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The role of angiogenesis in tumor progression has been recognized as one of the
hallmarks of cancer, but the mechanism of its action remains unclear. Inflammatory
markers serum amyloid A (SAA) and C-reactive protein (CRP) are proposed to play causal
roles in the development of various disorders, including malignancies. Previously, we
identified the complex of CRP and SAA (CRP-SAA) with diagnostic and prognostic value
better than either one of them in the serum of lung cancer patients. In this study, we further
explored the stimulation function of CRP-SAA on angiogenesis and inflammation. To
explore possible mechanisms, microarray datasets were downloaded from the Gene
Expression Omnibus (GEO) database and multi-bioinformatics analysis revealed that
THP-1 and human umbilical vein endothelial cells (HUVECs) responded to SAA stimulation
with upregulation of two pro-angiogenic cytokines in common, i.e., C-X-C motif ligand 6
(CXCL6) and CXCL8, which were validated by subsequent experiments in vitro. CRP had
weak effects as a single stimulus, but it can efficiently potentiate the SAA induction of
cytokines, which was stronger than the sum of the both (P < 0.001). The synergistical
effect of the combination of CRP and SAA enhanced HUVECs transwell and constricted
morphology by upregulating the pro-angiogenic genes. These results indicated that the
binding of CRP and SAA acted synergistically in pro-angiogenesis by increasing
inflammation and inducing vascular network.
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INTRODUCTION

Lung cancer (LC) is the most common cause of cancer-associated
death worldwide. In the last decades, angiogenesis has aroused
strong clinical interest (1). Anti-angiogenic therapy has been widely
administered in several types of human cancers, but is still limited
by the challenges of cytotoxicity and reduced efficiency (1). New
anti-angiogenic drugs that may help prevent (“angio-prevention”)
or treat advanced tumor stages by inducing tumor regression or
inhibiting tumor progression have been clinically investigated (2).

Various factors and cellular mechanisms have been described
as responsible for the initiation of blood vessel formation in
tumors (3). The angiogenic switch can be triggered by genetic
changes in tumor cells, or by recruitment of immune cells in
tumor-associated inflammation (4). Inflammation is long
thought to involve the progress of vascular epithelial cells
response and proliferation, which make it as important as
angiogenesis (5).

Serum amyloid A (SAA) is an acute phase protein with
multiple immune functions, including inducing the synthesis
of relating cytokines and being chemotactic for neutrophils and
immune cells (6). In a large number of phenomenological studies
of alterations in cancer serum proteins from normal controls,
levels of SAA were found elevated in a relatively early stage (7).
SAA has been evaluated as a possible serum biomarker for many
tumors including ovarian (8), lung (9), renal (10–12), colorectal
(13), etc (14, 15). Further evidence linking SAA to tumor
behavior has been investigated in promoting metastasis (16),
angiogenesis, and inflammation of inducing macrophages to the
M2 type (17).

The classic members of the pentraxin family have a high
affinity for many types of autologous and external ligands, and C-
reactive protein (CRP) is a typical one (18). During the process of
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tumor formation, the inflammatory cytokines produced by the
tumor microenvironment stimulate hepatocytes, leading to the
elevated level of serum CRP (19). CRP can enter the tumor
microenvironment through circulation and interact with various
autologous and external ligands by binding as complex, which
can in turn play a key role in activating or inhibiting tumor-
associated macrophages (20). Besides working in combination
with various proteins, the elevated CRP alone is also a strong
indicator of multiple types of cancers (21), including LC (22).

In our previous study, proteomics analysis specifically
identified CRP-SAA complexes from serum samples of lung
cancer patients, which could be used as diagnostic and
independent prognostic markers for early-stage lung cancer
patients (23). In this study, we further explored the promoting
role CRP-SAA played in angiogenesis by activating tumor-
inflammatory responses and inducing vascular network.
METHOD

Microarray Data
In the discovery step, we identified datasets for comparing
mRNA expression with or without SAA treatment on THP-1
and HUVEC. Gene expression profiles of GSE28785 (THP-1)
and GSE6241 (HUVEC) were obtained from the National Center
for Biotechnology Information (NCBI) GEO database (https://
www.ncbi.nlm.nih.gov/geo/) (24). GSE6241 was based on the
GPL570 platform, while GSE28785 was based on the GPL6947
platform. The overlap in the upregulated gene sets were analyzed
with a Venn plot by Funrich. The expression difference between
the control and stimulated cells were present by volcano plots
and heatmaps performed by SangerBox. A protein–protein
GRAPHICAL ABSTRACT |
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interaction (PPI) network was established by the STRING
database, and hub genes were visualized by Cytoscape (25).

Cell Culture
Human monocytic leukemia cell line, THP-1, was obtained from
the Cell Bank of the Type Culture Collection of the Chinese
Academy of Sciences. The cells were cultivated at 37°C in a 5%
CO2 incubator at a density of 5 × 105 cells/mL in RPMI 1640
medium supplemented with 10% fetal bovine serum (FBS) and
1% penicillin/streptomycin solution (Biological Industries,
Israel). In all experiments, THP-1 monocytes transformed into
adherent macrophages by culturing in six-well plates treated with
100 nM phorbol 12-myristate 13-acetate (PMA) for 24 h.

Primary human umbilical vein endothelial cells (HUVECs,
Clonetics) were cultivated in EGM-2MV medium (Clonetics)
and 5% FBS. Cells were then trypsinized and reseeded until the
cells reached 90% confluence. HUVECs from passages 3–5 were
used in all of the following experiments.

In Vitro Stimulation and Cytokines
Evaluation
In CRP and SAA treatment studies, THP-1 or HUVEC cells were
cultured to the control, i.e., 0.1% bovine serum albumin (BSA) in
phosphate buffer saline (PBS), or CRP (Abcam, 1 mg/mL) or SAA
(SantaCruz, 0–1 mg/mL) or both of them for 2–6 h. At the end of
the incubation, cell pellets were collected for RNA isolation while
the supernatants were for the quantification of chemokines
by ELISA.

RNA Extraction and qPCR
Total RNA was extracted using the Trizol reagent (Invitrogen,
USA) according to the manufacturer’s instruction. Reverse
transcription of total RNA (1 mg) was performed using
SuperScript II reverse transcriptase. The quantification of C-
X-C motif chemokine ligand 6 (CXCL6), CXCL8, vascular
endothelial growth factor (VEGFA), intercellular cell adhesion
molecule-1 (ICAM1), vascular cell adhesion molecule-1
(VCAM1), E-selectin (SELE), and reference gene (b-actin)
were performed in triplicate on a LightCycler® 480 II (Roche,
Applied Science) using a SYBR green-based assay (BioRad,
USA). The primers used in the qPCR reaction are shown in
Table 1.

Measurement of Chemokines Released
From Macrophages
The concentration of chemokines CXCL6 and CXCL8 in the
supernatant were assayed using ELISA kits (eBioscience).
The procedures for the assays were in accordance to the
product manual.

Transwell Migration Assays
Transwell assays were performed with 8 mm pore size Transwell
chambers (BD Bioscience). Upper surfaces of the Transwell
inserts were coated with 50 ml Matrigel and incubated for 1 h
at 37°C for gelling. HUVECs (2 × 104 cells/well) were suspended
in 250 ml of serum-free RPMI-1640 medium with CRP (1 mg/mL)
Frontiers in Oncology | www.frontiersin.org 3
or SAA (1 mg/mL) or both of them in the upper chamber, and
500 ml complete M199 medium was added to the lower chamber.
After 18 h incubation at 37°C, non-invasive cells on the upper
membrane surfaces were removed. The Transwell chambers were
fixed with 4% paraformaldehyde and stained hematoxylin. Cell
invasion was quantified by counting cells on the lower surface
using a microscope at ×100 magnification. The results were the
means calculated from three independent replicates of
each experiment.

Cell Morphology Analysis
Matrigel was thawed at 4°C overnight, then 150 ml of Matrigel
was coated on each well of 48-well plates and incubated at 37°C
for 1 h. HUVECs (5 × 104 cells) were added in 500 ml complete
M199 medium with stimulation at atmosphere of 37°C and 5%
CO2 for 18 h. The cell surface area was analyzed using ImageJ
software, and for each condition a minimum of 150 cells from
three experiments were examined.
RESULTS

SAA Can Stimulate THP-1 and HUVEC by
Up-Regulating CXCL6, CXCL8, and Pro-
Angiogenic Genes in Early Stage
Over the past few decades, bioinformatics analyses have been
widely used to explore genetic variation, which helps us identify
differentially expressed genes (DEG) and functional pathways
related to cancerogenesis and progression (26). We downloaded
the global gene expression profiles of THP-1-derived
macrophages and HUVECs stimulated by SAA from the GEO
database under accession numbers GSE28785 (THP-1) and
GSE6241 (HUVEC).

A Venn-diagram-based analysis framework showed six genes,
including tumor necrosis factor, alpha-induced protein 6
(TNFAIP6), CXCL8, serpin family b member 2 (SERPINB2),
tumor necrosis factor, alpha-induced protein 2 (TNFAIP2), and
CXCL6 were upregulated both in stimulated THP-1 (8 h) and
HUVEC (4 h), which suggested that the genes were closely
TABLE 1 | Primers used for the polymerase chain reaction.

Target gene Sequence

CXCL6 F: 5′- GTAGCCTCCCTGAAGAACGG-3′
R: 5′- GGTCCAGGGATCTCCAGAAA-3′

CXCL8 F: 5′- AATGAAAAGATGAGGGTGCAT-3′
R: 5′- GCTTGTGTGCTCTGCTGTCT-3′

VEGFA F: 5′-CTACCTCCACCATGCCAAGT-3′
R: 5′-CCATGAACTTCACCACTTCGT-3′

ICAM1 F: 5′-GAGGAAGGAGCAAGACTCAA-3′
R: 5′-AGCATACCCAATAGGCAGCAAG-3′

VCAM1 F: 5′-CCTGCCATTGGAATGATAA-3′
R: 5′-TGCTTCTACAAGACTATATGAC-3′

SELE F: 5′-GTTTGGTGAGGTGTGCTCATT-3′
R: 5′-CATTTTACCACTTGGCAGGAA-3′

b-actin F: 5′-CGCGAGAAGATGACCCAGAT-3′
R: 5′-GGGCATACCCCTCGTAGATG -3′
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associated with activation and communication of the two types
of cells stimulated by SAA (Figure 1A).

CXCL6 and CXCL8 were among top ten up-regulated
pathways and genes in the early stages (8 h) (27) of activation
of THP-1 (Figure 1B). The HUVEC also increased CXCL6 and
CXCL8 with high fold change in 4 h of stimulation (Figure 1C).
However, there was a noticeably reduced level of the up-
regulated gene in the sustained stimulation for 24 h and 48 h
(Figure 1D).

Besides CXCL6 and CXCL8, pro-angiogentic genes (VEGFA,
VEGFC, ICAM1, VCAM1, and SELE) also responded to SAA with
similar trends (Figure 1D). CytoHubba in Cytoscape 3.8.0
identified networks from complex interactome. All of six hub
genes were upregulated, and the top three hub genes were
sequentially as follows: CXCL8, ICAM1, and VEGFA (Figure 1E).

The CXCL8 and CXCL6 Were Induced by
SAA in a Concentration-Dependent Way
in THP-1
The circulating concentration of SAA in healthy individuals has a
wide range with an average value of 10 mg/mL (28). However, since
the vascular development occurs in the arterial walls where less SAA
is found, a lower concentration of 0.25–1 mg/mL SAAwas used (27).
The THP-1 cells and supernatant were collected at 2 h, 4 h, and 6h
of SAA stimulation. The mRNA and proteins of CXCL6 and
CXCL8 were detected by qPCR and ELISA, respectively.
Frontiers in Oncology | www.frontiersin.org 4
Similar to the previous studies (27), the peak of CXCL6
mRNA was at the early stage of 4 h stimulation (Figure 2A).
In addition, we found the peak of CXCL8 mRNA was as early as
2 h (Figure 2B), and the levels of relative expression of CXCL8
were much higher than CXCL6. Both of them were SAA
concentration-dependent.

In the subsequent ELISA tests of cell supernatant, we detected
high levels of CXCL8 dependent on SAA concentration. They
reached a peak at 4 h and declined slightly afterward. The
concentration of CXCL6 was too low to be detected (Figure 2C).

Overall, we hypothesized that the CXCL8 responded to SAA
stimulation with more sensitivity and higher fold change than
CXCL6, and the protein was secreted into the supernatant soon
after by THP-1.

The Combination of CRP-SAA Further
Increased CXCL6 and CXCL8 in THP-1
To detect the role of the combination of SAA and CRP, we added
only CRP or SAA or both of them in THP-1 in three independent
parallel experiments. The statistical analysis revealed that CRP
had light but significant activation of CXCL6 (Figure 2D) and
CXCL8 (Figures 2E, F) on THP-1. Moreover, the combination
of CRP and SAA can obviously improve the expression of CXCL6
(Figure 2D) and CXCL8 (Figures 2E, F) more than sum of them.
We hypothesized that CRP can potentiate the inflammatory
effect of SAA on THP-1.
A B

D E

C

FIGURE 1 | (A) Venn plot for the six overlapped genes identified from GSE28785 and GSE6241. (B) Volcano plots of SAA treatment on global gene expression in
THP-1 macrophages for 8 h from GSE28785. (C) Volcano plots of SAA treatment on global gene expression in HUVEC for 4 h from GSE6241. (D) Heatmap was
drawn to describe levels of potential hub gene expressions. (E) The six genes were ranked by the CytoHubba plugin. The lines show the interactions between them.
The red and yellow nodes represent the rank of hub genes from high to low according to the degree. The more forward ranking is represented by a redder color.
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The Combination of CRP-SAA Increased
the Migration and Morphology Disruption
of HUVEC by Induction of Angiogenesis-
Associated Genes
Since the migration and invasion of endothelial cells through
basement membranes was a key step in the development of new
blood vessels, we assessed the effect of CRP-SAA on endothelial
cell HUVEC migration. The HUVEC exhibited promoted
migration after sole stimulation against the negative control,
but the combination of CRP and SAA enhanced a more severe
migration with a synergistic effect (Figures 3A, B).
Frontiers in Oncology | www.frontiersin.org 5
The combination of CRP and SAA induced endothelial cells
with a more constricted cell morphology characterized by
exaggerated membrane extensions than single CRP or SAA,
whereas the normal control endothelial cells displayed a
normal cell shape (Figures 3C, D).

Because these endothelial cells significantly altered migration
ability and cell morphology, we collected the cells for further
evaluation. Figures 3E–H indicated that the levels of pro-
angiogenic factors, including VEGFA, ICAM1, and SELE,
significantly increased in CRP- and SAA-treated medium
compared with the control or single stimulation. The VCAM1
A B

D

E F

C

FIGURE 2 | The relative expression of mRNA of CXCL6 (A) and CXCL8 (B) stimulated by SAA of different concentrations (0, 0.25, 0.5, 1mg/mL) and durations (2 h,
4 h, 6 h) in THP1. (C) The levels of CXCL8 in the supernatant were detected by ELISA. The relative expression of mRNA of CXCL6 (D) and CXCL8 (E) in THP1
stimulated by the control, CRP (1mg/mL), SAA (1mg/mL), or CRP (1mg/mL) and SAA (1mg/mL) for different duration (2 h, 4 h) from three independent replicates of
each experiment. (F) The levels of CXCL8 in the supernatant were detected by ELISA. The asterisk indicates significant difference in cell surface area compared to
the control, using the Student t-test (*P < 0.05, **P < 0.01, ***P < 0.001).
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was upregulated without significance, probably due to the small
sample size. These results indicated that simultaneously elevated
CRP and SAA triggered the angiogenic switch by induction of
angiogenic factors in HUVEC.

The Figure 4 summarized a flowchart of the project steps.
DISCUSSION

In our previous study, proteomic analysis specifically identified
the complex of CRP-SAA from serum samples of lung cancer
patients with a significant difference from the normal candidates.
The elevation of CRP-SAA was associated with lower survival
rates for lung cancer patients, which made it a better prognostic
marker than SAA or CRP, especially in early-stage patients (23).
In this study, we further explored the promotion role of CRP-
SAA in angiogenesis and inflammation.

Tumor angiogenesis occurs through several different
biological processes, orchestrated by a series of secreted factors
and signal transduction pathways, and may involve the
participation of non-endothelial cells (such as immune cells)
(29). Microvessels and immune cells are the main components of
the tumor microenvironment (TME). The crosstalk between
cancer cells and TME, and among TME cells sustains tumor
growth, invasion, and metastasis (30).
Frontiers in Oncology | www.frontiersin.org 6
Previously, local SAA production within cancer cells
introduced SAA as a tumor marker for its linkage with tumor
metastasis, inflammation, and angiogenesis (17). CRP, a member
of the pentraxin family, was found as an important prognostic
marker in patients with several malignancies, including lung (31),
urological (32), pancreatic (33), hepatocellular (34), and colorectal
cancers (35). The CXCL6 and CXCL8, in addition to the initially
identified proinflammatory function, are known for their ability to
behave in a disparate manner in the regulation of angiogenesis (4,
36–38). In cancer, an elevated level of CXCL8 was proved to be
associated with worse survival of melanoma (39).

In this study, two mRNAmicroarray datasets from GEO were
downloaded and analyzed to obtain DEGs between SAA-
stimulated THP-1/HUVEC cells and the control. Both CXCL6
and CXCL8 were identified to be upregulated with “high-
confidence,” i.e., high fold change and small P-value, by multi-
bioinformatic approaches, especially in the early stage.

Along with CXCL6 and CXCL8, VEGF, ICAM1, VCAM1, and
SELE can also be directly induced by SAA in heatmap analysis,
which was consistent with previously substantial evidence in
dermal human microvascular endothelial cells (HMVECs) (40),
rheumatoid arthritis (RA) synovial fibroblasts (41), and giant cell
arteritis (GCA) myofibroblasts (42). But in our study, the
subsequent construction of the hub gene network helped to
catch sight of the most potentially functional CXCL8, VEGFA,
A B

D

E F G H

C

FIGURE 3 | Migration of HUVECs cultured in medium with or without stimulation was performed in a Transwell chamber with 8.0 mm pore size. Representative
images of HUVECs that migrated through the membrane (A) and the number of cells that migrated through the membrane/field (B) were presented. Values were
expressed as the mean ± SD. n = 3. (C). HUVECs were stimulated for 18 h and the representative images were captured to show the cell shape of HUVECs.
The combination of CRP and SAA produced cells with a constricted morphology with long membrane extensions compared to negative control or either one of
them. (D) Quantification of the change in cell morphology by measurement of cell surface area. For each condition, a minimum of 150 cells from three experiments
was examined. The relative expression of angiopoietin-like proteins, including VEGF (E), ICAM1 (F), VCAM1 (G), and SELE (H) in the groups of HUVEC treated with
the control, or CRP, or SAA, or combination of CRP and SAA. The asterisk indicates significant difference in cell surface area compared to the control, using the
Student t-test (*P < 0.05, **P < 0.01, ***P < 0.001).
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and VCAM1 among the six hub genes closely associated with
SAA-induced angiogenesis.

In the co-cultivation experiments of THP-1, we further
shortened the stimulation time to 2 h, and found the CXCL8
responded to SAA with the highest fold change in 2 h by qPCR
studies. ELISA was performed to evaluate a high level of CXCL8
protein reached to peak in 2 hours subsequently. But the CXCL6
did not change as highly and sensitively as CXCL8, and the
concentration of CXCL6 protein was too low to be detected. The
induction was in a SAA-concentration dependent manner.
Similar to the results of bioinformatic analysis, these detections
in vitro also confirmed the importance of CXCL8 in SAA-
induced THP-1 inflammatory activation and communication.

Previous studies revealed that CRP can increase the
expression of CXCL8 (19, 43, 44), VEGF (45), and adhesion
molecules, including ICAM1 and VCAM1 (46–48). In our study,
CRP alone could stimulate CXCL6 and CXCL8 in THP-1, and
VEGF, ICAM1, and SELE in HUVECs slightly but significantly in
the early stage of stimulation. When the CRP was added in
combination with SAA, CRP might efficiently potentiate the
effect of cytokine induction, especially CXCL8. We hypothesized
the CRP acted synergistically in the SAA inflammatory
promotion in THP-1.

In terms of the angiogenesis, the effect of the combination of
CRP and SAA on HUVECs transwell and constricted
morphology was stronger than the sum of both inductions.
Further, we demonstrated that the synergistic effect on these
Frontiers in Oncology | www.frontiersin.org 7
changes may be related to the enhancement in angiogenesis
stimulators, including VEGF, ICAM1, and SELE.

Previous studies have shown that some angiogenic factors may
also be involved in inflammation and worsen clinical outcomes.
VEGF, ICAM1, and VCAM1 were found to suppress tumor
immunity by inhibiting the maturation of dendritic cells, and
induce immunosuppressive cells such as regulatory T cells, tumor-
associatedmacrophages, andmyeloid-derived suppressor cells (49,
50). CXCL8 signaling could not only promote angiogenesis, and
proliferation and survival of endothelial cells, but also increase
progression of cancer cells, infiltrating neutrophils with both pro-
and antitumor properties (51) at the tumor site (52). The complex
of CRP-SAA could increase the CXCL cytokines and angiopoietin-
like proteins in the synergistic way, so we hypothesized the CRP-
SAA participated in a wide range of processes that contributed to
tumor development and progression.

In conclusion, the preceding may be the mechanisms of the
association between elevation of CRP-SAA and lung cancer poor
prognosis. Our study may highlight new potential targets for the
development of future therapeutic strategies.
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