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CTGF increases vascular endothelial growth
factor-dependent angiogenesis in human synovial
fibroblasts by increasing miR-210 expression

S-C Liu', S-M Chuang?, C-J Hsu®*, C-H Tsai*%, S-W Wang® and C-H Tang*""*®

Connective tissue growth factor (CTGF, a.k.a. CCN2) is inflammatory mediator and abundantly expressed in osteoarthritis (OA).
Angiogenesis is essential for OA progression. Here, we investigated the role of CTGF in vascular endothelial growth factor (VEGF)
production and angiogenesis in OA synovial fibroblasts (OASFs). We showed that expression of CTGF and VEGF in synovial fluid
were higher in OA patients than in controls. Directly applying CTGF to OASFs increased VEGF production then promoted
endothelial progenitor cells tube formation and migration. CTGF induced VEGF by raising miR-210 expression via PI3K, AKT, ERK,
and nuclear factor-xB (NF-«xB)/ELK1 pathways. CTGF-mediating miR-210 upregulation repressed glycerol-3-phosphate
dehydrogenase 1-like (GPD1L) expression and PHD activity and subsequently promoted hypoxia-inducible factor (HIF)-1a-
dependent VEGF expression. Knockdown of CTGF decreased VEGF expression and abolished OASF-conditional medium-
mediated angiogenesis in vitro as well as angiogenesis in chick chorioallantoic membrane and Matrigel-plug nude mice model
in vivo. Taken together, our results suggest CTGF activates PI3K, AKT, ERK, and NF-xB/ELK1 pathway, leading to the upregulation
of miR-210, contributing to inhibit GPD1L expression and prolyl hydroxylases 2 activity, promoting HIF-1a-dependent VEGF
expression and angiogenesis in human synovial fibroblasts.
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Osteoarthritis (OA) refers to clinical syndrome of joint pain
accompanied by varying degrees of functional limitation and
reduced quality of life.! Cause of the OA is unclear, although
obesity, aging, sex, genetic factors, and injury have been
associated with increased risk of OA.2 Development and
progression of OA are now believed to involve synovial
inflammation even in early stages of the disease.® Biochemical
mediators like cytokines, chemokines, and growth factors
were found in OA synovial fibroblasts (OASFs) that affect
cellular functions of knee joints. These mediators promote
inflammation, cartilage degradation, and neovascularization
via activation of angiogenetic factors like vascular endothelial
growth factor (VEGF),*® reportedly secreted from mechani-
cally overloaded chondrocytes® and in OA joints in vivo.”
VEGF also affects chondrocytic metabolism, leading to
release of matrix metalloproteinases that degrade cartilage
matrix.® Anti-VEGF polyclonal antibody markedly attenuated
disease severity in arthritis,® indicating anti-angiogenesis as
novel OA treatment.

Connective tissue growth factor (CTGF, a.k.a. CCN2) is a
member of the CCN family, secreted multifunctional proteins
that contain high levels of cysteine. It has been proven

associated with several biological functions such as fibrosis,
tissue remodeling, and tumorgenesis even to OA.'® The
mRNA expression of CTGF has been upregulated adjacent to
areas of cartilage surface damage, and present in chondro-
osteophytes.11 In animal model, CTGF overexpression in
synovial lining of mouse knee joints results in reversible
synovial fibrosis and cartilage damage.'? Both plasma and
synovial fluid CTGF concentration in OA patients were
correlated with radiographic severity and could be useful for
monitoring progression of OA.'®> We previously indicated
CTGF enhancing IL-6 and MCP-1 expression and promoting
inflammation in OASFs,'*'® meaning CTGF contributes to
pathogenesis of OA.

The small, noncoding microRNAs (miRNAs) transcribed
from DNA are 18-24 nucleotides in length, modulating
targeted gene expression via either translational repression
or mRNA cleavage.'® It is recently reported that miRNA
expression was associated with well-defined clinical patholo-
gical features and disease outcomes;'”"'® miRNAs also have
been linked with OA pathogenesis, especially for expression
of genes encoding catabolic factors like matrix metallo-
proteinases and ADAMTS."® Many evidences indicated that
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miR-210 as angiogenic miRNA.2°"22 |n addition, overexpres-
sion of miR-210 can stimulate formation of capillary-like
structures in vitro when cells are cultured in Matrigel.?®
However, the exact etiological mechanism of miR-210 in
angiogenesis and OA pathogenesis is largely unknown.

Angiogenesis is essential for the development, growth, and
progression of OA.2* VEGF, a potent angiogenic factor, is
pivotal in OA pathogenesis.” CTGF is cited as promoting
inflammatory cytokine release during OA;' its role in
angiogenesis is implied in many cell types,?>® but its signal
pathway in VEGF production and angiogenesis in synovial
fibroblasts has not been extensively studied. We explored
intracellular signal pathway in CTGF-induced VEGF produc-
tion in OASFs and found CTGF activating PI3K, AKT, ERK,
and nuclear factor-kB (NF-«kB)/ELK1 pathway to upregulate
miR-210 expression and contributing to inhibit GPD1L
expression and prolyl hydroxylases 2 (PHD2) activity as well
as trigger HIF-1a-dependent VEGF expression and angiogen-
esis in human OASFs.

Results

CTGF promotes VEGF-dependent angiogenesis in
synovial fibroblasts. CTGF is associated with OA
pathogenesis.'? VEGF is most potent pro-angiogenic growth
factor playing a pivotal role in angiogenesis.*?” We first
examined CTGF and VEGF expression in OA and normal
synovial fluid to find expression of CTGF and VEGF in
synovial fluid significantly higher in OA patients than in
controls (Figure 1a). On the other hand, medium from OASFs
exhibited significant CTGF and VEGF levels, higher than that
of medium from normal SFs (Figure 1a). Expression of CTGF
positively correlated with VEGF (Figure 1b). Angiogenesis
mainly involves endothelial cell proliferation, migration, and
tube formation to form new blood vessels.?® We also found
OA synovial fluid or OASF conditioned medium (CM)
enhancing endothelial progenitor cell (EPC) tube formation
and migration (Figures 1c and d), suggesting CTGF and
VEGF have key roles in OA angiogenesis and pathogenesis.

Next, we directly applied CTGF in OASFs and determined
the expression of VEGF; CTGF raised VEGF mRNA and
protein expression in a concentration- (Figures 2a and b) and
time-dependent manner (Figures 2c and d). Likewise, CM
from CTGF-treated OASFs promoted tube formation and
migration in EPCs by concentration- and time-dependently
(Figures 2e-h). To elucidate CTGF-dependent VEGF'’s lead
role in angiogenesis, VEGF antibody was used. Figures 2e—h
show pretreatment of OASFs with VEGF antibody significantly
abolished CTGF-induced tube formation and migration of
EPCs (Figures 2e-h), indicating CTGF-dependent VEGF
expression promotes OASF angiogenesis.

CTGF promotes VEGF production and angiogenesis by
increasing miR-210 via PI3K, AKT, and ERK pathways.
Several miRNAs identified show differential expression
patterns between OA and normal patients; their postulated
functions relate to inflammatory, catabolic changes, and
angiogenesis during OA process.?®° To probe miRNA
differential expression in CTGF-treated OASFs, we used a
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customized array of 96 human miRNAs. Three were
significantly  upregulated and three were down-
regulated (Supplementary Figure 1). Among significantly
regulated miRNAs, miR-210 was most upregulated in
CTGF-treated OASFs compared with controls. We directly
applied CTGF in OASFs to rate miR-210 expression, which
miR-210 raised in a time-dependent manner (Figure 3a). We
also found miR-210 expression in OASFs sharply higher than
in normal SFs (Supplementary Figure 2). To verify direct
CTGF inducement of miR-210-mediating VEGF-dependent
angiogenesis, we transfected miR-210 mimic or inhibitor into
OASFs; miR-210 inhibitor but not mimic blocked CTGF-
induced VEGF expression, EPC tube formation and migration
(Figures 3b—d). These suggest miR-210 as positive regulator
of CTGF-mediated, VEGF-dependent angiogenesis in OASFs.

PI3K, AKT, and ERK pathways are reported to regulate
expression of miR-210 and VEGF.3'"3® We assessed their
roles in CTGF-induced miR-210 and VEGF expression. CTGF
treatment of OASFs induced time-dependent phosphorylation
of all three (Figure 3e). Pretreatment with PI3K (Ly294002 or
Wortmannin), AKT (AKTi), and ERK inhibitors (U0126 or
PD98059) for 30min reduced CTGF-induced miR-210
expression (Figure 3f). Yet all of them suppressed CTGF-
mediated VEGF production and EPC tube formation and
migration (Figures 3g—i). Results portend CTGF acting via
PI3K, AKT, and ERK signaling pathways to promote miR-210
expression and VEGF-dependent angiogenesis in human
synovial fibroblasts.

Involvement of NF-kB and ELK1 in CTGF increases
miR-210 upregulation. The miR-210 promoter contains
NF-«kB- and ELK1-binding sites.** To determine which
transcription factors are involved in CTGF-induced miR-210
expression, three different length miR-210 promoter con-
structs were generated. Figure 4a shows that CTGF
significantly increased phmiR210-Luc (—1033/+86) promoter
activity, which was partially reduced in phmiR210-Luc (—297/
+86; deletion ELK1-binding site) construct and completely
abolished in phmiR210-Luc (—35/+86; deletion ELK1- and
NF-kB-binding sites) construct. The role of NF-kB and ELK1
was further established using the NF-«B inhibitor (PDTC) and
IkB protease inhibitor (TPCK) or ELK1 and p65 small
interfering RNA (siRNA). Figure 4b shows all these inhibitors
or siRNAs markedly reducing CTGF-induced miR-210
expression. With CTGF-mediated VEGF expression or EPC
tube formation and migration reduced by transfection with
ELK1 and p65 siRNA (Figures 4c—e), we postulate CTGF-
increased miR-210 upregulation and angiogenesis as invol-
ving NF-«kB and ELK1 transactivation.

We further explored whether these signaling pathways are
upstream molecules in CTGF-induced NF-kB and ELK1
transcriptional activation. Pretreatment of cells with
Ly294002, Wortmannin, AKTi, U0126, and PD98059 abol-
ished CTGF-increased p-p65 and p-ELK1 accumulation into
nuclei as well as p65 and ELK1 binding to NF-«xB and ELK1
elements on miR-210 promoter (Figures 4f and g). CTGF thus
increases VEGF-dependent angiogenesis by augmenting
miR-210 expression through PI3K, AKT, ERK, and NF-«B/
ELK1 signaling pathways in human synovial fibroblasts.
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Figure1 Expression of CTGF and VEGF in normal and osteoarthritis (OA) patients. (a) Synovial fluid was obtained from normal or OA patients and conditioned medium (CM)

from normal or OA synovial fibroblasts, CTGF and VEGF expression examined by ELISA. (b) Correlation between CTGF and VEGF expression in synovial fluid of OA patients.
(c and d) Normal and OA synovial fluid or normal and OA synovial fibroblast CM were applied to EPCs for 24 h, capillary-like structure formation and migration in EPCs examined
by tube formation and Transwell assay. Results are expressed as the mean + S.E.M. *P<0.05 compared with normal patients

CTGF promotes HIF-1a-dependent VEGF expression and
angiogenesis by inhibiting GPD1L expression and PHD2
activity via upregulating miR-210. To identify mechanism
of miR-210-involved VEGF-dependent angiogenesis, we
searched for downstream genes using bioinformative
screening analysis of miRNA target databank: TargetScan,
MicroCosm, and miRanda. From these three databanks
overlapping between predicted targets of miR-210, GPD1L
ranked as most probable target. We used luciferase reporter
vectors harboring wild-type 3'-untranslated region (3'UTR) of
GPD1L mRNA (wt-GPD1L-3’'UTR) and vector containing
mismatches in predicted miR-210-binding site (full muntant-
GPD1L-3'UTR) to learn if miR-210 regulates 3'UTR of
GPD1L. Figure 5a shows CTGF and miR-210 mimic inhibiting
luciferase activity in wt-GPD1L-3’'UTR plasmid but not in
muntant-GPD1L-3'UTR plasmid. On the other hand, miR-210
inhibitor reversed CTGF-inhibited GPD1L mRNA and protein
expression (Figure 5b). Therefore, miR-210 directly
represses GPD1L expression through binding to 3'UTR of
human GPD1L gene.

GPD1L is reported to potentiate activation of PHD2, further
ensuring hypoxia-inducible factor 1a (HIF-1a) hydroxylation,

and leading to decrease HIF-1a expression.®* It has been
reported that HIF-1a hydroxylation at Pro-564 represents PHD2
activity.*® CTGF-inhibited HIF-1a hydroxylation was reversed
by miR-210 inhibitor, leading to decrease the accumulation of
HIF-1a into nucleus (Figure 5c), indicating CTGF-mediated
miR-210 upregulation inhibits PHD2 expression and subse-
quently increases HIF-1a activation. To investigate the role of
GPD1L and PHD2 in accumulation of HIF-1a into nucleus, the
GPD1L and PHD2 siRNA were used. Transfection of GPD1L
and PHD2 siRNA significantly reduced HIF-1a hydroxylation
and increased accumulation of HIF-1a into nucleus
(Supplementary Figure 3A). Furthermore, these siRNAs also
increased EPC tube formation and migration ability
(Supplementary Figures 3B and C). Next, we sought to
investigate whether HIF-1a was involved in CTGF-induced
VEGF expression in human synovial fibroblasts. We found that
pretreatment with HIF-1a inhibitor diminished CTGF-promoted
VEGF production, EPC tube formation and migration (Figures
5d—f). These suggest CTGF boosting HIF-1a-dependent VEGF
expression and angiogenesis by inhibiting GPD1L expression
and PHD2 activity through upregulation of miR-210.
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Knockdown of CTGF impairs angiogenesis in vitro and
in vivo. To confirm CTGF-mediated VEGF-dependent
angiogenesis, CTGF-shRNA was transfected into OASFs,
thus reducing CTGF and VEGF expression (Figure 6a).
CTGF-shRNA also abolished OASF CM-mediated EPC
tube formation and migration (Figures 6b and c). Effect of
CTGF on angiogenesis in vivo was evaluated by in vivo
model of chicken chorioallantoic membrane (CAM) assay.
CM from OASFs increasing angiogenesis in CAM was
clearly observed (Figure 6d). By contrast, knockdown of

CTGF precipitously reduced angiogenesis (Figure 6d). We
also analyzed Matrigel plug formation following subcuta-
neous implantation in mice. Matrigel mixed with CM from
OASFs increased blood vessel growth (Figure 6e). Accord-
ingly, CM from OASFs/CTGF-shRNA cells significantly
curtailed neovascularization (Figure 6e). Knockdown of
CTGF diminished microvessel formation in Matrigel
plugs by analyzing CD31 stain and hemoglobin level
(Figure 6e). Overall results indicate CTGF promoting
angiogenesis in vivo.

Cell Death and Disease



@ CTGF promotes VEGF-dependent angiogenesis
S-C Liu et al

o

]
o

1033 H
250 4 —EEO——EE-+—{ TeucTerase JphmiR210-Luc,1033/ +86

4
2 5 29— Teuclorase_JphmiR210-Luc, 297/ 486 5 =
Z -36——]_[ouciorass _JphmiR210-Luc, -35/ +86 o *
5 200 ]
] 5= 3
n <]
Q= * * £
59 150 [ Vehicle ol
= PZZ3 CTGF gg 2
ea o = #
2% 100 €9
o' o3 # # 4
N2 -2 1
e 50 ke
s 4
E
0 R o & 4
", Y, s % Y0a O 0. O, 4, %
. R, %, o % % T s,
70 70 70 » U S By,
%y, . 4 X, S, W %
e “@ S %, A
£ s
s “g CTGF
6
€ o0 * d
I Cell: EPCs OASF CM (CTGF 10 ngiml)
g 0 Control SiRNA Control siRNA  ELK-1siRNA 65 siRNA
)
2 g
g It A
-
100 I T hes :
0 -
S 300 q
=]
<'.‘c'o o, 6\(4_ “oy. ]
% % 7, K g 250 i
[-73 Gy 8y ‘P,,, o T
Ve by b 200
CTGF S 150 #
g = g
e = E 100
£ 250 - 2 5
c ]
o Qo
- = 2 o c o & P
5 200 T ) o <, EN
% %, v
< »0/ % S, &,JP
< 150 % £ P, K
g ] 9 *
g, 100 a .I’f OASF CM (CTGF 10 ng/ml)
E
3 %0 f CTGF
N |
o
w
%, %, R 6y
e . o 8
%, o Y Ry,
", Ry, Y 4
9 ol
OASF CM (CTGF 10 ng/ml)
Nuclear
g CTGF extract

Cell Death and Disease



Discussion

OA is a heterogeneous group of conditions associated with
defective integrity of articular cartilage as well as related
changes in underlying bone. Neovascularization, formation of
new blood vessels, can maintain chronic inflammatory status
by transporting inflammatory cells to site of synovitis as well as
supplying nutrients and oxygen to pannus.®®” VEGF is a
major angiogenic factor in OA joints.*® On the other hand,
CTGF is involved in OA pathogenesis;'?'* its effect on VEGF
expression and angiogenesis in human synovial fibroblasts is
mostly unknown. Our study found expression of CTGF and
VEGF in synovial fluid significantly higher than normal in OA
patients, using ELISA assay. We further identified VEGF as a
target protein for CTGF signaling pathway that regulates
angiogenesis. Treatment of OASFs with CTGF increased
VEGF expression, later inducing migration and tube formation
of human EPCs. OASF CM-mediated tube formation and
angiogenesis was abolished by CTGF shRNA. In addition,
CTGF knockdown reduced angiogenesis in vivo. Our study
suggests CTGF raising VEGF expression and promoting
angiogenesis in human OASFs. One mechanism underlying
CTGF increased VEGF yield by activating PI3K, AKT, ERK,
and NF-kB/ELK1 pathway, thus upregulating miR-210
expression.

The small, noncoding miRNAs regulate gene expression at
post-transcriptional level by either degradation or translational
repression of a target mRNA that regulates physiological and
pathological processes.*® They and their multiple target genes
reportedly play key roles in gene regulation and contribute
to OA pathogenesis.®® It was revealed that miR-146,*
miR-155,*2 and miR-203*® regulate arthritic inflammatory
response. We screened 96 miRNAs from customized miRNA
array to find miR-210 most upregulated in CTGF-treated
OASFs. Also, gPCR confirmed expression of miR-210 in
OASFs starkly higher than in normal SFs, indicating that
miR-210 promotes angiogenesis.** We saw OASF transfec-
tion with miR-210 inhibitor reducing CTGF-induced VEGF
production as well as EPC tube formation and migration,
making it an angiogenic gene in human OASFs. It is a direct
target for ephrin-A3, protein-tyrosine phosphatase 1B, ETS
domain-containing protein (ELK3), and thrombospondin that
regulate angiogenesis.*®>*¢ We use miRNA target prediction
(TargetScan, MicroCosm, and miRanda) to find GPD1L as
most probable miR-210 target, whereas CTGF decreased
GPDIL mRNA expression. Transfection of miR-210 inhibitor
significantly reversed CTGF-inhibited GPD1L expression. We
also indicated that miR-210 directly repressed GPD1L protein
expression through binding to 3'UTR of human GPD1L gene,
thereby negatively regulating GPD1L that is documented
as promoting PHD activity and later impeding HIF-1a
expression.®* We proved CTGF increases accumulation of
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HIF-1a into nuclei as inhibited by miR-210 inhibitor, thus
promoting HIF-1a-dependent VEGF expression and angio-
genesis by inhibiting GPD1L expression and PHD2 activity via
miR-210 upregulation.

PI3K, AKT, and ERK as potential candidate signaling
molecules have shown capacity for regulating the VEGF
expression and proliferation of endothelial cells.*”**® On the
other hand, PI3K, AKT, and ERK reportedly regulate miR-210
expression.®® CTGF incubation of OASFs enhanced phos-
phorylation of PI3K, AKT, and ERK. Pretreatment with PI3K,
AKT, or ERK inhibitors antagonized the increase of VEGF
production and angiogenesis by CTGF. These inhibitors
antagonized CTGF-increased miR-210 expression, indicating
CTGF-increased VEGF-dependent angiogenesis via PI3K,
AKT, ERK, and miR-210 signaling pathways. Angiogenesis
contributes to synovitis, osteochondral damage, osteophyte
formation, and meniscal pathology in OA patients. VEGF is a
potent angiogenic factor pivotal in OA pathogenesis. CTGF
activates PI3K, AKT, ERK, and NF-kB/ELK1 pathway, leading
to the upregulation of miR-210, contributing to inhibit the
GPD1L expression and PHD2 activity, promoting the HIF-1a-
dependent VEGF expression and angiogenesis in human
synovial fibroblasts (Figure 7). This may lend understanding of
synovial angiogenesis mechanisms to yield effective therapy.

Materials and Methods

Materials. Rabbit polyclonal antibodies specific to p-p85, p-AKT, p-ERK, p-p65,
and p-ELK1 were purchased from Cell Signaling Technology (Danvers, MA, USA);
rabbit polyclonal antibodies specific to p85, AKT, ERK, p65, ELK1, PCNA, PHD2,
and the siRNAs against PHD2 and a control for experiments using targeted siRNA
transfection (each consists of a scrambled sequence that does not lead to specific
degradation of any known cellular mRNA) from Santa Cruz Biotechnology (Santa
Cruz, CA, USA); CD31, GPD1L, and OH-HIF-1a (Pro564) antibody from Abcam
(Cambridge, MA, USA); recombinant human CTGF and VEGF ELISA kit from
PeproTech (Rocky Hill, NJ, USA); Ly294002, Wortmannin, U0126, and PD98059
from Enzo Biochem, Inc. (New York, NY, USA); miR-210 mimic, miR-210 inhibitor,
Lipofectamine 2000, and Trizol from Life Technologies (Carlsbad, CA, USA). The
customized miRNA array primer was obtained from System Biology Ireland (Galway,
Ireland); DMEM, a-MEM, fetal bovine serum (FBS), and all other cell culture
reagents from Gibco-BRL Life Technologies (Grand Island, NY, USA); wild-type 3’
UTR of GPD1L mRNA (wt-GPD1L- 3’'UTR) and vector containing mismatches in
predicted miR-210-binding site (full muntant-GPD1L-3'UTR) from Addgene
(Cambridge, MA); ON-TARGETplus siRNAs of ELK1, p65, GPD1L and control
from Dharmacon Research (Lafayette, CO, USA); all other chemicals Sigma-Aldrich
(St. Louis, MO, USA).

Cell culture. Human synovial fibroblasts were isolated by collagenase treatment
of synovial tissue samples obtained from patients with OA during knee replacement
surgery and samples of non-arthritic synovial tissues obtained at arthroscopy after
trauma/joint derangement at China Medical University Hospital. Protocol for study
was approved by the Institutional Review Board at China Medical University Hospital
and informed consent was obtained from each donor. OASFs were isolated,
cultured, and characterized as previously described.*® Human endothelial
progenitor cells (EPCs) were approved by the Institutional Review Board of
Mackay Medical College at New Taipei City, Taiwan (reference number: P1000002).
All subjects gave written consent before enrollment. Briefly, CD34-positive EPCs

Figure 4

Involvement of NF-xB and ELK1 in CTGF promotes miR-210 and VEGF expression as well as angiogenesis. (a) OASFs were transfected with miR-210 luciferase

plasmids before incubation with CTGF for 24 h. Luciferase activity was then assayed. (b) OASFs were pretreated with PDTC (10 M) and TPCK (1 M) for 30 min or transfected
with ELK1 and p65 siRNA for 24 h followed by CTGF stimulation, MiR-210 expression examined by qPCR. (c) OASFs were transfected with ELK1 and p65 siRNA for 24 h
followed by stimulation with CTGF. VEGF expression was examined by ELISA. (d and e) Medium was collected as CM and then applied to EPCs for 24 h. Cell capillary-like
structure formation and migration in EPCs were examined by tube formation and Transwell assay. (f and g) OASFs were pretreated with Ly294002, Wortmannin, AKTi, U0126, or
PD98059 and stimulated with CTGF for 120 min, with p65 and ELK1 phosphorylation in nucleus or p65 and ELK1 binding to miR210 promoter determined by western blot and
chromatin immunoprecipitation assay. Results are expressed as the mean + S.E.M. *P<0.05 compared with control; *P<0.05 compared with CTGF-treated group
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were maintained and propagated in MV2 complete medium consisting of MV2 basal
medium and growth supplement (PromoCell, Heidelberg, Germany) of 20% FBS
(HyClone, Logan, UT, USA). Cultures seeded onto 1% gelatin-coated plasticware
were maintained at 37 °C in a humidified atmosphere of 5% C0,.%°

Western blot analysis. Lysates were prepared as described previously,’
proteins resolved by SDS-polyacrylamide gel electrophoresis and transferred to
Immobilon polyvinyl difluoride membranes (Immobilon P, Millipore, Billerica, MA,
USA). Blots blocked with 4% BSA for 1 h at room temperature were probed with
rabbit anti-human antibodies against PI3K, AKT, ERK, p65, and ELK1 (1 : 1000) for
1h at room temperature. After third wash, blots were incubated for 1h at room
temperature with donkey anti-rabbit peroxidase-conjugated secondary antibody
(1:3000), then visualized by enhanced chemiluminescence with Kodak X-OMAT LS
film (Eastman Kodak, Rochester, NY, USA).

Real-time quantitative PCR (RT-gPCR) of mRNA and miRNA. Total
RNA was extracted from human synovial fibroblasts by TRIzol; reverse transcription
used 1 g of total RNA transcribed into ¢cDNA by oligo (dT) primers.*® RT-qPCR
used Tagman One-Step RT-PCR Master Mix (Applied Biosystems, Foster City, CA,
USA): 2 ul of cDNA template added to each 25-ul reaction with Tagman probes and
sequence-specific primers. Sequences for target gene primers and probes were
purchased commercially. Glyceraldehyde 3-phosphate dehydrogenase served as an
endogenous control to normalize expression data (Applied Biosystems), gPCR
assays carried out in triplicate in a StepOnePlus sequence detection system
(Applied Biosystems). The cycling conditions: initial 10-min polymerase activation at
95 °C, followed by 40 cycles at 95°C for 15s and 60 °C for 60's, threshold set
above non-template control background and within linear phase of target gene
amplification to calculate cycle number at which transcript was detected (denoted
CT). For miRNA assay, cDNA was synthesized from total RNA (100 ng) by TagMan
MicroRNA Reverse Transcription Kit (Applied Biosystems). Reactants were
incubated at 16 °C for 30 min, then 42 °C for 30 min, followed by inactivation at
85 °C for 5 min. Reactions were then incubated in a 96-well plate at 50 °C for 2 min,
95 °C for 10 min, followed by 30 cycles of 95 °C for 15s and 60 °C for 60 s with
StepOnePlus sequence detection system. Relative gene expression quantification
used endogenous control gene (U6). Threshold cycle (CT) was defined as fractional
cycle number at which fluorescence passed a fixed threshold, relative expression
calculated by comparative CT method.

Measurements of VEGF yield. Human synovial fibroblasts were cultured in
24-well culture plates. After reaching confluence, cells were treated with CTGF, then
incubated in humidified incubator at 37°C for 24h. To examine downstream
signaling pathways involved in CTGF treatment, cells were pretreated with various
inhibitors for 30 min before CTGF (10 ng/ml) administration. After incubation,
medium was removed and stored at — 80 °C until VEGF (in medium) was assayed
by VEGF enzyme immunoassay kit, according to the procedure described by the
manufacturer.

Plasmids and constructs. Plasmid pGL2-Basic (Promega, Madison, WI,
USA) was used to generate constructs of the human miR-210 (hmiR-210) promoter.
To obtain phmiR-210 (phmiR210-Luc), which covered positions — 1033 to +86, DNA
fragments were amplified by PCR with chemically synthesized oligonucleotides that
corresponded to nucleotides — 1033 to — 1015 of the sense strand 5'-GGAGATCTA
AGACCCCTGAGCCCTTG-3', and +68 to +86 of the antisense strand 5’-CGGCTA
GCCGCTGTCACACGCACAGT-3'. Human genomic DNA derived from a healthy
adult was used as the template. The PCR products were digested with Nhel and
Byl and cloned into the Nhel-Bglll site of pGL2-Basic. The phmiR-210 deletion
ELK1-binding site (phmiR210-Luc, —297/+86) or both deletion ELK1- and NF-xB-
binding site construct (phmiR-210-Luc, — 35/+86) all made by using the sense PCR
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primers (5'-GGAGATCTCTGAGGGACCAGGTCATTTG-3" and 5'-GGAGATCTCAG
TGCAATGATGAAAGGGCAT-3', respectively). All the sense primers have a Bglll
site at 5’ end of the primer. The PCR products were digested with Nhel and Bgfll
and cloned into the Nhel-Bglll site of pGL2-Basic.

Chromatin immunoprecipitation. This proceeded as earlier detailed:*
DNA immunoprecipitated with anti-p65 or ELK1 Ab purified and extracted into
pellets with phenol-chloroform, then subjected to PCR, products resolved by 1.5%
agarose gel electrophoresis and visualized with UV light. Primers 5'-ACGCGGGTG
CGGGGCACGGAGGC-3" and 5'-CGGATGGTACGGCCCGAGGTGG-3' served to
amplify across human miR-210 promoter region contain ELK1-binding site (—595 to
—582), primers 5’-GGGCCGGGGGGCGAGAGGGTGCCA-3’ and 5'-TCCCCTCC
AACTTGGGCGTCCGAG-3' to amplify across human miR-210 promoter region
containing ELK1-binding site (—123 to —113).

Preparing CM. Human synovial fibroblasts plated in six-well dishes were grown
to confluence, culture medium exchanged with serum-free DMEM medium. CM
were collected 2 days after change of media and stored at — 20 °C until use. For
serial experiments, cells were pretreated for 30 min with inhibitors, including
Ly294002, Wortmannin, AKTi, U0126, PD98059, and HIF-1« inhibitor or transfected
with miR-210 mimic, miR-210 inhibitor, ELK1 siRNA, p65 siRNA, and CTGF shRNA
for 24 h, followed by treatment with CTGF for 24 h to prevent signaling via CTGF
pathway.

EPCs migration assay. Migration activity was measured by Transwell assay
(Corning, Costar, Tewksbury, MA, USA; pore size, 8-um). About 1x 10* EPCs were
added to upper chamber in 200 ul of 10% FBS MV2 complete medium. Lower
chamber contained 150 xl 20% FBS MV2 complete medium and 150 xI CM. Plates
were incubated for 24 h at 37°C in 5% CO,, cells fixed in 3.7% formaldehyde
solution for 15 min and stained with 0.05% crystal violet in PBS for 15 min. Cells on
upper side of filters were removed with cotton-tipped swabs, filters washed with
PBS. Cells on undersides of filters were examined and counted under microscope.
Each clone was plated in triplicate for each experiment, each experiment repeated
at least three times.

Tube formation assay. Matrigel (BD Biosciences, Bedford, MA, USA) was
dissolved overnight at 4 °C and 48-well plates prepared with 100 pl Matrigel in each
well, after coating and incubating at 37 °C overnight. EPCs (3x 10*) were cultured
in 200 | media consisting of 50% EGM-MV2 medium and 50% CM. After 6h
incubation at 37 °C, tube formation was assessed with photomicroscope, each well
photographed at x 200 magnification. Tube branches and total tube length were
calculated using MacBiophotonics Image J software (Bethesda, MD, USA).

CAM assay. Fertilized chicken eggs were incubated at 38 °C with 80% humidity.
Small window was made in shell on day 3 of chick embryo development under
aseptic conditions, then resealed with adhesive tape. Eggs were returned to
incubator until day 3 of chick embryo development. On day 7, CM from OASFs
deposited in center of CAM. At 11 days, CAMs were collected for microscopy and
photographic documentation, angiogenesis quantified by counting number of blood
vessel branches; at least 10 viable embryos were tested for each treatment.
All animal work conformed with protocol approved by the China Medical University
(Taichung, Taiwan) Institutional Animal Care and Use Committees.

Matrigel plug assay. Matrigel plug angiogenesis was adapted from previously
described assay.>® Four-week-old male nude mice were randomized as serum-free
medium, OASFs/control-shRNA CM, or OASFs/CTGF-shRNA CM resuspended
with Matrigel. Mice were subcutaneously injected with 300 xl of Matrigel. After
7 days, Matrigel pellets were harvested, partially fixed with 4% formalin, embedded

<

Figure 5 CTGF promotes HIF-1a-dependent VEGF expression and angiogenesis by inhibiting GPD1L expression and PHD2 hydroxylation activity by upregulation of
miR-210. (a) Schematic 3'UTR representation of human GPD1L containing miR-210-binding site (upper panel). Cells were cotransfected with miR-210 mimic or inhibitor and wt-
GPD1L-3'UTR or mt-GPD1L-3'UTR plasmid for 24 h followed by stimulation with CTGF, and relative luciferase activity was measured (lower panel). (b) OASFs were transfected
with miR-210 mimic or inhibitor followed by CTGF stimulation, with GPD1L expression examined by RT-gPCR and western blot assay. (c) OASFs were transfected with miR-210
mimic or inhibitor followed by stimulation with CTGF, the expression of OH — HIF-1c (Pro564), PHD2, and HIF-1cx in nucleus examined by western blot analysis. (d) OASFs were
pretreated with HIF-1« inhibitor (10 M) for 30 min followed by CTGF stimulation for 24 h, VEGF expression examined by RT-gPCR assay. (e and f) Medium was collected as CM,
then applied to EPCs for 24 h. Cell capillary-like structure formation and migration in EPCs were examined by tube formation and Transwell assay. Results are expressed as
mean + S.E.M. “P<0.05 compared with control; *P<0.05 compared with CTGF-treated group
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Figure 6 Knockdown of CTGF impairs angiogenesis in vitro and in vivo. (a) OASFs were transfected with control-shRNA or CTGF-shRNA, protein expression of CTGF and
VEGF examined by western blot and ELISA. (b and ¢) Medium collected as CM was applied to EPCs for 24 h. Cell capillary-like structure formation and migration in EPCs were
examined by tube formation and Transwell assay. (d) Chick embryos were incubated with PBS, OASFs/control-shRNA CM, or OASFs/CTGF-shRNA CM for 4 days, resected,
fixed, and photographed by stereomicroscope. (e) Mice were injected subcutaneously with Matrigel mixed with PBS, OASFs/control-shRNA CM, or OASFs/CTGF-shRNA CM for
7 days. Plugs were excised from mice and photographed, stained with CD31, and hemoglobin content quantified. Results are expressed as mean + S.E.M. *P< 0.05 compared
with control; #P<0.05 compared with CTGF-treated group
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Figure 7 Schematic diagram of signaling pathways involved in CTGF-induced VEGF expression and angiogenesis in human synovial fibroblasts. CTGF activates PI3K, AKT,
ERK, and NF-«xB/ELK1 pathway, leading to the upregulation of miR-210, contributing to inhibit the GPD1L expression and PHD2 activity, promoting the HIF-1a-dependent VEGF
expression and angiogenesis in human synovial fibroblasts

in

paraffin, then processed for immunohistochemistry staining for vessel

marker CD31.

Statistical analysis. Data were presented as mean + standard error of the
mean. Comparison between samples was performed by Student's ttest; for more
than two groups, we used one-way analysis of variance with Bonferroni’'s post-hoc
test. In all cases, P<0.05 was considered significant.
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