorylate and activate kinase sig-
naling pathways including JNK, ERK, p38, IKK, PKC, and Src. MCM 
treatment could also inhibit PP2Ac. Therefore, we verified whether 
these kinase pathways participated in the upregulation of CXCL1 
and COL6A1 when inhibiting PP2Ac. Lung cancer cells were first 
pretreated with JNK inhibitor SP600125 (20 µmol/L), ERK inhibitor 
PD98059 (40 µmol/L), p38 inhibitor Birb796 (4 nmol/L), IKK inhibi-
tor BAY-11-7082 (10 µmol/L), PKC inhibitor GF109203X (5 µmol/L), 
and Src inhibitor PP1 (20  µmol/L), followed by PP2A inhibitor OA 
(30 nmol/L) treatment. Then we detected the expression levels of 
CXCL1 and COL6A1 using real-time PCR. As shown in Figure 5E,F, 
we found that OA treatment could upregulate the expression of both 
CXCL1 and COL6A1. Furthermore, the inhibitors of ERK, p38, IKK, 
PKC, and Src significantly attenuated the upregulation of CXCL1, 
whereas the inhibitor of IKK significantly attenuated the upregula-
tion of COL6A1, suggesting that these pathways may contribute to 
the upregulation of CXCL1 and COL6A1 upon inhibiting PP2Ac. In 
addition, the strong increase in luciferase after CXCL1 and COL6A1 
induction by MCM could be attenuated after treatment with IKK in-
hibitor BAY-11-7082 (Figure 5H,I), implying that the NF-κB pathway 
may be the key regulator participating in the upregulation of CXCL1 
and COL6A1 induced by TAMs through inhibiting PP2Ac.

As TAMs could activate the NF-κB pathway, and NF-κB is a tran-
scription factor, we wondered whether NF-κB could directly regu-
late the expression of CXCL1 and COL6A1 in a promoter-dependent 
manner. Therefore, we identified the potential NF-κB binding sites in 
the promoter regions of CXCL1 and COL6A1 using JASPAR (http://
jaspar.gener​eg.net/), as shown in Figure 5G. We then constructed 
luciferase reporter plasmids containing deletions of different frag-
ment sequences to examine the direct interaction between NF-κB 
and the promoter regions of CXCL1 and COL6A1 (Figure 5D,E). The 
luciferase reporter assay showed that CXCL1-p-RE2 deletion signifi-
cantly reduced the luciferase activity induced by MCM (Figure 5L). 
Furthermore, COL6A1-p-RE3 deletion significantly reduced lucifer-
ase activity (Figure 5M). Moreover, p65 participates in the formation 
of the NF-κB heterodimer and can engage cognate κB enhancers. 
By performing ChIP assays, we validated that p65 could directly 
bind to CXCL1 and COL6A1 (Figure 5N,O). Taken together, these re-
sults demonstrated that NF-κB could interact with NF-κB response 

elements in the CXCL1 and COL6A1 promoter, therefore inducing 
their transcription directly.

3.6 | Knockdown of COL6A1 inhibited the 
growth and metastasis of NSCLC

To explore the role of COL6A1 in lung cancer, RNA interference vi-
ruses were transfected into H1650 to interfere with the expression 
of COL6A1. Real-time PCR confirmed that expression of COL6A1 
was downregulated in COL6A1 shRNA2 and COL6A1 shRNA3 
(Figure  6A). By MTT and wound healing assays, we found that 
knockdown of COL6A1 inhibited the proliferation and migration 
of lung cancer cell line H1650 in vivo (Figure 6B,C). Subcutaneous 
xenograft nude mouse models further proved that knockdown of 
COL6A1 repressed the growth of lung cancer in vivo (Figure  6D). 
Immunohistochemistry revealed lower expression of Ki67 upon 
knockdown of COL6A1 compared with the control group (Figure 6E). 
By constructing Kaplan-Meier curves, we investigated the prog-
nostic impact of COL6A1 on patients with NSCLC using an online 
website (http://kmplot.com/analy​sis/), and discovered that high ex-
pression of COL6A1 was correlated with poor OS in patients with 
lung cancer (Figure 6F, P = .0045).

3.7 | Knockdown of CXCL1 inhibited the growth and 
angiogenesis of NSCLC

To further determine the role of CXCL1 in NSCLC, we also trans-
fected H292 cells with RNA interference virus, and confirmed 
the expression levels of CXCL1 in each cell line (Figure 7A). Based 
on the interference efficiency, we selected CXCL1 shRNA 3 and 
CXCL1 shRNA 4 for further research. MTT showed that knock-
down of CXCL1 did not affect cell proliferation in vitro (Figure 7B). 
However, subcutaneous xenograft nude mouse models revealed 
that knockdown of CXCL1 repressed the growth of lung cancer in 
vivo (Figure 7C). Immunohistochemistry found that downregulation 
of CXCL1 could also reduce the MVD of subcutaneous xenografts 
(Figure  7D). In addition, the HUVEC tube formation potency of 

F I G U R E  3   TAMs accelerated the progression of NSCLC through an NF-κB/PP2Ac positive feedback loop. A, Immunohistochemical 
examinations of p-IKKα levels in human NSCLC tissue samples. B, The quantitative relationships between the expression levels of p-IKKα 
and CD163/PP2Ac. *P < .05 and **P < .01 compared with the control groups. C, Immunohistochemical examination of p-IKKα levels in H292 
orthotopic xenografts samples after treatment with PPE, and the quantitative expression levels of p-IKKα analyzed by SPSS. D, The protein 
levels of p-IKKα, IKKα, p-IκBα and IκBα in H292 cells after treatment with MCM by western blot. E, Real-time PCR showed the mRNA levels 
of PP2Acα, PP2Acβ and PP2Ac in H292 cells after treatment with MCM combined with NF-κB pathway inhibitors (EF-24 and BAY-11-7082), 
and upon overexpression of DN-IKKα (S176/180A) and DN-IκBα (S32/36A) after treatment with MCM. *P < .05, **P < .01 and ##P < .01 
significant differences between fold changes. F, Western blot showed the protein levels of PP2Acα, PP2Acβ, and PP2Ac in H292 cells after 
treatment with MCM combined with NF-κB pathway inhibitors (EF-24 and BAY-11-7082), and upon overexpression of DN-IKKα (S176/180A) 
and DN-IκBα (S32/36A) after treatment with MCM. G, Real-time PCR showed the mRNA levels of PP2Acα, PP2Acβ and PP2Ac in H292 
cells upon overexpression of DN-IKKα (S176/180A) and DN-IκBα (S32/36A) after treatment with TGF-β (10 ng/mL), IL-6 (50 ng/mL) and 
IL-1β (10 ng/mL) for 24 h. *P < .05, **P < .01 and ##P < .01 significant differences between fold changes. H, Western blot showed the protein 
levels of p-ERK, P-JNK, p-p38, p-PKC, p-SRC, p-IKKα, ERK, JNK, p38, PKC, SRC and IKKα of H292 cells after treatment with OA (PP2A 
inhibitor, 30 nmol/L). I, Western blot analysis of p-IKKα, IKKα and PP2Ac protein levels in H292 cells upon overexpression of PP2Acα after 
treatment with MCM

http://jaspar.genereg.net/
http://jaspar.genereg.net/
http://kmplot.com/analysis/
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CXCL1 downregulated cells was also significantly reduced, and the 
potency of tube formation was rescued after adding CXCL1 (0.1 µg/
mL) to the medium (Figure 7E), indicating that knockdown of CXCL1 
inhibited the angiogenesis of lung cancer induced by MCM treat-
ment. However, the expression of CXCL1 was not correlated with 
OS in patients with lung cancer by Kaplan-Meier curves analysis 
(Figure 7F, P = .13).

As shown in Figure 7G, the schematic diagram of the mechanism 
revealed that TAMs secreted cytokines TGF-β, IL-6 and IL-1β, and pro-
moted the growth and metastasis of NSCLC through an NF-κB/PP2Ac 
positive feedback loop. In addition, NF-κB could also induce the tran-
scription of CXCL1 and COL6A1 by directly binding to their promoter 
sites, and therefore upregulate the expression of CXCL1 and COL6A1, 
which participated in the process of growth and metastasis of NSCLC.

F I G U R E  4   Inhibition of NF-κB pathway suppressed the progression of NSCLC induced by MCM treatment. A, Photographs of 
subcutaneous xenografts and tumor weight in H292 DN-IKKα (S176/180A) and the DN-IκBα (S32/36A) overexpression group vs the 
control group. B, Immunohistochemical examinations of Ki67 and CD34 levels in subcutaneous xenografts samples upon overexpression 
of DN-IKKα (S176/180A) and DN-IκBα (S32/36A), and the quantitative levels of Ki67 and CD34 in each group. C, MTT confirmed that the 
overexpression of DN-IKKα (S176/180A) and DN-IκBα (S32/36A) impaired the time-dependent proliferation of H292 cells induced by MCM. 
##P < .01 compared with the control groups. D, Wound healing assay confirmed that overexpression of DN-IKKα (S176/180A) and DN-IκBα 
(S32/36A) impaired the time-dependent inhibition on migration of H292 cells induced by MCM. #P < .05 compared with the control groups

F I G U R E  5   CXCL1 and COL6A1 were upregulated by TAMs through the NF-κB/PP2Ac pathway. A, Venn diagram analysis of differentially 
expressed genes (DEGs) from expression profiling datasets GSE44619 and GSE9315. B, Heatmap of the selected 5 DEGs including 
COL6A1, CXCL1, NFKB2, RELB, and PF4. C, D, Real-time PCR confirmed that overexpression of DN-IKKα (S176/180A), DN-IκBα (S32/36A) 
and PP2Acα could all downregulate the mRNA levels of CXCL1 (C) and COL6A1 (D) in H292 cells induced by MCM. #P < .05, **P < .01 
and ##P < .01 significant differences between fold changes. E, F, mRNA levels of CXCL1 (E) and COL6A1 (F) in H292 cells pretreated 
with SP600125 (JNK inhibitor, 20 µmol/L), PD98059 (ERK inhibitor, 40 µmol/L), BIRB796 (p38 inhibitor, 4 nmol/L), BAY-11-7082 (IKK 
inhibitor, 10 µmol/L), GF109203X (PKC inhibitor, 5 µmol/L), and PP1 (Src inhibitor, 20 µmol/L), followed by OA (PP2A inhibitor, 30 nmol/L) 
treatment. ##P < .01 significant differences between fold changes. G, Prediction of NF-κB binding sites in the promoter regions of CXCL1 
and COL6A1 by JASPAR. H, I, Transcriptional activity of CXCL1 (H) and COL6A1 (I) promoters after pretreatment with BAY-11-7082 (IKK 
inhibitor, 10 µmol/L), followed by MCM treatment. *P < .05, @P < .05, **P < .01 and ##P < .01 significant differences between fold changes. 
J, K, Construction of the luciferase reporter plasmids containing the deletions of different fragment sequences to examine the direct 
interaction between NF-κB and the promoter regions of CXCL1 (J) and COL6A1 (K). L, M, Transcriptional activity of CXCL1 (L) and COL6A1 
(M) promoters in H292 cells transfected with luciferase reporter plasmids containing the deletions of different fragment sequences after 
treatment with MCM. ##P < .01 significant differences between fold changes. N, O, ChIP analysis showed that p65 could directly bind to 
CXCL1 (N) and COL6A1 (O). @@**P < .01 compared with the control groups

http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE44619
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE9315
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4  | DISCUSSION

Chronic inflammation plays a crucial role in the complex progres-
sion of lung cancer.36 Macrophages, as one of the major types of 
tumor-associated inflammatory cells, have been reported to be as-
sociated with the progression of several tumors.26 Macrophages can 
be divided into 2 categories: type 1 or classically activated type (M1), 
and type 2 or alternatively activated type (M2).37 M1 macrophages 

appear to inhibit tumors, whereas M2 macrophages, (also known as 
TAMs), promote tumor invasion, metastasis, angiogenesis, and im-
munosuppression.16,38 In this study, we identified that macrophage 
characteristics revealed heterogeneity in different solid cancers, 
and were enriched in LUAD as shown using the Cancer Immunome 
Database (TCIA). The infiltration of immune cellular profiles showed 
that macrophages were the dominant cells in the tumor micro-
environment of NSCLC. Immunohistochemistry confirmed that 
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expression of CD163, a specific marker for M2, was high in most 
specimens from patients with lung cancer, and higher expression of 
CD163 indicated poorer prognosis. However, how TAMs influence 
lung cancer remains to be elucidated.

Based on these preliminary results, we established a nude mouse 
model of chronic pneumonia with PPE and an orthotopic xenograft 
nude mouse model, and found that tumors in the PPE group, which 
stimulated more infiltration of TAMs, were much larger than in the 
control group. Higher expression levels of CD163, Ki67 and MVD 
were detected in the PPE group using immunohistochemistry, in-
dicating that TAMs could promote the growth and angiogenesis of 
orthotopic xenografts in vivo. Furthermore, the oncogenic effects 
of TAMs on proliferation and migration of lung cancer cell pretreat-
ment with MCM have also been verified in vitro. These results were 
consistent with previous studies and inspired us to investigate the 
mechanisms involved in TAM-mediated progression of lung cancer.

Based on the microarray dataset GSE9315, which contained 
gene data for NSCLC cells with or without treatment with MCM, we 
identified 176 DEGs, and found using bioinformatics analysis that 
the 176 DEGs were significantly enriched in ECM-receptor interac-
tion, P13K-Akt, TNF, TGF-beta, MAPK, NF-κB, and the p53 signal-
ing pathway. Furthermore, the PPI network of DEGs showed that 
PP2Acβ was downregulated notably, this was consistent with our 
previous study in pancreatic cancer.25 PP2A is a multimeric serine/
threonine phosphatase, with functions that counter-balance kinase-
mediated phosphorylation throughout cell signaling networks, and 
response to inflammatory stimulation. PP2Ac is the catalytic sub-
unit of PP2A and has 2 subtypes PP2Acα and PP2Acβ, sharing a 
common sequence of 97%. Studies have shown that PP2A is asso-
ciated with the proliferation, migration and invasion of various tu-
mors, including lung cancer.18,39-41 In this study, we found that the 
expression of PP2Ac was negatively correlated with CD163 both 

F I G U R E  6   Knockdown of COL6A1 inhibited the growth and metastasis of NSCLC. A, Confirmation of knockdown of COL6A1 in H1650 
cells using real-time PCR. B, Knockdown of COL6A1 resulted in time-dependent growth inhibition on H1650 cells by MTT. **P < .01 
compared with the control groups. C, Knockdown of COL6A1 resulted in time-dependent inhibition on migration of H1650 cells using a 
wound healing assay. *P < .05 and **P < .01 compared with the control groups. D, Photographs of subcutaneous xenografts and tumor 
weight in the H1650 COL6A1 knockdown group vs the control group. E, Immunohistochemical examinations of Ki67 levels in subcutaneous 
xenografts samples upon knockdown of COL6A1. F, Online analysis of Kaplan-Meier curves for OS of patients with NSCLC based on 
COL6A1 expression

http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE9315
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in specimens from patients with NSCLC and PPE-treated mice. The 
expression levels of PP2Ac, PP2Acα and PP2Acβ were all downreg-
ulated upon treatment with MCM, TGF-β, IL-6, and IL-8, which are 
the main cytokines secreted by TAMs. Moreover, overexpression of 
PP2Ac markedly impaired the growth and angiogenesis of tumors 
in subcutaneous xenograft nude mouse models. Therefore, the pro-
tumor effects of TAMs in the microenvironment of lung cancer may 
be executed through mechanisms involving downregulation of the 
expression of PP2Ac. An increasing number of studies have shown 
that the NF-κB pathway can be abnormally activated and participate 

in the progression of many cancers, including lung cancer.42-45 The 
NF-κB pathway also plays an important role in the expression of 
genes involved in inflammatory and tumors.46 The activation of the 
canonical NF-κB pathway cascade mainly relies on the inducible 
degradation of IκBs, especially IκBα, leading to the nuclear trans-
action of the NF-κB complex. Degradation of IκBα is primarily me-
diated by phosphorylation of IκB kinase (IKK), which is one of the 
direct substrates of PP2A.28,29,47 The prototypical NF-κB complex 
is a heterodimer composed of p50 and RelA/p65. Once entering the 
nucleus, p65 engages cognate κB enhancers, which contain one or 

F I G U R E  7   Knockdown of CXCL1 inhibited the growth and angiogenesis of NSCLC. A, Confirmation of knockdown of CXCL1 in 
H292 cells using real-time PCR. B, Knockdown of CXCL1 did not affect H292 cell proliferation by MTT. C, Photographs of subcutaneous 
xenografts and tumor weight in the H292 CXCL1 knockdown group vs the control group. D, Immunohistochemical examination of CD34 and 
Ki67 levels in subcutaneous xenografts samples upon knockdown of CXCL1. E, HUVEC tube formation potency of CXCL1 downregulated 
cells and cells treated by adding CXCL1 (0.1 µg/mL) to the medium. F, Online analysis of Kaplan-Meier curves for OS of patients with NSCLC 
based on CXCL1 expression. G, Schematic diagram of the proposed mechanism for TAMs promoting the progression of NSCLC
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more κB-enhancer consensus sequences and regulate the expres-
sion of downstream genes.48 The canonical NF-κB pathway can be 
activated by inflammatory stimuli such as TNF-α, various interleuk-
ins, microbes, and virus-associated ligands.49 Bioinformatics analysis 
revealed that the NF-κB pathway was also involved in the process 
of TAM-induced progression of lung cancer. Our data showed that 
the expression of p-IKK was positively related to CD163, but neg-
atively associated with PP2Ac both in the specimens from patients 
with NSCLC and in PPE-treated mice. Treatment with MCM induced 
phosphorylation of IKK and IκB with a consistent abatement of the 
total protein levels of IκB, and resulted in the activation of the NF-
κB pathway. Additionally, overexpression of DN-IKKα (S176/180A) 
and DN-IκBα (S32/36A) could impair the inhibitory effects of TAMs 
on PP2Ac at both mRNA and protein levels, indicating that TAMs 
repressed the expression of PP2Ac mainly through the NF-κB sig-
naling pathway. It is worth noting that overexpression of DN-IKKα 
(S176/180A) and DN-IκBα (S32/36A) impaired the progression of 
lung cancer both in vitro and in vivo. Therefore, TAMs may exert 
a pro-tumor effect on lung cancer by inhibiting the expression of 
PP2Ac in a NF-κB signaling pathway-dependent manner.

As TAMs could activate the NF-κB pathway, and NF-κB is a 
transcription factor, we wondered whether NF-κB could directly 
regulate the expression of downstream genes. Four key genes, in-
cluding CXCL1, COL6A1, NFKB2, and RELB, were found by further 
analyzed the microarray datasets GSE9315 and GSE44619, which 
including the gene data of 2 LUAD cancer. We also revealed that 
COL6A1 was associated with a poor prognosis in patients with 
NSCLC. Studies have shown that CXCL1 is involved in tumor growth 
and angiogenesis,32-34 and that COL6A1 is involved in tumor metas-
tasis,35 whereas NFKB2 and RELB are mainly linked to the nonclas-
sical NF-κB pathway.31 As expected, we found that the expression 
levels of both CXCL1 and COL6A1 were increased upon treatment 
with MCM. Overexpression of PP2Acα, DN-IKKα (S176/180A) and 
DN-IκBα(S32/36A) could attenuate the upregulation of CXCL1 and 
COL6A1 induced by MCM, suggesting that CXCL1 and COL6A1 
could be upregulated by TAMs through an NF-κB/PP2Ac-dependent 
pathway.

CXCL1/2 is the target gene of the NF-κB/STAT1 pathway and 
studies have shown that upregulation of CXCL1 can promote the 
progression of liver cancer, melanoma, bladder cancer, and ovarian 
cancer.33,50-52 COL6A1 encodes the α1 chain of collagen VI, which 
can regulate the cell cycle and promote tumor progression through 
binding to cell surface proteins and through downstream signaling 
cascades.53-55 COL6A1 is also involved in the regulation of apopto-
sis, proliferation, angiogenesis, and tumor growth.56 In this study, we 
found that knockdown of CXCL1 and COL6A1 inhibited the growth 
of lung cancer both in vivo and in vitro. In addition, the HUVEC tube 
formation potency of MCM-treated CXCL1 downregulated cells was 
also significantly reduced, and the potency of tube formation was 
rescued after adding CXCL1 (0.1µg/ml) to the medium. Therefore, 
the pro-tumor effects of TAMs on lung cancer may act by upregu-
lating the expression of CXCL1 and COL6A1 in an NF-κB/PP2Ac-
dependent manner.

PP2A is a repressor of several oncogenic kinase pathways, in-
cluding JNK, ERK, p38, Akt, PKC, and IKK (PMID: 21958460).19 
Inhibition of PP2A can boost tumor growth by inducing phosphory-
lation and activating these oncogenic substrate kinases.29,57 In this 
study, we verified that inhibition of PP2A by OA, a classic PP2A in-
hibitor, could induce phosphorylation and activate these oncogenic 
substrate kinases. Furthermore, inhibitors of these kinase pathways 
markedly attenuated the expression levels of CXCL1 and COL6A1 
induced by OA, indicating that these kinase pathways may partici-
pate in the progression of lung cancer resulting from the upregula-
tion of CXCL1 and COL6A1 through repression of PP2Ac by TAMs. 
Notably, TAMs could repress the expression of PP2Ac by activating 
the NF-κB pathway, whereas repression of PP2Ac could activate the 
NF-κB pathway by positive feedback.

We have mentioned that NF-κB is a transcription factor, we 
asked whether NF-κB could directly regulate the transcription of 
CXCL1 and COL6A1 in a promoter-dependent manner? We then 
identified potential NF-κB binding sites in the promoter regions of 
CXCL1 and COL6A1 using JASPAR (http://jaspar.gener​eg.net/). The 
luciferase reporter assay showed that CXCL1-p-RE2 deletion and 
COL6A1-p-RE3 deletion significantly reduced the luciferase activity 
induced by MCM. Moreover, we proved using ChIP assays that p65, 
the main elements of the NF-κB heterodimer, could directly bind 
to CXCL1 and COL6A1. Therefore, NF-κB could interact with the 
promoter of CXCL1 and COL6A1 directly, therefore regulating their 
transcription.

In summary, our study showed that TAMs promoted the metas-
tasis and growth of NSCLC cells through an NF-κB/PP2Ac positive 
feedback loop. The NF-κB/PP2Ac positive feedback loop was also 
responsible for the progression of NSCLC resulting from the upregu-
lation of CXCL1 and COL6A1 by TAMs. In addition, NF-κB could also 
regulate the transcription of CXCL1 and COL6A1 by directly bind-
ing to their promoter sites. Our findings provide the first evidence 
for how TAMs participate in the progression of NSCLC, and reveal 
the possibility of using NF-κB/PP2Ac as a therapeutic target for the 
treatment of NSCLC.
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