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Abstract

Objective—The primary objective of this study was to examine the potential interaction between
sphingosine-1-phosphate (S1P), a pleiotropic lipid mediator, and CTGF/CCNZ2 a secreted
multimodular protein, in the process of endothelial cell migration. The second objective was to
determine whether C- and N-terminal domains of CTGF/CCN2 have specific function in cell
migration.

Materials and Methods—Migration of human dermal microvascular endothelial cells
(HDMECs) was examined in monolayer wound healing “scratch” assay, while capillary-like tube
formation was examined in 3 dimensional collagen co-culture assays.

Results—We observed that S1P stimulates HDMECs migration concomitant with upregulation
of CTGF/CCNZ2 expression. Furthermore, the blockade of endogenous CTGF/CCN2 via sSiRNA
abrogated S1P induced HDMECs migration and capillary-like tube formation. Full length CTGF
induced cell migration and capillary-like tube formation with potency similar to that of S1P, while
C-terminal domain of CTGF was slightly less effective. However; N-terminal domain had only a
residual activity in inducing capillary-like tube formation.

Conclusions—This study revealed that CTGF/CCN2 is required for the S1P induced endothelial
cell migration, which suggests that CTGF/CCN2 may be an important mediator of S1P induced
physiological and pathological angiogenesis. Moreover, this study shows that the pro-migratory
activity of CTGF/CCNZ2 is located in the C-terminal domain.
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INTRODUCTION

Angiogenesis is a process of new vessel formation from preexisting capillaries or venules. It
is a multi-stage process where the principle cell type, endothelial cells, are required to
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undergo proliferation, migration, differentiation, and coalescence assembly into cord-like
structures with a central lumen (8). The molecular and cellular mechanisms that regulate
these processes are not fully understood. Sphingosine-1-phosphate (S1P) is a pleiotropic
bioactive lipid released by activated platelets, known to exhibit many biological activities in
different cell types (42). S1P through interactions with G-protein-coupled receptors (GPCR)
termed S1Pq_g receptors (formerly known as Edg receptors) regulates functions of
endothelial and smooth muscle cells. The S1P; knockout mice reveal lack of peri-
endothelial support cells, which results in weakened vasculature with disrupted and leaky
vessels leading to massive hemorrhage, edema followed by embryonic death (1,2,35).
Furthermore, S1P has been shown to play an important role in tumorigenesis (9). Visentin
and collaborators demonstrated that inhibition of S1P using anti-S1P mAb reduced tumor
cell proliferation and invasion, and diminished tumor-associated angiogenesis, thus
validating S1P as a target for therapy (51). In addition, in vitro studies support the role of
S1P as a potent inducer of proliferation, migration and survival of endothelial cells (29,39).
S1P has also been shown to stimulate endothelial tube/lumen formation in 3D collagen and
fibrin matrices through the integrin-dependent pathway (5), and in matrigel through the Ras/
Rafl-dependent ERK signaling (37).

It has been reported that S1P induces expression of other proangiogenic factors such as IL-8,
Ang-2 and Connective Tissue Growth Factor (CTGF/CCNZ2) (27,28,46). CTGF/CCNZ2, a
member of the CCN family of multifunctional factors, has been shown to play a role in
developmental regulation of chondrogenesis, osteogenesis, and angiogenesis, and in
pathologcal processes, including, fibrosis, and tumorigenesis (7,10,44,47). This diverse
spectrum of biological properties of CTGF has been attributed to its characteristic structure
encompassing four functional modules. The N domain contains two modules, the first one
homologous to the IGF binding protein and the second containing von Willebrand-like
motif. The C domain that is separated from the N domain by a hinge region, is comprised of
a module containing thrombospondin type 1 repeats and a carboxy terminal (CT) module
(14). Hinge region can be cleaved by a number of proteases, while elastase and plasmin have
also been shown to cleave the individual modules. Full lengths CTGF, as well as the clipped
modules, are present in cultured cells and in human extracellular fluids including plasma,
skin interstitial fluid, peritoneal cavity fluid, and vitreous fluid (15,23,31,53). Although a
number of studies support a proangiogenic function of CTGF/CCN2, the specific role played
by this factor during physiological and pathological angiogenesis, has not been defined. It
has been reported that application of rCTGF in collagen pellets induces neovascularization
in the backs of mice in vivo (48). Studies using cultured human umbilical vein endothelial
cells (HUVEC) have demonstrated that CTGF enhances production of the ECM-degrading
Matrix Metalloproteinases (MMPs), which facilitates cell migration toward angiogenic
stimulus (7,32). It has also been reported that CTGF promotes cell adhesion and increases
proliferation in choroidal endothelial cells (20). Furthermore, it has been shown that Fisp12
(a mouse ortholog of CTGF) stimulates adhesion and migration of human dermal
microvascular endothelial cells (HDMVECS) through o3 integrin dependent pathway (3).

Given that both S1P and CTGF/CCNZ2 have been shown to regulate process of angiogenesis,
this study was undertaken to elucidate the involvement of CTGF/CCN2 in mediating
angiogenic effect of S1P. In addition, since preteolytically cleaved CTGF/CCN2 fragments
have been reported to possess biological activity, we compared the angiogenic function of
full length molecule and its N and C domains in two representative in vitro angiogenic
assays, cell migration and capillary-like structure formation. We show, for the first time, that
in HDMVECs CTGF/CCNZ2, and in particular its C domain, is required for the promigatory
function of S1P.
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MATERIALS AND METHODS

Cell culture

Human dermal microvascular endothelial cells (HDMECs) were isolated from foreskins as
previously described (45). The cells were cultured on collagen type | - coated flasks in the
presence of endothelial cell growth medium EBM2-MV with supplements (Cambrex) and
incubated at 37°C with humidified 95% air/ 5% CO,. Human dermal fibroblast culture was
established from foreskins of healthy newborns from the Medical University of South
Carolina Hospital in compliance with the Institutional Review Board for Human Studies.

Adenoviral constructs

Adenoviral vectors expressing CTGF and green fluorescent protein (GFP) were generated
using published protocol (21) as previously described (17). An adenovirus expressing GFP
alone (AdGFP) was generated via the same method for use as a control vector.

SiRNA CTGF target sequences were as following: CCAAGCCTATCAAGTTTGA (787 in
CDS), CCCAGACCCAACTATGATT (567 in CDS). Annealed double stranded
oligonucleotides were cloned into Mlul and Xho 1 sites of pPRNAT-H1.1 shuttle vector
(Genescript). The shuttle vector with target siRNA sequence was linearized with Pmel and
then electroporated into BJ5183-AD-1 (Stratagene) to generate recombinant AdenoEasy
vector. The recombinant Adenoeasy plasmid after linearization with Pacl enzyme was
transfected into QBI-293 cells using Transfectin (Bio-Rad) for generation of adenovirus.
The shuttle vector plasmid and AdenoEasy vector plasmid were sequenced to confirm the
cloning. The primary adenoviral stock was then amplified and concentrated by Cesium
chloride density gradient centrifugation. The sequence of Scrambled siRNA used as a non-
silencing control was as following: 5 TTCTCCGAACGTGTCACGT 3’ and was prepared in
the same manner (40).

To generate N- and C-terminal fragments of CTGF, the full-length CTGF cDNA cloned into
pRC-CMV vector was released using Apal and Hind 111 enzymes. The cDNA was then
digested with Afl 111 enzyme. The N terminal and C terminal fragments was blunted with
Klenow enzyme and then cloned into EcoRV site of pPCDNA 3.1 Vector. The following
primers were used to clone a signal sequence in frame upstream of C-terminal fragment by
PCR from the full length CTGF cDNA - For 5’
TTGGATCCCGCAGTGCCAACCATGACC 3' & Rev &'
CATGAATCTTCTGGCCGACGGCCGG 3'. The signal sequence was then ligated into Kpn
1 and Eco R1 sites of the pcDNA vector carrying the C terminal fragment using. The stop
codon in the C terminal region was modified using Quick change site directed mutagenesis
kit (Qiagen) using the following primers — Forward 5’
CGGAGACATGGCATCGAGCCAGAGAGTGAGAG 3’ and Reverse 5’
CTCTCACTCTCTGGCTCGATGCCATGTCTCCG 3'. A Myc Tag was cloned inframe
down stream of N-terminal or C-terminal sequences into the Xho 1 and Xba I sites of the
vector. The N and C-terminal vectors were sequenced to check the integrity of sequence and
in frame alignment of the Myc tag. To generate adenovirus for N and C terminal fragments,
the vectors were digested using the enzymes Kpn | and Xba | to release the CTGF fragments
along with the Myc tag from the pcDNA 3.1 and were then cloned into the pAdtrack shuttle
vector. Adenovirus was then generated as described earlier.

Quantitative real-time RT-PCR

Total RNA was isolated using the guanidinium thiocyanate-phenol-chloroform method (11).
Real-time PCR assays were performed using MyiQ "™Single-Color Real-Time PCR
Detection System (Bio-Rad iCycler). Briefly, 5ug of total RNA was reverse transcribed with
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random hexamers using Transcriptor First Strand cDNA Synthesis Kit (Roche) according to
manufacturer's protocol. Amplification mixture (20ul) contained 0.125mg of cDNA,
0.25mM of primers and 10 ml of iQTMSYBR Green Supermix (Bio-Rad). Amplification
was for 95°C for 3 min, followed by a 40 cycles of 95°C for 30s, 58°C for 1 min 30s and
55°C for 30s. All samples were analyzed for BoMG expression in parallel in the same run.
Results of real-time PCR data were represented as C; values, where C; was defined as the
threshold cycle of PCR at which amplified product was first detected. To compare the
different samples in an experiment, RNA expression in samples were compared to that of
the control in each experiment. The following primers were used:

CTGF-F 5-TTGCGAAGCTGACCTGGAAGAGAA-3',
CTGF-R-5-AGCTCGGTATGTCTTCATGCTGGT-3'
BoMG-F 5'-GCCGTGTGAACCATGTGACTTT-3'
BoMG-R 5-CCAAATGCGGCATCTTCAAA-3'

PCR was performed as a triplicate for each sample.

Western blot analysis

Confluent HDMECs were lysed in radioimmunoprecipitation assay (RIPA) buffer (50 mM
Tris HCI [pH 8.0], 150 mM NacCl, 0.02% sodium azide, 0.1% sodium dodecyl sulfate [SDS],
1% Nonidet P40, 0.5% sodium deoxycholate, 1 mM phenylmethylsulfonyl fluoride). Protein
concentration was quantified using the BCA Protein Assay kit (Pierce, Rockford, IL).
Twenty five micrograms of protein was separated via SDS-polyacrylamide gel
electrophoresis and transferred to a nitrocellulose membrane (Bio-Rad, Hercules, CA) which
was then blocked at room temperature using 2% gelatine/Tris buffered saline-Tween
(TBST) for 1 hour. The blots were probed overnight with a 1:1,000 dilution of primary
antibody directed against the CTGF, MMP1, MMP9 (Santa Cruz Biotechnology. Inc), or
anti-Myc (Sigma) in 1% gelatin/TBST at RT. Following washes with TBST, blots were
incubated with appropriate horseradish peroxidase-conjugated secondary antibody and
developed with ECL kit (Pierce). As a control for equal protein loading, membranes were
stripped and reprobed for B-actin using a monoclonal antibody to B-actin (Sigma).

Three-dimensional (3D) cord formation assay

3D cord formation assay was performed as we previously described (50) with few
modifications. Confluent monolayer of HDMECs (80%) was transduced with AACTGF,
AdC-terminal CTGF, and AdN-terminal CTGF at MOI 20. Control cells were transduced
with adenoviral vector carrying GFP cassette only (Go). Next day cells were overlaid with
bovine collagen | solution (PureCol, Inamed). Gel overlay was prepared as follows: 1 ml
chilled collagen was mixed with 125ul 10xPBS, 125 pul 0.1 NaOH and 25 pl of 0.1 HCI.
Then, the collagen | neutralized solution was mixed with Growth factor reduced Matrigel
(BD Biosciences) with ratio 3:1. After gel polymerization (an average thickness 1mm),
5x103 skin fibroblasts were mixed with the neutralized collagen I gel solution and plated
over the acellular 1mm layer followed by incubation for the next 24 to 48 hr in the EBM2
medium containing 0.5% serum with or without the addition of S1P (Avanti Polar Lipids,
Inc.). Capillary like-structure formation was examined microscopically. The endothelial
cells were visualized under fluorescence microscope since they were transduced with
adenoviruses expressing green fluorescence protein (GFP). The total length of the cords
visible on five different photographs from one well was measured by tracing the paths of
each capillary-like cords using Spot Advanced Image software. The nuclei of cells were
stained with DAPI and number of cells was counted.
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Cell migration wound healing (“scratch”) assay

HDMECs were plated on collagen type | coated six-well plates. After transduction with
adenoviruses (Go, full length CTGF, N-terminus CTGF, C-terminus CTGF) or treated with
rhCTGF (EMP Genetech, Germany) cells were cultured to confluence in EBM-2 medium
containing 5% serum. 8 hours later scratches were made and floating cells were removed by
PBS washing. Incubation was continued for 24-72 hr in EBM2 medium containing 0.5%
serum with addition of Mitomycin C (10ug/ml) (Sigma) to prevent cell proliferation.
Migration rate was calculated by counting cells that cross into “scratch” area and data
represent a percentage of total cells on identical “nonscratch” areas (100%).

Transwell assay

24-multiwell plate with cell culture HTS FluoroBlok Inserts (BD Falcon,Inc) were used in
this assay. At 90% confluence dermal fibroblasts seeded on the bottom wells (4x104 cells
per well) were transduced with AdGo, AJCTGF, Ad-terminal CTGF, AdC-terminal CTGF
or treated with S1P in 5% DMEM. Next day, the medium was removed and replaced with
EBM2 medium containing 0.5% serum and 2x10* HDMECs were plated on the cell culture
inserts. 24 hr later inserts were removed and the top surface was cleaned with swab; the
migrated cells attached to the bottom surface of the membrane were stained with DAPI for 5
min at RT and counted in five fields of view under the microscope.

Cell proliferation assay
Cell proliferation analysis was performed using Cell Proliferation

BrdU incorporation assay (Millipore, INC), according to the manufacturer's protocol.
Briefly, HDMECs (2x10%well) were cultured in 96-well plates in EBM2 supplemented with
5% serum. After 12 hours the medium was changed to EBM2 supplemented with 0.5%
serum and the cells were transduced with AdGo, AACTGF, AdCT-CTGF and AANT-CTGF
adenoviruses. After 12 hours, BrdU reagent was added and cells were incubated for another
5 hours under standard culture condition. Then the cells were fixed, washed 3 times and
incubated with anti-BrdU antibody followed by addition of goat anti-mouse IgG-peroxidase
conjugated secondary antibody. After additional washing TMB peroxidase substrate, stop
solution was added and the amount of BrdU was determined at 450nm directly from 96-well
assay plates.

Statistical analysis

Results were compared using Students' unpaired t test. Asterisk symbol indicate statistically
significant values: * p<0.05.

RESULTS

S1P induces CTGF in HDMECs

Previous studies have shown that S1P up-regulates CTGF in several cell types, including
endothelial cells from large vessels (38). Treatment of HDMECs with S1P resulted in a dose
dependent increase in CTGF mRNA and protein levels (Fig. 1A and B) with maximal
stimulation obtained with 500nM S1P (2.3 fold in mMRNA level) in comparison to untreated
control cells. At the protein level, CTGF expression was also increased with higher dose of
S1P (500nM) (Fig. 1B andC) and this amount was comparable to CTGF expression level in
cells transduced with AACTGF at MOI 5. To study the role of CTGF in S1P effects in
HDMECs, we have generated adenoviral vector carrying CTGF-specific silencing siRNA.
Transduction of HDMECs with 10 and 20 MOI of AJCTGF siRNA resulted in dose
dependent decrease (80-85%) of CTGF mRNA basal level (Fig. 1D) compared to non-
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silencing siRNA (NS) control. Furthermore, the increase in CTGF mRNA after S1P
treatment was also reduced by the CTGF siRNA. Similar results were observed at the
protein level. S1P induced CTGF expression decreased to the basal level upon AACTGF
SiRNA treatment (Fig. 1E and F).

C-terminal of CTGF induces migration and proliferation of HDMECs

Formation of new vessels from preexisting one is conditioned by obligatory remodeling
mediated by MMPs such as MMP1 and MMP9. We therefore, in the present study
investigated the effect of CTGF on MMPs expression. As shown in Fig. 2A, B CTGF
significantly induced the expression levels of MMP1 whereas there was no significant effect
on MMP9 levels. In addition, when C-terminal domain of CTGF was overexpressed, we
observed an increase in MMP1 levels whereas we observed suppression of MMP1 levels
upon CTGF N-terminal overexpression. Furthermore, we did not observe any change in
MMP9 levels when any CTGF domain was overexpressed (Fig.2A, B). Taken together these
results suggest that CTGF may contribute to angiogenesis by inducing MMP1 levels via its
C-terminal domain.

Furthermore, we sought to determine whether CTGF is involved in mediating migration of
HDMEC:s in response to S1P using wound healing “scratch” assay. This assay measures
cells migration toward the injured sites resulting in the closure of the wound/scratch.
Confluent monolayers of endothelial cells were transduced with AACTGF siRNA or control
(NS) adenoviruses and treated with S1P. Pictures were taken at the indicated time points and
representative images are shown in Fig. 2C. We observed that blockade of endogenous
CTGF abrogated S1P-induced endothelial cell migration after 48 hours. These results
suggest that endogenous CTGF is required for the promigratory effects of S1P in HDMECs.

It has been previously shown that CTGF promotes endothelial cell migration and
proliferation (7), but the role of the individual domains in these processes had not been
reported. Therefore, to further investigate the role of CTGF in the process of angiogenesis in
vitro, we have generated adenoviral vectors expressing Myc tagged N- and C-terminal
domains of CTGF. Figure 2D shows the expression of N and C-terminal domains of CTGF
after transduction with adenovirus at increasing MOI. The optimal dose 20 MOI of virus
was used in the next series of experiments. Figure 2E is a graphical presentation of Western
blot data from Fig.2D. Furthermore, we compared the effects of full-length CTGF with the
effects of the individual domains on HDMEC migration in “scratch” assay. Pictures were
taken at the indicated time points and representative images are shown in Fig. 2F. We
observed that rhCTGF treated cells or cells transduced with either AACTGF, or AdCT-
CTGF started to migrate into the scratch ~ 24 hr after the scratch was created (Fig. 2F). The
migration rate of HDMECs at 48 hr reached 50% and 47% after treatment with rhCTGF or
transduction with AdCTGF, respectively (Fig. 2G). AdCT-CTGF also significantly
increased the migration rate (35%) as compared to the cells transduced with AAN-CTGF
(7%) (Fig.2G). These results suggest that the production of CTGF facilitates HDMEC
migration and that the C-terminal domain of CTGF may be primarily responsible for this
effect.

It is known that CTGF and its fragments are present in biological fluids, therefore we
examined the effects of exogenously produced CTGF and its domains on HDMEC
migration using transwell assay as described in the Methods section. Relative number of
migrated cells is presented in Fig. 2H. Interestingly, in fibroblasts treated with S1P, CTGF
siRNA completely inhibited promigratory effect suggesting that CTGF produced by
fibroblasts in response to S1P is a primary chemoattractant for endothelial cells. In
comparison to full-length CTGF, CT-CTGF stimulated cell migration with less potency,
whereas NT-CTGF had no effect. These results suggest that CTGF and its C-terminal
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domain stimulate endothelial cell migration through autocrine and paracrine mechanisms.
Furthermore, we examine endothelial cell proliferation after transduction with AJCTGF,
AdCT-CTGF or ADNT-CTGF. We observed that full- length CTGF as well as C-terminal of
CTGF significantly increased cell proliferation ~4 and ~3 fold respectively within 24hours.
N-terminal alone had no effect on endothelial cell proliferation (Fig.2l).

CTGF mediates S1P-induced capillary-like cord formation

Previous reports showed that S1P stimulates formation of capillary-like cords in two-
dimensional matrigel angiogenesis model in endothelial cells (34). In the present study we
adopted a three-dimensional cord like-formation assay to study the effects of S1P and CTGF
on capillary-like structure formation in HDMECs. As shown in Fig. 3A and quantified in
Fig. 3B in the presence of S1P, HDMECs formed truncated capillary-like cords, which were
multicellular (270 £ 13 cells/5fields, p<0.05), while the untreated cells deteriorated at this
time. The results were similar in the presence of VEGF (298 + 15 cells/5fields, p<0.05), a
known inducer of cords in endothelial cells. The cord length was also comparable between
S1P and VEGF (22 £ 2 vs 27 £ 1.1 mm/5 fieds, p<0.05 ). We next examined whether CTGF
is involved in the S1P induced capillary-like cord formation. Endogenous CTGF was
depleted in HDMECs using AACTGF siRNA followed by treatment with S1P. We found
that suppression of CTGF abrogated S1P-induced cord formation (Fig. 3C and D)
suggesting that CTGF is required for the cord formation function of S1P.

CTGF domains are sufficient to induce capillary cord formation

To examine the influence of full length CTGF or CTGF N-terminus/C-terminus separately
on cord formation, HDMECs were transduced with respective adenoviruses. After
transducing cells with the virus for 24 hr, 3D co-culture assay was employed as described in
the Methods section. Robust capillary like-cords formation was observed 24-48 hr later in
HDMECs transduced with AJCTGF. Formation of the capillary-like structures was also
detected in the wells transduced with CTGF domains, but not in cells transduced with
control AdGo (Fig.4A). Cord length in cells transduced with AACTGF was 20 + 1.1 mm/5
fields, ADNT-CTGF 8 + 2 mm/5 fields, and AACT-CTGF 14 + 1.2 mm/5 fields (Fig.4B).
Endothelial cell number was 260 + 10, 560 + 15, 380 + 12 /5 fields, respectively. The
capillary like structures were truncated, short and multicellular suggesting that the cords are
immature. This data demonstrate that CTGF, as well as its C-terminal domain have the
ability to induce capillary-like cord formation, with the N-terminal domain also producing a
small effect.

DISCUSSION

Formation of new blood vessels is a complex tightly controlled process that is central to
physiological wound healing, while dysregulated angiogenesis is associated with tumor
development, diabetic nephropathy, rheumatoid arthritis and other pathological conditions
(25,30,41,54). Accumulating evidence suggests that sphingolipid metabolite, S1P, is an
important regulator of cell viability, differentiation, and migration in various cell types,
including endothelial cells. S1P exerts its pleiotropic effects through the activation of
GPCRs and an extensive cross-talk with other cellular signaling pathways downstream from
tyrosine kinase receptors (33). In this study, we report that secreted matricellular protein
CTGEF, is required for S1P induced migration of microvascular endothelial cells. We show
that, S1P induces CTGF both at the mRNA and protein levels in HDMECs. Depletion of the
endogenous CTGF abrogated S1P-induced endothelial cell migration in in vitro wound
healing assay and prevented capillary-like cord formation in 3D collagen assays.
Furthermore, we show that expression of CTGF alone at the levels corresponding to those
induced by S1P, was sufficient to induce similar cell responses in these assays. Previous
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studies, which investigated the mechanisms underlying endothelial cell migration in
response to S1P focused on cytoskeletal changes and signal transduction pathways. It was
shown that S1P migration of HUVECSs on vitronectin substrate was mediated via activation
of ayB3 integrin and colocalization with FAK and a-actinin (52). Also, it was shown that
S1P induced lung capillary tube formation by regulating early cytoskeletal rearrangement
(34). A recent report linked S1P-induced migration of human pulmonary artery endothelial
cells to activation of phospholipase D2, protein kinase C-{ (PKC-{), and Racl (18). The
above studies suggest a cross-talk between S1P and a growth factor with the ability to
acivate integrin signaling. Our study suggests that CTGF, which signals through integrin
receptors, including a3, is a likely candidate to mediate those responses in endothelial
cells. Further studies are needed to delineate the specific contribution of CTGF to activation
of intracellular signaling molecules required for endothelial cell migration in response to
S1P. Relevant to our findings, it was reported that CTGF mediates migration of breast
cancer cells in response to activation of another GPCR, ER GRP30 (43).

Increasing evidence suggest a universal role for CTGF as a promoter of cell migration. Pro-
migratory effects of CTGF were reported in several experimental models, including
mesangial cells, smooth muscle cells, hepatic stellate cells, and corneal epithelial cells (14).
While the mechanistic details of the role of CTGF in cell migration are not fully elucidated,
it is of interest that CTGF-induced mesangial cell migration was associated with
translocation of PKC-(, to the leading edge of migrating cells (13). Furthermore, a recent
study of human lung fibroblasts has linked pro-migratory function of CTGF to upregulation
of IQGAP, a scaffolding protein controlling cell migration (6). CTGF was also shown to
stimulate formation of capillary-like tubules upon addition to a monolayer of bovine arterial
endothelial cells (48) or HUVECs (26). In addition, Luo and collaborators described similar
pro-migratory effect in HUVECs after CTGF transfection (36). Our study demonstrated that
CTGF induced cell migration and proliferation in monolayers of HDMECs. In addition,
CTGF was effective in inducing capillary-like cord formation in 3D collagen gels.
Importantly, our study provides the evidence that CTGF is required for the pro-migratory
effects of S1P examined in both assays.

In this study, we also sought to determine the domain specific effects of CTGF. Previous
studies have demonstrated that C- and N-terminal fragments of CTGF correspond to the
same fragments produced by proteolysis. Also, it has been shown that C- and N-terminal
domains have distinct roles in fibroblast proliferation and collagen deposition. It was
reported that C-terminal domain stimulates fibroblasts proliferation, while N-terminal
domain stimulates collagen synthesis (19). In contrast, C-terminal domain was shown to
promote collagen deposition (22). Another study reported that module 3 which contains
thrombospondin (TSP-1) motif induced p42/44MAPK phosphorylation and fibronectin
expression in hepatic stellate cells (49). Module 3 was also required for adhesion of hepatic
stellate cells either in the presence of lipoprotein-related receptor or integrin a6p1 (16,49).
On the other hand, module 4 (known as a CT module) promoted adhesion in bovine aortic
endothelial cells (4). Our study has examined the role of C- and N-terminal domain in
endothelial cell migration and proliferation. C-terminal domain induced cell migration and
proliferation of monolayer cultures, as well as cord formation in 3D collagen gels with a
potency similar to that observed with full length CTGF. In contrast, N-terminal domain was
not effective in these assays.

In conclusion this study shows, for the first time, that CTGF is required for the angiogenic
responses of microvascular endothelial cells induced by S1P. S1P is present at high levels in
circulation mostly bound to HDL and albumin with relatively lower levels in the tissues
(24). However, during injury or in pathological conditions characterized by leaky vessels,
such as tumor angiogenesis, S1P can be leaked into surrounding tissues and exert its effects
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on various cell types. S1P upregulates expression of CTGF in smooth muscle cells (12) and
other cell types (28), suggesting that a cross-talk between these pathways may also
contribute to responses of those cells. The present study also suggests that C-terminal and N-
terminal domains of CTGF may play distinct roles in endothelial cell migration and
proliferation. Further investigations are required to explore the precise mechanism of these
events and to investigate whether CTGF has a role in mediating other S1P regulated
responses in endothelial cells.
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Figure 1. S1P induces CTGF mRNA and protein levels in HDMECs

(A) Total RNA was isolated from control and S1P treated HDMECs and analyzed by Real-
Time PCR. Values represent the mean + SEM of three independent experiments done in
duplicate. (B) HDMECs were treated with two different doses of S1P or transduced with a
different MOI of AACTGF and control AdGo for 24 hrs. Western blot analysis showed
increased protein level of CTGF parallel with increased concentration of S1P as compared to
untreated cells. B-actin was used as a control for equal loading. (C) Graphical representation
of CTGF expression presented in (B). (D) Endogenous CTGF was inhibited by transduction
of HDMECs with AACTGF siRNA for 24 hrs with or without addition of S1P. Graph
represents the percentage of changes in the basal level of CTGF under various experimental
conditions. (E) HDMECs were transduced with non-silencing (NS) or AACTGF siRNA for
24 hrs without or with addition of S1P. CTGF protein level was determined by Western blot
analysis. (F) Graphical representation of CTGF protein expression determined by Western
blot analysis presented in (E). The values represent the mean + SEM of three independent
experiment done in duplicate.* Significant values at p<0.05
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Figure 2. Full length and C-terminal domain of CTGF induce migration and proliferation of
HDMECs

(A) HDMECs were transduced with adenoviruses Go, CTGF,CT and NT of CTGF at
MOI10 for 24hrs; 25 pg of total proteins were separated via SDS-PAGE for MMP1, MMP9
and transferred to a nitrocellulose membrane. The blots were probed overnight with primary
Abs at 4°C. As a control for equal protein loading, membranes were stripped and reprobed
for B-actin. (B) Graphical representation of MMP1 and MMP9 protein expression
determined by Western blot analysis presented in (A). The values represent the mean £ SEM
of three independent experiment done in duplicate. *Significant values at p<0.05 (C)
HDMECs were transduced with non silencing (NS) or AACTGF siRNA with addition of
S1P. Blocking endogenous CTGF inhibited S1P stimulated cells migration. (D) HDMECs
were transduced with increasing doses of AdN-terminal (AdNT) and AdC-terminal (AdCT)
domain of CTGF and expression level was determined by Western Blot analysis. (E)
Graphical presentation of AANT and AdCT expression level presented in (D). (F) HDMECs
were cultured to 80% confluence in full medium followed by transduction with adenoviruses
(AdGo, ADCTGF, AANT and AdCT) or treated with rhCTGF. After 8 hrs cells were
mechanically “wounded” by scraping with a Fisher-brand ready-tip. For the next 24-72 hrs
cells were kept in EBM2 medium containing 0.5%serum. Representative images are
presented. (G) The bar graph represents migration rate expressed as percentage of cells that
crossed into the “scratch” area in comparison to identical “nonscratch” area. Cell counting

Microcirculation. Author manuscript; available in PMC 2012 January 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

MARKIEWICZ et al.

Page 15

was performed 48 hr after injury. The experiments were repeated three times in duplicate.
(H) Graphical presentation of the transwell co-culture migration assay. Briefly, dermal
fibroblasts were transduced with indicated adenoviruses. Next day, the medium was changed
and HDMECs were plated on the cell culture inserts. 24 hr later the inserts were removed
and cells were counted as described in the Methods section. (1) Bar graph presents
endothelial cell proliferation increased after cells transduction with AACTGF and AdCT.
The values represent the mean = SEM of three independent experiment done in duplicate.

* Significant values at p<0.05
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Figure 3. AACTGF siRNA abrogates S1P-induced cord formation

(A) At 80% confluency, HDMECs were overlaid with collagen and incubated in 0.5%
EBM2 and, where indicated, with addition of S1P (500nM) or VEGF for 24-48 hrs
(endothelial cells were labeled with lipophilic live-stain CM Dil (1ug/ml) [Molecular
Probes]. In the presence of VEGF and S1P capillary like cords were formed 24 hrs later
while endothelial cells in SFM did not form a cords. The experiments were repeated three
times. (B) Graphical representation of cord length and cell number presented in (A). (C)
HDMECs were transduced with non silencing (NS) or AACTGF siRNA for 24 hrs without
or with addition of S1P. (D) Quantification of cord formation observed in (C) performed as
described in Methods section. The values represent the mean = SEM of three independent
experiment done in duplicate.* Significant values at p<0.05
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Figure 4. Elevated N-terminal and C-terminal expression of CTGF induces capillary-cord
formation

(A) HDMECs were transduced with ADCTGF, AANT or AdCT or control AdGo. The
following day 3D co-culture was established as described in Methods section. Cells were
incubated in 0.5% EBM?2 for 24-48 hr. The experiments were repeated three times. (B)
Graphical representation of tube length and cell number presented in (A). The values
represent the mean £ SEM of three independent experiment done in duplicate.* Significant
values at p<0.05
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