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Abstract
Pleiotrophin (PTN) is produced under ischemic conditions and has been shown to induce
angiogenesis in vivo. We studied whether or not PTN exerts chemotaxis of pro-angiogenic early
endothelial progenitor cells (EPCs), a population of circulating cells that have been reported to
participate in and stimulate angiogenesis. Chemotaxis of EPCs, isolated from blood of healthy
humans (n=5), was measured in transwell assays. PTN at 10–500 ng/mL elicited dose-dependent
chemotaxis of both EPCs and human umbilical vein endothelial cells (HUVECs), but not of human
coronary artery smooth muscle cells (CASMCs) and T98G glioblastoma cells that lack PTN
receptors. The degree of chemotaxis was comparable to that induced by the angiogenic factors VEGF
and SDF-1α. Chemotaxis to PTN was blocked by the NOS inhibitors L-NNA and L-NMMA, the
NO scavenger PTIO, the phosphoinositide-3 kinase inhibitor wortmannin, and the guanylyl cyclase
inhibitor ODQ, suggesting dependence of EPC chemotaxis on these pathways. PTN induced NOS-
dependent production of NO to a similar degree as did VEGF, as indicated by the NO indicator
DAF-2. PTN increased proliferation in EPCs and HUVECs to a similar extent as VEGF, but did not
induce proliferation of CASMCs. While L-NNA abolished PTN-induced migration in EPCs and
HUVECs, it did not inhibit PTN- and VEGF-enhanced proliferation and also caused proliferation by
itself. These data suggest that PTN may mediate its pro-angiogenic effects by increasing the local
number of not only endothelial cells but also early EPCs at angiogenic sites.
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INTRODUCTION
Tissue engineering and stem cell therapy are potential approaches for the replacement and
functional reconstitution of vascular and cardiac tissue (Jackson et al., 2001; Springer et al.,
2001; Dimmeler et al., 2005). As these concepts evolve, it is important to increase our
understanding of the effect of cytokines on progenitor cells. Several factors including vascular
endothelial growth factor (VEGF) and stromal cell derived factor 1 alpha (SDF-1α) have been
shown to be expressed in ischemic tissues and are able to enhance angiogenesis,
vasculogenesis, and arteriogenesis (Springer et al., 2003; Christman et al., 2005; Dimmeler et
al., 2005; Ruiz de Almodovar et al., 2006; Roy et al., 2006). While the discovery of these effects
in animal models initially had promising prospects for therapeutic use, clinical trials of
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angiogenic factor delivery have been mostly disappointing, underscoring the need for studies
both of progenitor cells and of an expanding arsenal of angiogenic factors (Springer, 2006).

Pleiotrophin (PTN) is a developmentally regulated 136-aa (15.3 kDa) secreted growth/
differentiation cytokine that is expressed during embryogenesis and in adults. It possesses
diverse functions ranging from stimulation of neurite outgrowth to tumor angiogenesis (Deuel
et al., 2002). PTN was first discovered as a mitogen produced by bovine uterus and as a neurite
outgrowth factor in neonatal rat brain (Milner et al., 1989; Rauvala, 1989; Li et al., 1990).
Subsequently, PTN was found to be expressed during development (Li et al., 1990), after
ischemic injury to the brain (Yeh et al., 1998), during wound healing in skin and bone models
(Petersen and Rafii, 2001; Deuel et al., 2002), and during growth of tumor cells (Fang et al.,
1992). PTN was initially suspected to be involved in angiogenesis by virtue of its expression
by endothelial cells during healing from ischemic brain injury, and was found to stabilize the
formation of tube structures by cultured capillary endothelial cells (Deuel et al., 2002).
Subsequently, it was discovered that the Ptn gene (gene is Ptn, protein is PTN) is expressed in
response to ischemic injury in the rat heart (Christman et al., 2003), and that injection of Ptn
plasmid DNA induces capillary and arteriole growth in ischemic myocardium in rats
(Christman et al., 2005), indicating that PTN may have a utility for therapeutic angiogenesis.
The mechanisms by which PTN mediates its proangiogenic effects are not completely
understood, although the binding of PTN to its receptor RPTPβ (receptor-type protein-tyrosine
phosphatase β) inhibits protein tyrosine phosphatase activity (Pariser et al., 2005), and
expression of PTN by monocytes causes them to exhibit endothelial phenotypes (Sharifi et al.,
2006).

In recent years, it has become clear that new vessel formation not only depends on local
sprouting of existing vessels with the proliferation of resident cells, but also on the recruitment
of endothelial progenitor cells (EPCs) from circulating blood (Asahara et al., 1997). EPCs
comprise a population of blood and bone marrow mononuclear cells that is characterized by
endothelial physical characteristics and gene expression profiles, and is thought to contain at
least two distinct subpopulations that are pro-angiogenic and pro-endothelial, respectively
(Hur et al., 2004; Jin et al., 2006). Certain angiogenic factors like VEGF that induce “classical”
sprouting angiogenesis also exert effects on EPCs (Asahara et al., 1999). In order to test whether
PTN has a chemotactic and mitotic effect on pro-angiogenic early EPCs, we studied the effect
of PTN on the migration and proliferation of EPCs and compared it to its effect on human
umbilical vein endothelial cells (HUVECs).

We show that PTN chemotactically attracts human EPCs and acts as a mitogen.
Mechanistically, we show that the chemotactic response is dependent on nitric oxide, nitric
oxide synthase, phosphoinositide-3 kinase (PI3K), and guanylyl cyclase; and we demonstrate
a direct induction of cellular NO production by PTN.

MATERIALS AND METHODS
Cell culture and characterization of blood-derived EPCs

Endothelial progenitor cells were differentiated ex vivo from peripheral blood mononuclear
cells (PBMCs). Blood was drawn from the cubital vein of 5 healthy volunteers aged 30±3 years
into vacuum tubes pre-filled with a liquid density gradient medium and PBMCs were isolated
based on the Ficoll method (Vacutainer CPT, Becton Dickinson, Franklin Lakes, NJ). As
cardiovascular risk factors are associated with impaired number and function of EPCs, (Vasa
et al., 2001; Heiss et al., 2005) exclusion criteria consisted of hypertension, diabetes mellitus,
smoking, and hypercholesterolemia. In order to remove mature endothelial cells from the
harvested cell population, the cells were preplated on fibronectin-coated culture plates for 1
day in EBM-2 MV (supplemented with Singlequots (Cambrex) and 20% fetal bovine serum
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(HyClone, Logan, UT)). The adherent cells were discarded and the non-adherent cells were
moved to a new dish and cultured for another 6 days, during which time many cells became
newly adherent.

To confirm the endothelial phenotype of ex vivo differentiated EPCs at day 7, we performed
fluorescent staining to detect lectin-binding, acLDL-uptake, and eNOS expression, as well as
FACS analysis of endothelial markers. RPTPβ expression (PTN receptor) was also confirmed
by fluorescent staining. Adherent EPCs on fibronectin coated glass slides (Nalgen NUNC,
Naperville, IL) were incubated for 1 h with 2 µg/mL DiI-acLDL (Invitrogen, Carlsbad, CA)
in EBM-2 MV, washed twice with PBS and fixed in 2% formaldehyde/PBS. After blocking
with 2% goat serum/PBS for 1 h, cells were washed and incubated with 23 µg/mL FITC-
conjugated Ulex europeus agglutinin-1 (UEA-1, Sigma, St. Louis, MO). To assay for eNOS
and RPTPβ expression, fixed cells were blocked and permeablized (1h, 0.3% Triton X, 2%
goat serum, 0.02% sodium azide in PBS). After washing with PBS, cells were incubated with
primary monoclonal anti human eNOS or anti human RPTPβ antibodies generated in mouse
(1:200, Clone NOS-E1, Sigma; 1:200, clone 12, BD Pharmingen) for 1 h in the dark, washed
again, and incubated with secondary Alexa 660 conjugated anti-mouse antibodies from goat
(1:200, Invitrogen). The nuclei were stained with 120 ng/mL Hoechst 33258 (Invitrogen). The
slides were observed using a Nikon E800 fluorescence microscope and Openlab software
(Improvision, Lexington, MA).

To further characterize EPCs, FACS analysis was performed with adherent cells. After
discarding suspension cells and rinsing with PBS, cells were detached by repetitive flushing
with cold 1 mM EDTA/PBS. Cells were pelleted, adjusted to 106 cells/mL in FACS buffer,
and incubated for 15 min with normal human IgG (1 mg/mL, Zymed, San Francisco, CA) to
block FC receptors . Staining was performed for 20 min on ice with 100 µL cell suspension
and the following fluorescently labeled antibodies: CD45-PerCP (1:5), CD34-PE (1:5),
CD133-PE (1:10; Miltenyi Biotech, Auburn, CA), KDR-APC (1:10), CD31-PC5 (1:5),
CXCR4-APC (1:5), CD14-PerCP (1:5), and CD11b-APC (1:10; Pharmingen, San Diego, CA).
After washing with FACS buffer, cells were fixed with 1% formaldehyde/PBS and stored at
4°C until flow-cytometry analysis. 10,000 events were counted (FACSCalibur, BD, San Diego,
CA).

Pooled human umbilical vein endothelial cells (HUVECs) were purchased from Cambrex,
cultured in EBM-2 (supplemented with Singlequots and 5% FBS) and used no later than
passage 3. Human coronary artery smooth muscle cells were purchased from Lonza (Basel,
Switzerland) and cultured in smooth muscle growth medium (supplemented with Singlequots
and 5% FBS). T98G glioblastoma cells, previously described to be irresponsive to PTN due
to a lack of pleiotrophin receptors (Lu et al., 2005), were purchased from American Type
Culture Collection (Manassas, VA) and cultured in complete growth medium (Minimum
essential medium (Eagle) with 2 mM L-glutamine and Earle's BSS adjusted to contain 1.5 g/
L sodium bicarbonate, 0.1 mM non-essential amino acids, and 1.0 mM sodium pyruvate, 90%)
supplemented with 10% FBS and 5% DMSO.

Chemotaxis assay
Cell migration was quantified by a transwell chemotaxis assay using a modified Boyden
chamber (Falk et al., 1980). Briefly, chemotaxis was measured as follows: After detachment,
2×104 cells were resuspended in basal cell media (without supplements, 1% BSA) and plated
in the upper of two chambers divided by a membrane with 8 µm pores (Corning Transwell).
Chemoattractants specific to the experiment were added to the lower chamber. The NOS
inhibitors, NO scavenger, phosphoinositide-3 kinase inhibitor, and guanylyl cyclase inhibitor
were added to both upper and lower chamber (all from Sigma). L-NNA (NG-Nitro-L-arginine)
and L-NMMA (NG-Methyl-L-arginine) are irreversible and reversible, respectively, inhibitors
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of constitutive nitric oxide synthase. PTIO (2-(4-carboxyphenyl)-4,4,5,5-
tetramethylimidazoline-1-oxyl 3-oxide) is a water-soluble and stable free radical molecule that
reacts stoichiometrically with NO (Pietraforte et al., 1995). Wortmannin is a specific
phosphatidylinositol 3-kinase (PI3-K) inhibitor. ODQ (1H-[1,2,4]oxadiazolo[4,3-a]
quinoxalin-1-one) is a highly selective, irreversible, heme-site inhibitor of soluble guanylyl
cyclase. PTN was compared to vascular endothelial growth factor (VEGF, Sigma) and stromal
cellderived factor (SDF-1α; Sigma) at 10–500 ng/mL. After 6 h, the membranes were washed
twice in PBS and fixed in 4% formaldehyde. After wiping cells off the upper side of the
membrane with a cotton swab (Q-tip), the membranes were detached and mounted on glass
slides with a nuclear dye-containing mounting medium (Vectashield DAPI). Migrated cells
were counted on the lower side of the membrane by fluorescence microscopy. Chemotaxis was
quantified as net number of migrated cells (cell number/HPF with chemoattractant minus cell
number/HPF without chemoattractant). Each experimental condition was performed in
triplicate and the number of migrated cells was determined from 5 random 100x-fields (0.998
mm2) per membrane.

NO production
In order to confirm that EPCs produce NO in response to PTN and to show that 100 µM L-
NNA is sufficient to block NO production, we incubated EPCs with an NO sensitive fluorescent
dye 4,5-Diaminofluorescein (DAF-2) diacetate (Sigma). DAF-2 diacetate is membrane-
permeable and is deacetylated by intracellular esterases to 4,5-diaminofluorescein. DAF-2,
however, remains essentially nonfluorescent until it reacts with the nitrosonium cation
(produced by spontaneous oxidation of nitric oxide) to form a fluorescent heterocycle, which
becomes trapped in the cell's cytoplasm (Kojima et al., 1998) (excitation 492 nm, emission
515 nm). EPCs cultured on fibronectin-coated glass slides were serum starved with 0.5% BSA/
EBM-2 for 2 h. Cells were pre-incubated with inhibitors (1–100 µM L-NMMA, 100 µM PTIO)
and DAF-2 DA (10 µM) for 30 min. VEGF (50 ng/mL) and PTN (50 ng/mL) were added for
another 20 min. Cells were washed with PBS once and fixed in 2% formaldehyde/PBS for 15
min. Cells were washed with PBS, nuclei stained with Hoechst, and cells mounted.
Fluorescence images were taken using the identical exposure settings for all conditions.

Cell proliferation
BrdU incorporation assays were performed following the manufacturer’s protocol (Cell
Proliferation BrdU Assay, Roche). Cells were detached, resuspended in EBM-2 supplemented
with 1% BSA, and plated at 104 /well in 96-well cell culture plates (Corning, Corning, NY).
The cells were preincubated with test mitogens for 48 h. BrdU was added and cells were
incubated for another 24 h. BrdU incorporation was determined colorimetrically after
incubation with anti-BrdU antibodies conjugated with horseradish peroxidase.

Crystal violet staining was performed by fixing cells in 2% formaldehyde for 15 min, followed
by staining with crystal blue (5 min, 0.1% crystal violet, 10% methanol, 90% PBS). After
rinsing and drying, the cells were destained in 10% acetic acid and optical density was
determined at 600 nm by a microplate reader. Cell numbers were determined using a standard
curve with 10,000–70,000 cells. Doubling time was calculated during the exponential phase
of cell growth as follows:

Doubling time = t/(3.32[logNt - logN0])

(t=time between two measurements during exponential growth phase; N0=initial cell number,
Nt=number of cells after t)
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Statistical analyses
Data are presented as mean ± standard error of the mean. Group differences were calculated
with repeated measurements ANOVA and consecutive pairwise comparisons. P-values of less
than 0.05 were regarded as significant. Correlations were Pearson’s r. All experiments were
performed in triplicates and volunteers gave written informed consent. The protocol was
approved by the UCSF Committee on Human Research.

RESULTS
Characterization of the early pro-angiogenic EPC population

To confirm that the cells acquired endothelial phenotypes after becoming adherent, we assessed
their ability to take up acLDL and bind to UEA-1 lectin. The majority of these ex vivo
differentiated EPCs (Figure 1) showed endothelial characteristics similar to HUVECs as
defined by positivity for acLDL-uptake, UEA-1 binding, and eNOS expression which was
present on almost all cells (>95%). After detachment, the cells also expressed CD45 (93%),
CD34 (1.1%), CD133 (0.9%), KDR (24%), CD31 (49%), CXCR4 (57%), CD14 (68%), and
CD11b (54%) as determined by FACS. This cell population is consistent with the early pro-
angiogenic EPC type described by other authors (Kalka et al., 2000;Hur et al., 2004).
Furthermore, cultured EPCs expressed the pleiotrophin receptor RPTPβ (Figure 2).

PTN chemotactically attracts EPCs
In order to determine the migratory response of EPCs to PTN, we employed the well established
and commonly used transwell assay for cell migration (Vasa et al., 2001; Heiss et al., 2005).
EPCs and HUVECs exhibited comparable dose-dependent chemotaxis toward PTN at 10–500
ng/mL (Figure 3A,B). In EPCs, the responses to PTN were not significantly different from the
respective responses towards VEGF and SDF-1α in all measured concentrations (Figure 3A),
with slightly maximal response to the 100 ng/mL condition. In HUVECs, the responses to all
three chemokines were similar at 10–50 ng/mL (Figure 3B). However, unlike the dose-response
curves observed for EPCs responding to all three chemokines similarly, the response of
HUVECs peaked at 50 ng/mL PTN and decreased at higher doses while their response to VEGF
and SDF-1α leveled off beyond that concentration. As negative controls, CASMCs and T98G
cells did not migrate toward PTN, despite migrating toward VEGF and full growth medium
as positive controls (Figure 3C,D), consistent with their lack of PTN receptor expression
(Figure 2 and (Lu et al., 2005)).

Mechanism of PTN mediated chemotaxis
In order to gain mechanistic insight into PTN mediated chemotaxis of EPCs, we performed
inhibitor studies. Chemotaxis toward PTN at 10–500 ng/mL was inhibited in the presence of
NOS-inhibitors (L-NNA and L-NMMA), an NO scavenger (PTIO), a phosphoinositol 3-
phosphate kinase inhibitor (wortmannin), and a guanylyl cyclase inhibitor (ODQ) (Figure 3E).
Unspecific, non-directional cell movement, without addition of chemokines, remained
unaffected by these inhibitors suggesting that the observed lack of chemotaxis is due to specific
inhibition of pathways and cannot be explained by unspecific cell toxicity or globally disabled
cell motility.

PTN induces NOS-dependent NO production
In order to confirm the presence of a functional NO synthase, we performed staining
experiments with the NO-sensitive fluorescent dye DAF-2. Incubation with PTN at 50 ng/mL
led to an increase in fluorescence comparable to incubation with VEGF (Figure 4). Co-
incubation with L-NNA, a competitive NOS inhibitor, led to inhibition of this signal at 100
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uM suggesting that this concentration is sufficient to inhibit NOS dependent NO production.
Furthermore, PTIO, an NO scavenger, also abolished the signal, suggesting NO-dependence.

Enhanced NOS-independent proliferation with PTN
PTN significantly increased proliferation in EPCs and HUVECs as determined by higher BrdU
uptake and lower doubling time. BrdU incorporation over 48 h during exposure to PTN was
similar to that during VEGF exposure (Figure 5A, B). Interestingly, while L-NNA abolished
PTN- and VEGF-induced migration in both cell types, it did not inhibit PTN- and VEGF-
enhanced proliferation and even caused proliferation by itself. The magnitude of L-NNA-
related proliferation was similar to that of PTN and VEGF. In contrast, while CASMC
proliferation was induced by VEGF, PTN had no effect on these cells, consistent with their
lack of PTN receptor expression (Figure 2) and absence of PTN-induced migration.

In order to confirm these results and also to determine a more direct readout of proliferation,
we measured doubling time under similar conditions (Figure 5D, E). In the absence of
cytokines, EPCs exhibited approximately 3-fold longer doubling times compared to HUVECs
(27±4 h vs. 9±1 h, p<0.01; note the different scales of the y axis of each graph). PTN
significantly decreased doubling time in EPCs from 27±4 h to 12±1 h. No significant
differences were observed between VEGF and PTN (12±1 h vs 10±3 h). Under all conditions,
doubling times for EPCs were significantly longer than those for HUVECs. In agreement with
the results of BrdU incorporation, the doubling times for both cell types were reduced by
addition of NOS inhibitor L-NNA alone.

DISCUSSION
The key findings of this study are summarized as follows. PTN chemotactically attracted EPCs
and stimulated NO production. Chemotaxis toward PTN was blocked by L-NNA, L-NMMA,
PTIO, wortmannin, and ODQ, suggesting dependence of this process on nitric oxide synthase,
nitric oxide, phosphoinositide-3 kinase, and guanylyl cyclase. Furthermore, PTN stimulated
EPC proliferation. Whereas NOS inhibition abolished migration toward PTN, proliferation
remained unaffected. The effects of PTN on EPCs were qualitatively similar to its effects on
endothelial cells.

Role of PTN in EPC migration and proliferation
To our knowledge, this is the first study to show that PTN not only chemotactically attracts
endothelial cells and stimulates their proliferation, but has similar effects on early pro-
angiogenic EPCs. Interestingly, PTN induces EPC migration of a similar magnitude as that
caused by VEGF, which is a very strong inducer of angiogenic activity (Springer et al.,
1998). Souttou and colleagues (2001) have previously shown that PTN attracts HUVECs and
causes growth of several mature endothelial cell types including HUVECs, bovine choroid
endothelial cells, and rat aortic endothelial cells. Our results suggest that PTN can stimulate
angiogenesis, sprouting of local vessels, and vasculogenesis in part by causing attraction and
proliferation of circulating or tissue resident endothelial progenitors, which are derived from
mononuclear cells. Sharifi and colleagues (2006) have recently reported that monocytes
transduced to express PTN downregulated their expression of monocyte markers and
upregulated the expression of endothelial markers, were able to take part in capillary tube
formation in vitro and newly developed blood vessels in vivo, and increased perfusion in a
mouse model of hindlimb ischemia; all properties that were not observed in monocytes
transduced to express a control gene. Thus, it appears that PTN produced by monocytes induces
them to take on endothelial characteristics, potentially through a progenitor cell intermediate
(overlapping identities between EPCs and monocytes have been espoused by Rehman et al
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(2003)), while exogenous PTN presented to EPCs and ECs chemotactically attracts them and
causes them to proliferate without affecting SMCs.

EPC identity
There is still considerable controversy regarding the phenotypic identity of EPCs. It should be
stressed that the cell isolates referred to as EPCs are a heterogeneous population of cells rather
than a single cell type, so any attempt to characterize properties of “endothelial progenitor
cells” must take into account that only a particular subpopulation may be responsible for the
observed effect. In many studies, there is significant overlap with other cell types, in particular
monocytes and endothelial cells (Rehman et al., 2003; Nakul-Aquaronne et al., 2003), although
monocytes and EPCs isolated using a similar protocol to our own behave differently upon
introduction into models of ischemic disease (Urbich et al., 2003). Furthermore, we have
ensured that mature endothelial cells are excluded from our population of study (see Methods).
Two different types of EPCs are described in literature: the early endothelium-like angiogenic
cells with low proliferative potential and the potentially distinct population of cells that give
rise to highly proliferative endothelial cells (late outgrowth cells) (Hur et al., 2004). Both cell
types were shown to express endothelial markers including eNOS, CD31, and KDR. Notably,
marker expression studies using adherent cells suggest that this cell population is very
homogenous with almost all cells expressing endothelial markers (eNOS, acLDL uptake, lectin
binding, KDR). In contrast, FACS studies using detached cells suggest a greater degree of
heterogeneity with endothelial marker expression on a lower percentage of the cells (KDR,
CD31, VE-cadherin). This discrepancy may be explained by anchorage-dependent expression
of endothelial markers. Further studies are needed to address this. Taken together, we propose
that the EPCs used in the present study represent the early type with lower proliferative potential
as compared to mature endothelial cells. Nevertheless, the present results further corroborate
that these cells show both functional and phenotypical similarities with mature endothelial cells
(HUVECs).

Role of NOS in cell migration and proliferation
We and others have shown that both nitric oxide-dependent vasodilation and circulating NO
species, as well as the number and function of EPCs, are decreased in parallel in patients with
higher cardiovascular risk and atherosclerotic disease (Hill et al., 2003; Heiss et al., 2005;
Werner et al., 2005; Heiss et al., 2006). However, the role of NOS in migration and proliferation
of endothelial cells and endothelial progenitors is controversial, as different researchers have
reported contradictory results from experiments probing NOS dependence. This may be
explained in part by differences in the applied methodology as well as complex interactions
between the read-outs of cell migration and proliferation. As migration is commonly measured
as the number of cells on one side of a membrane in transwell assays, proliferation strongly
affects the read-out. This becomes more important when cells are incubated for longer periods
of time approaching their doubling time. In other words, the longer a migration assay is
incubated, the more the cytokine gradient decreases due to diffusion and the more the assay is
confounded by possible effects of the chemokines on proliferation.

The situation gets even more complicated if an inhibitor is added to the assay that has different
effects on migration and proliferation, such as the NOSinhibitor L-NNA. Nitric oxide appears
to stimulate migration (Isenberg et al., 2006), but inhibit proliferation (Bussolati et al., 2001;
Ozuyaman et al., 2005). In our present study, we observed NOS-dependent migration of EPCs
and HUVECs towards PTN and VEGF but NOS-independent stimulation of proliferation. In
other migration studies (data not shown), we have observed a complete inhibition of EPC and
HUVEC migration toward VEGF with L-NNA only when incubation times are short. With
longer incubation times, the number of cells on the opposite side of the membrane is not
significantly different between VEGF or VEGF+L-NNA. This may explain why other groups
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who use long incubation time in their migration assays are not able to detect NOS dependence
of migration (Souttou et al., 2001; Hoetzer et al., 2005). Hoetzer et al. did not observe NOS-
dependence when allowing EPCs to migrate towards VEGF for 24 h (Hoetzer et al., 2005).
This notion is further corroborated by our present results. We show that after 6 h there are
already significantly more HUVECs in the VEGF+L-NNA migration as compared to control.
This is potentially due to proliferation on the membrane. Souttou and colleagues (2001) have
previously shown that PTN attracts and causes growth of HUVECs, in agreement with our
results. However, their interpretation of NOS-dependence was different from ours, as they
reported that the migration (12 h) was not inhibited by L-NAME, a different NOS inhibitor.
Interestingly, the authors report that PTN-mediated migration was inhibited with wortmannin,
a phosphoinositide-3 kinase (PI3K) inhibitor, suggesting different effects of PI3K and NOS
on cell proliferation. Corroborating our results, this group also reported that PTN stimulated
the proliferation as determined by thymidine uptake and that this was not inhibited by L-
NAME. Özüyaman and colleagues (2005) also report that NO inhibits proliferation of bone-
marrow derived EPCs in mice but stimulates their mobilization. We thus propose that the NOS
dependence of EC/EPC migration requires relatively short incubation time to be detectable in
transwell gradient migration assays.

Physiologically, it makes sense that differentiation of EPCs leads to increased NO production
and decreased proliferation. This is consistent with the notion that EPCs, after migrating
towards a PTN source, will be exposed to higher PTN concentrations that lead to proliferation.
The differentiation that has been proposed to occur at angiogenic sites would cause them to
progressively produce NO and thereby further inhibit proliferation.

In conclusion, we report here that PTN induces NOS-dependent chemoattraction of EPCs in a
similar fashion as mature endothelial cells, and that PTN induces NOS-independent EPC and
HUVEC proliferation. PTN may exert at least some of its pro-angiogenic activity by recruiting
progenitor cells to the sites of its production.
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Figure 1. Characterization of EPCs (A–F) and HUVECs (G–L): lectin-binding, LDL-uptake, and
eNOS expression
EPCs and HUVECs exhibit UEA-1 lectinbinding (A,G) and acLDL-uptake (B,H). Merged
image of both stains with blue nuclei (C,I). eNOS expression in EPCs (D,E) and HUVECs
(J,K). Merged image of eNOS with blue nuclei. No primary antibody (F,L). Scale bars=20 µm.
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Figure 2. PTN receptor expression in EPCs but not CASMCs
Immunofluorescence images of PTN receptors RPTPβ (green) in EPCs (A). (B) shows negative
control lacking primary antibody, and (C) shows RPTPβ immunostaining of hCASMCs, which
lack the receptor. Lower row shows upper row images merged with blue nuclei. Scale bar=10
µm.
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Figure 3. Chemotaxis toward PTN in EPCs
PTN elicits chemotaxis of EPCs (A, n=5) as compared to other chemokines (VEGF, SDF-1)
and (B) to a similar extent as endothelial cells (HUVECs, n=3). In contrast, PTN does not elicit
chemotaxis in (C) CASMCs or (D) T98G cells, which have the ability to migrate to VEGF or
complete growth medium controls, respectively. Mechanistic inhibitor studies are shown in
(E). Chemotaxis of EPCs to PTN is dependent on functional NOS, guanylyl cyclase, and
phosphoinositide-3 kinase. * p<0.05 vs. control (repeated measurements ANOVA). Symbols
and columns are mean values±SE.
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Figure 4. NO production by EPCs in response to PTN
Incubation of EPCs with PTN and VEGF leads to similar increase in fluorescence of the NO
sensitive fluorescent dye DAF-2 (B a and b). This is inhibited by competitive NOS inhibitor
L-NNA (B c–e) and NO scavenger PTIO (B f). Scale bar=15 µm.
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Figure 5. PTN stimulates EPC proliferation
BrdU incorporation is increased by PTN (50 ng/mL) in EPCs (A, n=5) and HUVECs (B, n=5)
but not CASMC (C, n=3). Corresponding population doubling times of EPCs and HUVECs
are depicted in (D) and (E), respectively. Co-incubation with NOS-inhibitor L-NNA (100 µM)
stimulated proliferation alone but did not change PTN- and VEGF-mediated proliferation.
VEGF (50 ng/mL) positive control elicited responses similar to those of PTN.* p<0.05 vs.
control (repeated measurements ANOVA).
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