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Complement factor H inhibits endothelial cell migration
through suppression of STAT3 signaling
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Abstract. Complement factor H (CFH), a major soluble
inhibitor of complement, is a plasma protein that directly
interacts with the endothelium of blood vessels. Mutations
in the CFH gene lead to diseases associated with excessive
angiogenesis; however, the underlying mechanisms are
unknown. The present study aimed to determine the effects
of CFH on endothelial cells and to explore the underlying
mechanisms. The adenoviral plasmid expressing CFH was
transduced into HepG?2 cells, and the culture medium super-
natant was collected and co-cultured with human umbilical
vein endothelial cells (HUVECs). Cell proliferation was
measured by CCK8 and MTT assays, and cell migration
was measured by wound healing and Transwell assays.
Reverse transcription-quantitative PCR was performed
to detect gene transcription. Western blotting was used to
determine protein levels. The results revealed that CFH can
inhibit migration, but not viability, of HUVECs. In addition,
CFH did not significantly alter MAPK or TGF-f signaling,
whereas it decreased STAT3 phosphorylation in HUVECs.
Furthermore, CFH failed to reduce migration of HUVECs,
with inhibition of STAT3 signaling by STATTIC or acti-
vation of STAT3 signaling by overexpression of STAT3
(Y705D) compromising CFH-inhibited HUVEC migration.
CFH also decreased the expression levels of vascular endo-
thelial growth factor receptor 2, a downstream effector of
STAT3 mediating endothelial cell migration. In conclusion,
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the present study suggested that CFH may be a potential
therapeutic target for angiogenesis-related diseases.

Introduction

Angiogenesis refers to the sprouting of capillaries from
existing blood vessels (1). During angiogenesis, endothe-
lial cells adopt different phenotypes, which allow them to
proliferate and migrate, and to form tube-like structures that
eventually result in the generation of new blood vessels (2).
Physiological angiogenesis is essential for reproduction and
placentation, whereas persistent abnormal angiogenesis drives
tumor metastasis, blindness caused by ocular neovasculariza-
tion and atherosclerotic plaque formation (3,4). The process
of angiogenesis is tightly regulated by pro-angiogenic and
anti-angiogenic molecules, and is orchestrated by the extracel-
lular microenvironment (5). Multiple intracellular signaling
pathways mediate the angiogenic response of endothelial cells,
including vascular endothelial growth factor (VEGF)/VEGF
receptor (VEGFR) signaling, TGF-f signaling and STAT
signaling (4,6,7). In addition, all of the three major subfamilies
of MAPK signaling, ERK, JNK and p38 MAPK, are involved
in endothelial cell activation (8).

Complement factor H (CFH) is an abundant serum glyco-
protein that is constitutively expressed in the liver (9). CFH
controls the alternative pathway of complement activation in
plasma (10). Mutations in the human CFH gene are associ-
ated with age-related macular degeneration characterized
by disruption of the retina by excessive angiogenesis (11).
Intravitreal injection of human CFH has been shown to
suppress the laser-induced choroidal neovascularization in
a rat model (12). In addition, Cfh”" mice have been shown
to exhibit a pro-angiogenic phenotype in a Matrigel plug
assay and loss of CFH can increase endothelial cell migra-
tion (13). An in vitro Matrigel tube formation assay showed
that an increased number of tubes were formed by endo-
thelial cells co-cultured with ARPE-19 cells transfected
with CFH-specific small interfering RNA (14). To date,
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the molecular mechanisms underlying the anti-angiogenic
effect of CFH remain unclear.

STAT3 belongs to the STAT family of transcription
factors (15). Upon activation, STATs are phosphorylated
on a tyrosine residue, leading to the formation of homo- or
heterodimers, and translocation to the nucleus, where they
activate the transcription of target genes (16,17). STAT3 can be
phosphorylated on the Y705 site by the activation of JAK (6).
Multiple studies have shown that STAT3 signaling mediates
tumor angiogenesis (18-20). Membrane progesterone receptor
o has been reported to promote endothelial cell migration
and tube formation in lung adenocarcinoma through STAT3
signaling (21). Furthermore, STATTIC, a specific inhibitor of
STAT?3, was shown to reduce radiation-induced migration and
invasion in hepatocellular carcinoma cells (22). Knockdown of
SETD?7, a tumor suppressor, can activate the STAT3 signaling
pathway and enhance lung cancer cell migration, whereas
STATTIC abrogates the effect of SETD7 on cell migra-
tion (23). In addition, STAT3 has been shown to upregulate the
transcription of MMP-2, whereas blockade of STAT3 through
the expression of a dominant-negative STAT3 significantly
suppresses MMP-2 expression in metastatic tumor cells (24).

VEGEF refers to a family of growth factors that have potent
pro-angiogenic activity (25-27). VEGF family members bind
to their tyrosine kinase cell receptors (VEGFRs) on endothe-
lial cells (28). VEGFR?2 is considered to have the strongest
pro-angiogenic activity (29-31), and has been proven to be a
downstream effector of STAT3 signaling (32,33). STAT3 has
also been shown to directly bind the promoter of the VEGFR?2
gene and activate its transcription (34).

The aim of this study was to evaluate the effect of CFH
on HUVEC viability and migration. In addition, the effects
of CFH on STAT3, MAPK and TGF-f signaling pathways in
HUVECs were measured, as well as the effects of CFH on
VEGFR?2 expression. This study elucidated the molecular
mechanisms underlying CFH-inhibited angiogenesis.

Materials and methods

Cell culture and transduction. HUVECs (cat. no. 8000)
were purchased from ScienCell Research Laboratories, Inc.
HUVECSs were cultured in endothelial cell medium (ECM;
ScienCell Research Laboratories, Inc.) supplemented with 5%
(v/v) fetal bovine serum (FBS; Thermo Fisher Scientific, Inc.),
1% endothelial cell growth supplements (ECGS; ScienCell
Research Laboratories, Inc.) and 1% penicillin/streptomycin
solution. The liver cancer cell line HepG2 (cat. no. CRL-10741)
was purchased from American Type Culture Collection.
HepG2 cells were cultured in Dulbecco's modified Eagle's
medium (Gibco; Thermo Fisher Scientific, Inc.) supplemented
with 10% (v/v) FBS and antibiotics (100 IU/ml penicillin and
100 mg/ml streptomycin). Cells underwent STR genotyping.
The CFH adenovirus (plasmid GV314 harboring CFH) and
control virus (empty GV314 plasmid) expressing enhanced
green fluorescent protein were obtained from Shanghai Jikai
Gene Chemical Technology Co., Ltd. Adenovirus infection of
HepG2 cells was carried out according to the manufacturer's
protocol, as previously described (35). After 48 h, the culture
medium supernatant and HepG2 cells were harvested and
expression of CFH was tested by western blotting and reverse

transcription-quantitative PCR (RT-qPCR). The supernatant of
HepG2 cells was collected to perform subsequent experiments.

Inhibition and stimulation of STAT3 signaling. The
culture medium for CFH adenovirus-infected HepG2 cells
(CFH-containing conditioned medium) or non-infected
HepG2 cells (control medium) was collected. HUVECs were
seeded in 6-well plates at a density of 5x10° cells/well and
cultured in CFH-containing conditioned medium or control
medium for 24 h at 37°C. For STATTIC treatment, when cells
reached 100% confluence, STATTIC (Apexbio Technology
LLC) was added to the media and incubated with cells at
different concentrations (0, 2.5, 5, 7.5 and 10 yM). Dimethyl
sulfoxide (DMSO; Beijing Solarbio Science & Technology
Co., Ltd.) was used as a control. Cells were harvested after 4 h
of incubation at 37°C and western blot analysis was used to
detect the effects of STATTIC on phosphorylated (p)-STAT3
and the optimal dose. The optimal dose (7.5 pM) was used to
perform the subsequent experiments.

GV230 is a eukaryotic expression plasmid. The full-length
(NM_139276) gene of the Y705D-mutant STAT3 was cloned
into the GV230 expression plasmid (Shanghai Genechem Co.,
Ltd.) by using Xhol and Kpnl restriction sites. The Y705D
mutation is a phosphorylation mimicking form of STAT3 (6).
For STAT3 (Y705D) transfection, when cells reached 40-90%
confluence, Lipofectamine® 3000 (cat. no. L3000015;
Invitrogen; Thermo Fisher Scientific, Inc.) and 2.5 pg STAT3
(Y705D) vector were incubated at room temperature for 15 min
and then added to each well. Empty GV230 plasmid was used
as the control. Transfection was performed according to the
Lipofectamine 3000 manufacturer's protocol. The culture
medium was changed 6 h after transfection. After 24 h of
transfection, subsequent experiments were performed.

Western blot analysis and Coomassie blue staining. The
lysates of HepG2 or HUVECs were prepared with RIPA
buffer containing 1 mM PMSF (Beyotime Institute of
Biotechnology). Protein concentrations were quantified with
a BCA protein assay kit (Thermo Fisher Scientific, Inc.)
according to the manufacturer's protocol. Protein samples
(20 ug) were loaded and separated by SDS-PAGE on a 10%
SDS-polyacrylamide gel. The gels were incubated with
Coomassie blue staining solution (Beijing Solarbio Science &
Technology Co., Ltd.) and then completely destained in a 5%
ethanol/10% acetic acid solution until clear bands appeared.
For western blotting, proteins were transferred onto PVDF
membranes (MilliporeSigma) and blocked with 5% nonfat
dry milk buffer for 2 h at room temperature, followed by
incubation with primary antibodies against CFH (1:1,000;
cat. no. ab118820; Abcam), p-ERK1/2 (1:2,000; cat. no. 4370;
Cell Signaling Technology, Inc.), ERK1/2 (1:1,000; cat.
no. 4695; Cell Signaling Technology, Inc.), p-JNK (1:1,000;
cat. no. 4668; Cell Signaling Technology, Inc.), INK (1:1,000;
cat. no. 9252; Cell Signaling Technology, Inc.), p-p38 MAPK
(1:1,000; cat. no. 4511; Cell Signaling Technology, Inc.), p38
MAPK (1:1,000; cat. no. 8690; Cell Signaling Technology,
Inc.), TGFp receptor 1 (TGFpRI; 1:1,000; cat. no. ab235578;
Abcam), p-Smad2 (1:1,000; cat. no. abl188334; Abcam),
Smad?2 (1:2,000; cat. no. ab40855; Abcam), p-Smad3 (1:1,000;
cat.no. 9520; Cell Signaling Technology, Inc.), Smad3 (1:2,000;
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cat. no. 9145; Cell Signaling Technology, Inc.), p-STAT?3
(1:1,000; cat. no. 9520; Cell Signaling Technology, Inc.),
STAT?3 (1:1,000; cat. no. 9139; Cell Signaling Technology, Inc.),
VEGFR?2 (1:1,000; cat. no. 2479S; Cell Signaling Technology,
Inc.) and GAPDH (1:10,000; cat. no. 10494-1-AP; Proteintech
Group, Inc.) at 4°C overnight. Subsequently, the membranes
were cultivated with HRP-conjugated secondary antibody
(Goat Anti-Rabbit IgG; 1:10,000; cat. no. 111-035-003; and
HRP-Goat anti-Mouse IgG; 1:10,000; cat. no. 115-035-003;
both from Jackson ImmunoResearch Laboratories, Inc.) at
room temperature for 2 h. Immobilon western chemilumi-
nescent HRP substrate (MilliporeSigma) was used to detect
chemiluminescence. The blots were visualized using an ECL
imaging system and relative protein expression levels were
calculated using ImageJ 1.8.0 (National Institutes of Health).

RNA extraction and RT-gPCR. Total RNA was isolated from
the HUVECs and HepG2 cells using the E.Z.N.A. Total RNA
Kit (Omega Bio-Tek, Inc.). cDNA synthesis and amplification
were subsequently performed using HiScript®III RT Super
Mix (cat no. R323-01; Vazyme Biotech Co., Ltd.) according
to the manufacturer's instructions. The RT procedure was:
2 min at 42°C, 15 min at 37°C, 5 sec at 85°C and then 4°C
for 30 min. ChamQ Universal SYBR qPCR Master Mix (cat
no. Q711-02; Vazyme Biotech Co., Ltd.) was used for gPCR
analysis with the following thermocycling conditions: 95°C for
30 sec, followed by 40 cycles at 95°C for 10 sec and 60°C for
30 sec. GAPDH was used as an internal control and the rela-
tive expression levels of the target gene were calculated using
the 2444 method (36). The primers were designed as follows:
hCFH, forward 5-GTGAAGTGTTTACCAGTGACAGC-3',
reverse 5'-"AACCGTACTGCTTGTCCAAA-3'; hWVEGFR2,
forward 5-“TTAGTGACCAACATGGAGTCGTG-3!, reverse
5"TAGTAAAGCCCTTCTTGCTTTCC-3"; and hGAPDH,
forward 5'-TGATGACATCAAGAAGGTGGTGAAG-3',
reverse 5"TCCTTGGAGGCCATGTGGGCCAT-3.

Cell viability assays. Cell viability was evaluated using the
MTT assay kit Beijing Solarbio Science & Technology
Co., Ltd.) and the Cell Counting Kit-8 (CCK-8; Apexbio
Technology LLC). For the MTT assay, HUVECs were seeded
into a 96-well plate at a density of 5x10* cells/well and cultured
in CFH-containing conditioned medium (the supernatant of
HepG?2 cells) for 24 h at 37°C, after which, 10 pl serum-free
medium containing 5 mg/ml MTT solution was added to
each well. After 4 h incubation at 37°C, the supernatant was
discarded, and 110 1 DMSO was added. The crystals were
sufficiently dissolved and the optical absorbance value was
measured at 490 nm using a microplate reader (Multiskan GO;
Thermo Fisher Scientific, Inc.). For the CCK-8 assay, HUVECs
were incubated with CFH-containing conditioned medium for
24 h at 37°C, followed by the addition of 10 ul CCK-8 solution
to each well and incubation of the plates for 4 h at 37°C in
a humidified incubator. Absorbance was measured at 450 nm
using a microplate reader (Multiskan GO; Thermo Fisher
Scientific, Inc.).

Wound healing assay. The HUVECs were seeded in 6-well
plates at a cell density of 5x10°/well and at 37°C where they
reached 95-100% confluence. A 10-ul pipette tip was used to

vertically scratch the 6-well plate to create a line across the
surface, and the suspended cells were cleaned and removed
with PBS. Cells were cultured in CFH-containing conditioned
medium in a humidified 5% CO, incubator at 37°C for 24 h.
Images were captured at O and 24 h under a light microscope
(Olympus Corporation). The migrated area was calculated
using ImagelJ software.

Transwell migration assay. A Transwell chamber (pore size,
8 um; Corning, Inc.) was used. HUVECs were diluted to
10x10*/ml with CFH-containing conditioned medium or control
medium, and a 200-xl cell suspension was added to the upper
chamber. ECM (600 pl1) supplemented with 5% FBS, 1% ECGS
and 1% antibiotics was added to the lower chamber. The cells
were allowed to migrate for 12 h at 37°C. Subsequently, they
were fixed with 4% formaldehyde solution (1 ml/well) for
10 min at room temperature and washed three times with PBS to
remove the formaldehyde solution. They were then stained with
0.1% crystal violet (1 ml/well) for 30 min at room temperature
and washed three times with PBS to remove the stain. Finally,
migrated HUVECs were counted and images were captured
from six random fields under an inverted light microscope.

Statistical analysis. Date analysis was performed using
GraphPad Prism 8.0.2 software (Dotmatics). Data are presented
as the mean + standard deviation and all experiments were
repeated at least three times. Statistical significance between
two groups was assessed using an unpaired Student's t-test.
Significance among multiple groups was calculated using
one-way ANOVA and Bonferroni's post hoc test. P<0.05 was
considered to indicate a statistically significant difference.

Results

Overexpression of CFH in HepG2 cells and collection of
conditioned media. CFH is primarily expressed in hepato-
cytes. To imitate the in vivo environment, the culture medium
of HepG2 cells transduced with a control vector, which
contains HepG2 cell-secreted CFH, was used as the control to
mimic the condition in normal blood. In addition, a recombi-
nant adenovirus containing the full-length cDNA sequence of
human CFH was constructed and transduced into HepG2 cells
to induce overexpression of CFH, thus exogenously increasing
the amount of CFH in the conditioned medium. Western blot-
ting was used to detect the protein expression levels of CFH
in HepG2 cells. The results revealed that the expression levels
of CFH in the CFH adenovirus infection group was signifi-
cantly higher than those in the control group (Fig. 1A and B).
In addition, RT-qPCR results demonstrated that the mRNA
expression levels of CFH were significantly elevated in HepG2
cells following CFH adenovirus transduction (Fig. 1C). HepG2
cell culture media were collected and subjected to western blot
analysis. As shown in Fig. 1D, CFH protein expression in the
conditioned medium of CFH-overexpressing HepG2 cells was
markedly elevated.

CFH does not alter the viability of HUVECs but it does
inhibit their migration. MTT and CCK-8 assays were applied
to detect the viability of HUVECs. Both assays showed no
significant difference in the viability of HUVECs between the
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Figure 1. Overexpression of CFH in HepG2 cells and collection of CFH-containing conditioned medium. HepG2 cells were transduced with CFH-expressing
adenovirus or control virus. (A) Analysis of protein levels of CFH via western blotting. (B) Relative protein levels of CFH. GAPDH was used as a loading
control. (C) Analysis of mRNA levels of CFH via reverse transcription-quantitative PCR. (D) Secreted CFH protein in culture media was detected by western
blot analysis. Coomassie blue staining of the gel was used as the loading control. “P<0.01 vs. Con group; n=4. Con, control; CFH, complement factor H.

CFH-containing conditioned medium group and the control
medium group (Fig. 2A and B). Therefore, CFH may not affect
the viability of HUVECs.

Wound healing assay and Transwell migration assay were
performed to determine the effect of CFH on the migration of
HUVECGCs. The wound healing assay indicated that the migra-
tion of cells treated with the CFH-containing conditioned
medium was decreased compared with that in the control
group (Fig. 3A and B). Transwell migration assays indicated
that the migration of HUVECsS cultured in CFH-containing
conditioned medium was significantly reduced compared
with that in the control group (Fig. 3C and D). These results
suggested that CFH inhibits the migration of HUVECs.

CFH does not affect the MAPK and TGF-§ signaling path-
ways in HUVECs. To investigate the mechanisms underlying
the effect of CFH on migration, HUVECs were incubated with
CFH-containing conditioned medium for 24 h and proteins
were extracted for western blotting of the major components
of the MAPK and TGF-f pathways, which are involved in the
regulation of cell migration (37,38). As shown in Fig. 4A-C,
phosphorylation of ERK1/2, INK and p38 MAPK, the three
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Figure 2. Effect of CFH on the viability of HUVECs. (A) Cell Counting Kit-8
assay of HUVECs incubated with CFH-containing conditioned medium or
control medium. Absorbance was measured at 450 nm. (B) MTT assay of
HUVECsS incubated with CFH-containing conditioned medium or control
medium. Absorbance was measured at 490 nm. n=6. Con, control; CFH,
complement factor H; HUVECs, human umbilical vein endothelial cells;
n.s., not significant.

major members of the MAPK pathway, were not markedly
changed in HUVECs treated with CFH-containing condi-
tioned medium. The protein expression levels of TGFBRI
and the phosphorylation of Smad2/3 were also unchanged
(Fig. 4D-F).
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Figure 3. Effect of CFH on the migration of HUVECs. (A and B) Wound healing assay (magnification, x100) of HUVECs treated with CFH-containing
conditioned medium or control medium. (C and D) Transwell migration assay (magnification, x400) of HUVECSs treated with CFH-containing conditioned
medium or control medium. “P<0.01 vs. Con group, n=4. Con, control; CFH, complement factor H; HUVECS, human umbilical vein endothelial cells.,
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Figure 4. Effect of CFH on cell migration-related signaling pathways in HUVECs. Western blot analysis of proteins extracted from HUVECs incubated with
CFH-containing conditioned medium or control medium. (A) ERK1/2 and p-ERK1/2, (B) JNK and p-JNK, (C) p38 MAPK and p-p38 MAPK, (D) TGF-fRI,
(E) Smad2 and p-Smad2, and (F) Smad3 and p-Smad3 were detected. The p-ERK and ERK have bands at 42 and 44 kDa. For p-Smad, the band for the small
molecule is correct. The other band is non-specific. GAPDH was used as a loading control. n=3. Con, control; CFH, complement factor H; HUVECs, human
umbilical vein endothelial cells; p-, phosphorylated.

CFH inhibits the Y705 phosphorylation of STAT3 in  conditioned medium, the phosphorylation of STAT3 on Y705
HUVECs. The STAT3 signaling pathway regulates endothe-  was significantly decreased in HUVECsS, whereas the total
lial cell migration (23). After treatment with CFH-containing = STAT3 protein contents remained unchanged compared with
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vein endothelial cells. HUVECs were incubated with CFH-containing condi-
tioned medium or control medium. (A) Analysis of protein levels of total
STAT3 and p-STAT3 via western blotting. GAPDH was used as a loading
control. (B) Ratio of p-STAT3 and STAT3 protein levels. "P<0.05 vs. Con
group, n=5. Con, control; CFH, complement factor H; p-, phosphorylated.

in the control group (Fig. 5A and B). These results suggested
that CFH inhibits the Y705 phosphorylation of STAT3 in
HUVECs.

Inhibition of STAT3 signaling compromises CFH-inhibited
HUVEC migration. STATTIC is a small molecule that
suppresses the physiological binding of tyrosine-phosphory-
lated peptides to the STAT3 SH2 domain, and reduces STAT3
dimerization and DNA binding (39). To confirm that the
migration of HUVECs is dependent on STAT3, STATTIC
was used to inhibit STAT3 signaling in HUVECs. As shown
in Fig. 6A and B, 7.5 and 10 uM STATTIC completely
inhibited STAT3 phosphorylation. After incubation with
7.5 uM STATTIC, the migration of HUVECs cultured in
CFH-containing conditioned medium and control medium
displayed no significant difference, as determined by wound
healing and Transwell migration assays (Fig. 6C-F). These
results indicated that CFH does not induce additional inhibi-
tion of the migration of HUVECs treated with STATTIC.
If CFH inhibited HUVEC migration via other pathways,
it would induce additional inhibition of the migration of
STATTIC-treated HUVECs. Therefore, these results suggested
that CFH decreases HUVEC migration through downregula-
tion of STAT3 signaling.

Activation of STAT3 signaling compromises CFH-inhibited
HUVEC migration. Phosphorylation-mimetic (constitutively
active) STAT3 (Y705D) has a substitution of tyrosine to aspar-
tate at position 705. The plasmid expressing STAT3 (Y705D)
was transfected into HUVECs to mimic activation of STAT3
signaling (Fig. 7A). After transfection, wound healing and
Transwell migration assays revealed no significant difference
in migration between the CFH-containing conditioned medium
group and the control group (Fig. 7B-E). Therefore, activation
of STATS3 signaling also eliminated CFH-induced inhibition of
HUVEC migration. These findings indicated that CFH inhibits
migration of HUVECs in a STAT3-dependent manner.

CFH decreases the expression of VEGFR2. As a down-
stream target gene of STAT3, the expression of VEGFR2 is
upregulated by phosphorylation of STAT3 (34). The present
study detected the expression levels of VEGFR2 in HUVECs
after incubation with CFH-containing conditioned medium.

Western blotting and RT-qPCR demonstrated that the protein
and mRNA expression levels of VEGFR2 in HUVECs
cultured in CFH-containing conditioned medium were mark-
edly reduced (Fig. 8A and B). Therefore, CFH may decrease
the expression of VEGFR2 in HUVECs.

Discussion

Complement factor H has been reported to inhibit angiogen-
esis (40-42); however, the underlying molecular mechanisms
remain unknown. The present study collected CFH-containing
conditioned medium from HepG2 cells transduced with
CFH-expressing adenovirus, and used this to culture
HUVECs. Exogenous CFH did not affect viability, but it did
significantly inhibit the migration of HUVECs. Western blot-
ting results suggested that CFH had no significant effect on the
MAPK and TGF-f signaling pathways, but it did inhibit the
Y705 phosphorylation of STAT3 in HUVECs. It was further
confirmed that the inhibitory effect of CFH on HUVECs
migration was STAT3-dependent, which was verified by
STATTIC treatment and STAT3 (Y705D) overexpression. In
addition, CFH decreased the mRNA and protein expression
levels of VEGFR2.

In the alternative complement pathway, CFH accelerates
the decay of C3 and C5 convertases, and is also a cofactor
for factor [-mediated inactivation of C3b, resulting in reduc-
tion of the generation of C3a and C5a, and the formation of
the membrane attack complex (C5b-9) (43). CFH is a plasma
protein that functions directly on endothelial cells in the circu-
latory system. The present findings suggested that exogenous
CFH could inhibit HUVEC migration, but not viability. In
Cfh”" mice, no alteration was previously found in the aortic
ring assay, but a significant increase in angiogenic vessels was
shown in the Matrigel plug assay (13). In addition, plasma from
Cfh” mice have been shown to significantly increase endothe-
lial cell migration (13). Thus, CFH may directly interact with
endothelial cells and inhibit their migration.

Endothelial cell migration is essential for angiogenesis.
This dynamic and multistep process is directionally regulated
by chemotactic, haptotactic and mechanotactic stimuli, and
requires the activation of various signaling pathways (44).
It has previously been shown that endothelial cell migration
is regulated by a variety of intracellular signaling pathways.
Reconstituted HDL-apoE3 can promote endothelial cell
migration through ERK1/2 and p38 MAPK (45). In mice,
downregulation of CFH expression can lead to increases in
the expression levels of VEGF and TGF-f3 (46). Furthermore,
signaling of TGF-f through ALKS5 and subsequent Smad2/3
phosphorylation has been reported to lead to inhibition of
endothelial cell proliferation and migration (47). The present
study demonstrated that CFH-containing conditioned medium
did not affect the MAPK and TGF-p signaling pathways;
however, it inhibited the STAT3 signaling pathway. To further
confirm whether CFH inhibited endothelial cell migration via
STATS3 signaling, HUVECs were treated with a STAT3 inhib-
itor, STATTIC, or were transfected with phospho-mimetic
STAT3 (Y705D) to reduce or activate the STAT3 signaling.
STATTIC is a nonpeptidic small molecule shown to selectively
inhibit the function of the STAT3 SH2 domain regardless of
the STAT3 activation state in vitro (39). The Y705D mutation
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Figure 6. Effect of STATTIC treatment on CFH-regulated HUVEC migration. (A and B) Western blot analysis of total STAT3 and p-STAT3 in HUVECs
treated with increasing doses of STATTIC for 4 h. GAPDH was used as a loading control. "P<0.05, “P<0.01 vs. Con group. (C and D) Wound healing assay
(magnification, x100) of STATTIC-treated HUVECs incubated with CFH-containing conditioned medium or control medium. n=4. (E and F) Transwell
migration assay (magnification, x400) of STATTIC-treated HUVECs incubated with CFH-containing conditioned media or control medium. n=4. Con,
control; CFH, complement factor H; HUVECs, human umbilical vein endothelial cells; n.s., non-significant; p-, phosphorylated.

is a phospho-mimetic form of STAT3 (48). STAT3 is phos-
phorylated at Y705 within its SH2 domain, dimerizes and
translocates into the nucleus to regulate target gene expression;
dysfunction of the SH2 domain inhibits STAT3 activity (49).
The results revealed that both inhibiting and increasing the
phosphorylation of STAT3 abolished CFH-inhibited HUVEC
migration. These results indicated that CFH inhibits the
migration of endothelial cells in a STAT3-dependent manner.

Yahata et al (16) also indicated that translocation of STAT3
into the nuclei is essential for triggering human dermal micro-
vascular endothelial cell migration. Thus, the present study
confirmed an important mechanism underlying CFH-inhibited
endothelial cell migration.

VEGEFR is expressed by endothelial cells and mediates
angiogenic signaling (29-31). Upon binding with VEGF,
VEGFR?2 is phosphorylated, which then induces various
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Figure 7. Effect of STAT3 (Y705D) on CFH-regulated HUVEC migration. (A) HUVECsS were transfected with control vector or STAT3 (Y705D) vector, and
STAT3 protein expression levels were detected by western blot analysis. GAPDH was used as a loading control. n=4. (B and C) Wound healing assay (magni-
fication, x100) of STAT3 (Y705D)-transfected HUVECS incubated with CFH-containing conditioned medium or control medium. n=4. (D and E) Transwell
migration assay (magnification, x400) of STAT3 (Y705D)-transfected HUVECS incubated with CFH-containing conditioned medium or control medium. n=3.
Con, control; CFH, complement factor H; HUVECs, human umbilical vein endothelial cells; n.s., non-significant.
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Figure 8. Effect of CFH on VEGFR2 expression in HUVECs. HUVECs were
incubated with CFH-containing conditioned medium or control medium.
(A) Analysis of protein levels of VEGFR2 via western blotting. GAPDH
was used as a loading control. (B) Analysis of mRNA levels of VEGFR2
via reverse transcription-quantitative PCR. "P<0.05 vs. Con group, n=6.
Con, control; CFH, complement factor H; HUVECSs, human umbilical vein
endothelial cells; VEGFR2, vascular endothelial growth factor receptor 2.

downstream angiogenic signaling pathways, including the
MEK-ERK pathways, resulting in cell proliferation, survival,
migration and increased vascular permeability (34,50).
Lee et al (34) demonstrated that VEGF induced VEGFR2
expression in brain endothelial cells through STAT3 acti-
vation. Although p-STAT3 enters the nucleus, the direct
interaction of STAT3 and the human VEGFR2 promoter has
not been studied (16,17). The present study revealed that CFH
decreases the expression of VEGFR2 in HUVECs, but the lack
of chromatin immunoprecipitation on the VEGFR2 promoter
is a limitation of this study. Collectively, the present results

indicated that CFH may reduce VEGFR2 expression through
inhibition of the phosphorylation of STAT3, and subsequently
decrease endothelial cell migration.

In conclusion, the present study determined that CFH
suppresses endothelial cell migration via inhibition of the
STAT?3 signaling pathway. As a plasma protein, CFH may be
targeted directly through the blood circulation, thus it could be
considered a new therapeutic target for anti-angiogenic therapy.
Future work shall elucidate the detailed molecular mechanisms
underlying the effects of CFH on endothelial cells.
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