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Abstract
A balance between angiogenesis inducers and inhibitors in the microenvironment controls the rate
of new blood vessel formation. We hypothesized that fibroblasts, an important cellular constituent
of the tissue stroma, secrete molecules that contribute to this balance. We further hypothesized that
fibroblasts secrete molecules that promote angiogenesis when they are in a proliferative state and
molecules that inhibit angiogenesis when they are not actively cycling (quiescent). Microarray
analysis revealed that angiogenesis inducers and inhibitors are regulated as fibroblasts transition
into a quiescent state and re-enter the cell cycle in response to changes in serum. To assess
whether changes in transcript levels result in changes in the levels of secreted proteins, we
collected conditioned medium from proliferating and quiescent fibroblasts and performed
immunoblotting for selected proteins. Secreted protein levels of the angiogenesis inhibitor PEDF
were higher in quiescent than proliferating fibroblasts. Conversely, proliferating fibroblasts
secreted increased levels of the angiogenesis inducer VEGF-C. For the angiogenesis inhibitor
thrombospondin-2, quiescent cells secreted a prominent 160 kDa form in addition to the 200 kDa
form secreted by proliferating and restimulated fibroblasts. Using immunohistochemistry we
discovered that fibroblasts surround blood vessels and that the angiogenesis inhibitor PEDF is
expressed by quiescent fibroblasts in uterine tissue, supporting a role for PEDF in maintaining
quiescence of the vasculature. This work takes a new approach to the study of angiogenesis by
examining the expression of multiple angiogenesis genes secreted from a key stromal cell, the
fibroblast.
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Introduction
Homeostasis, a state of equilibrium, is essential to the vitality and proper functioning of
biological organisms. Following development, adult organisms must maintain the same size
and cellular composition for the remainder of adulthood. A small but continuous decrease or
increase in size would be incompatible with our long lifetimes. Achieving the goal of size
constancy is deceptively complicated. The cells within a tissue must act in a coordinated
fashion to produce new cells in order to replace cells that are damaged or lost from age. Yet,
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this regrowth must be limited to that required to maintain tissues of a constant size. The
mechanisms by which tissues maintain size homeostasis, and the mechanisms by which
different cell types within the body coordinate with each other to maintain homeostasis, are
poorly understood.

A lack of size homeostasis can result from endocrine abnormalities including overexpression
of growth hormone 1 or increased signaling of the insulin pathway, 2 or genetic
manipulation, for instance, deletion of the cell cycle regulator p27.3 Organ size is also likely
to be controlled by the vasculature.4,5 In order to receive adequate oxygen and nutrients,
cells must be within 150 - 200 μm of vessel capillaries.6 Thus, any increase in body size
must of necessity be associated with an increase in vasculature to properly oxygenate the
new tissue. Indeed, tissue growth and remodeling associated with wound healing, exercise,
reproduction and embryonic development all have an angiogenic component.7 A failure to
control angiogenesis can contribute to hyperproliferation of tissues, disorganized tissue
structure, and tumorigenesis. In one recent study, administration of the pro-angiogenic
growth factor basic fibroblast growth factor (bFGF) to regenerating liver after partial
hepatectomy resulted in increased endothelial cell proliferation and faster tissue
regeneration, which suggests that new blood vessel growth is rate-limiting for tissue
regeneration in adult mice.5

Under non-pathological conditions, angiogenesis is subject to tight regulation by soluble and
matrix factors, cell-to-cell signaling, and the metabolic needs of the tissue. The most
prevalent model proposes that angiogenesis is regulated by a balance of pro- and anti-
angiogenesis signaling molecules.8 Angiogenesis inducers, such as vascular endothelial
growth factor (VEGF), basic fibroblast growth factor (bFGF), and platelet derived growth
factor (PDGF), promote vessel sprouting through stimulation of matrix protease production,
inhibition of endothelial cell apoptosis, and increased endothelial cell mobility.9–11

Angiogenesis inhibitors counteract the activity of angiogenesis inducers and keep new blood
vessel growth in check.12 The mechanisms of action of angiogenesis inhibitors include
interfering with signal transduction stimulated by angiogenesis inducers, inhibiting the
proteases that generate inducers, inhibiting endothelial cell proliferation, migration, and
tubule formation,13 and inducing endothelial apoptosis through stimulation of the CD36
receptor and Fas-L signaling.14,15 While a balance between pro- and anti-angiogenic
molecules is hypothesized to be important for the maintenance of tissues and the regulated
growth needed to regenerate damaged tissue, the molecular basis for the angiogenic balance
remains unclear. For instance, of the many identified molecules, which ones are the most
important for keeping vasculature quiescent or for stimulating its mobilization?

We focus here on the role of the fibroblast in regulating angiogenesis. The predominant state
of fibroblasts in healthy adult tissue is a state of quiescence characterized by a lack of cell
division, but the capacity to reenter the cell cycle upon stimulation by the correct signal. In
response to such a signal, for example, a wounding event, fibroblasts can enter a
proliferating state in which they progress through the cell cycle and generate more
fibroblasts.16 When cultured fibroblasts transition from a quiescent to proliferative state in
response to serum, there is a rapid upregulation of genes involved in tissue repair, including
angiogenesis genes.17 We discovered that when human diploid fibroblasts are made
quiescent by one of multiple different signals, transcript levels of a small number of
angiogenesis inhibitors are upregulated relative to proliferating fibroblasts.18 This suggests a
model in which fibroblasts secrete regulators of angiogenesis and thus help to coordinate the
controlled development of new vasculature under growth conditions, and the inhibition of
blood vessel growth in quiescent tissues. In unwounded adult tissue, quiescent fibroblasts
may aid in the prevention of tissue growth by limiting angiogenesis, thus restricting the
capacity of parenchymal cells to proliferate. We examine these hypotheses here.
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Results
Angiogenesis inducers and inhibitors are regulated at the transcript level during the
transition between fibroblast proliferation and quiescence

Our microarray data suggested that angiogenesis inhibitors and inducers may be
differentially expressed in proliferating compared with quiescent fibroblasts.18 To test this
hypothesis, we performed a detailed time-course microarray analysis of gene expression
changes as fibroblasts become quiescent as a result of serum starvation and then reenter the
cell cycle. We used a serum withdrawal and readdition protocol because of the physiological
importance of serum for indicating the presence of a wound, and thus, triggering a
proliferative response (Fig. 1). Hierarchical clustering of the angiogenesis regulators
produced two main clusters that roughly separated inhibitors and inducers. The genes in
cluster 1 generally decreased in expression in quiescent cells (Fig. 1, columns 1–6) and
increased in expression in restimulated cells (Fig. 1, columns 7–12). Genes within this
cluster are largely angiogenesis inducers (16/23 or 70%), including VEGF-C, and are
indicated in italics in Fig. 1. The genes within cluster 2 generally increased in expression in
quiescent cells and decreased in expression in proliferating cells. These genes are mostly
angiogenesis inhibitors (18/26 or 70%), including pigment epithelium derived factor (PEDF)
and thromobospondin-2. The angiogenesis inhibitors are underlined in Fig. 1. Thus,
genome-wide gene expression changes support a model in which proliferating fibroblasts
express multiple genes that contribue to a pro-angiogenic environment,17 while quiescent
fibroblasts express higher amounts of genes that encode anti-angiogenesis factors and thus
help to restrain angiogenesis in quiescent tissue.18

Proteins selected for quantitative immunoblot analysis
To further test our hypothesis that fibroblasts contribute to the regulation of vasculature, we
monitored the levels of three selected proteins (VEGF-C, PEDF and thrombospondin-2,
indicated in bold in Fig. 1) secreted by proliferating and quiescent fibroblasts. VEGF-C, a
member of the vascular endothelial growth factor family of angiogenesis inducers, is a
potent inducer of blood vessels and lymphatic vessels.19–21 PEDF, a member of the serpin
family of serine protease inhibitors, is one of the most potent natural inhibitors of
physiological and pathological ocular vascularization.22 PEDF knock-out mice have
increased numbers of blood vessels in the kidney, prostrate and pancreas.23 Previous studies
have also reported increased PEDF transcript and protein level expression in quiescent as
opposed to proliferating, senescent or transformed fibroblasts.24,25 Thrombospondin-2
(TSP-2) is a member of the thrombospondin family of extracellular matrix proteins that
regulate cellular migration and proliferation in the context of tissue remodeling and
angiogenesis.26 TSP-2 is highly expressed in the connective tissue of mice, including skin
fibroblasts27 and TSP-2 knockout mice exhibit increased vascular density at the site of
healed wounds.28

A model system for monitoring the levels of angiogenesis regulators in conditioned
medium

To determine whether the changes in transcript abundance between proliferating and
quiescent cells detected by microarray translate into changes in the levels of protein secreted
into the extracellular environment, we designed an in vitro system to collect conditioned
medium from proliferating, quiescent, and restimulated human dermal fibroblasts. To model
a proliferating state, fibroblasts were plated at low density in the presence of mitogens to
ensure that they were actively dividing. To model a quiescent state, fibroblasts were plated
densely to induce quiescence by contact inhibition in the absence of a mitogenic stimulus.
To generate restimulated samples, fibroblasts maintained in a quiescent state for 30 days
were replated sparsely and stimulated with mitogens to induce them to re-enter the cell
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cycle. These conditions allowed us to assess changes in the levels of secreted proteins during
transitions both from proliferation to quiescence and from quiescence to proliferation. In
establishing such a system, we needed to control for the differences inherent to the three
conditions, in particular, the presence of serum, changes in cell mass, and differences in cell
division rates.

Serum concentrations sufficient to induce proliferation inhibited our ability to transfer
protein to PVDF membranes for immunoblot analysis. We therefore maintained both
proliferating and quiescent cells in basal medium containing insulin to promote survival, and
added either no serum or 0.1% serum. To specifically induce fibroblasts to proliferate or exit
the cell cycle, we relied on the potent mitogen platelet-derived growth factor (PDGF).
Proliferating cells were plated sparsely in the presence of PDGF to stimulate proliferation.
Quiescent cells were plated densely to achieve a contact inhibition-mediated cell cycle exit
and were maintained in the same medium conditions as the proliferating cells, with either no
serum or 0.1% serum, but in the absence of PDGF. This resulted in four conditions for
analysis at four days: proliferating in no serum, proliferating in 0.1% serum, quiescent in no
serum and quiescent in 0.1% serum. To monitor changes when quiescent cells were
restimulated, quiescent cells in no serum and quiescent cells in 0.1% serum were replated
sparsely and stimulated to proliferate in 0.1% serum and PDGF.

To accurately compare angiogenesis factor secretion by low-density proliferating cultures
and high-density quiescent cultures, the volumes of proliferating and quiescent samples
were normalized prior to precipitation and immunoblot analysis. We monitored the amount
of cellular protein present over a timecourse during the conditioning of the medium and
plotted the amount of protein present over time (Fig. 2). We normalized media volumes by
an integral representing the total cellular mass present in a tissue culture plate during the
four days of conditioning. The integral value was determined by plotting the protein content
over the time of conditioning and using regression analysis to define the best fitting curve.
Integral equations are given in Supplementary Table 1. We used cellular mass rather than
cell number because the transition from a proliferating to quiescent state results in a
decrease in cellular mass (A. Legesse-Miller, unpublished data). This method allows us to
monitor the levels of the proteins of interest in comparison to the total amount of protein in
the cell. By taking the integral of cellular mass over the four days of conditioning, we
incorporate the fact that the number of cells and cellular mass on proliferating plates and
restimulated plates changed significantly during this time, while the mass was essentially
constant for quiescent cells.

Localization of angiogenesis regulators in conditioned medium
Using this model for conditioned medium, we first assessed whether the selected molecules
are found in the cellular lysate, which contains cellular material and the attached
extracellular matrix, or are secreted into the conditioned medium. The processed forms of all
three molecules —PEDF, VEGF-C and thrombospondin-2— were observed in the
conditioned medium and not in the cellular/extracellular matrix portion (Fig. 3A, B and C).
As a control, we ensured the extracellular matrix protein fibronectin was present in both the
cellular/extracellular matrix and the conditioned medium as expected (Fig. 3D). Secretion of
these angiogenesis regulators would allow them to diffuse to nearby endothelial cells. As
secreted proteins, these factors may affect the ability of nearby endothelial cells to migrate
and form blood vessels.
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Protein levels of the angiogenesis inhibitor PEDF are upregulated in quiescent
conditioned medium

We then determined the levels of secreted PEDF in conditioned medium from proliferating
and quiescent fibroblasts (Fig. 4A). Using the integral method for normalization, we
precipitated proliferating and quiescent conditioned medium from cells cultured in no serum
or 0.1% serum and compared protein levels to a standard curve of different amounts of
recombinant PEDF. Comparing lanes 6 and 7 of Fig. 4A illustrates that increased levels of
PEDF were secreted from quiescent as opposed to proliferating cells under conditions of no
serum. Lanes 8 and 9 indicate that PEDF is secreted at higher levels from quiescent than
proliferating cells under conditions of 0.1% serum. Based on comparison with the standard
curve, the ratio of PEDF in quiescent versus proliferating cells was estimated as 2 (0.18 μg
for quiescent/ 0.09 μg for proliferating) in the absence of serum, and 4 (0.2 μg for quiescent/
0.05 μg for proliferating) in the presence of 0.1% serum. These results are consistent with
the elevated PEDF expression levels observed at the transcript level in cells made quiescent
by serum withdrawal. They are also consistent with previous reports of higher PEDF
expression in quiescent cells.24,25 To assess whether PEDF continues to be expressed at high
levels as cells are maintained in a quiescent state for longer periods of time (Fig. 4B),
medium was conditioned in cells maintained in quiescence for as long as 41 days. PEDF
levels continued to be elevated in these cells. These results are consistent with a potential
role for PEDF secreted by quiescent fibroblasts in adult tissue in maintaining a quiescent
vasculature.

To determine whether the upregulation of PEDF that occurs when proliferating cells enter
quiescence is reversible, fibroblasts maintained in a quiescent state for 30 days were then
stimulated to reenter the cell cycle. As shown in Fig. 4C lanes 5–9, PEDF levels decrease to
the levels in proliferating cells when quiescent cells are stimulated to reenter the cell cycle.
We conclude that the increased transcript levels of PEDF in quiescent cells results in higher
secreted levels of the angiogenesis inhibitor PEDF. Secreted PEDF protein levels are
upregulated when proliferating cells enter quiescence, are maintained at a high level during
quiescence, and are downregulated when quiescent cells reenter the cell cycle.

Angiogenesis inducer VEGF-C is secreted at higher levels by proliferating fibroblasts
We also monitored the levels of the pro-angiogenic regulator VEGF-C in the proliferating
and quiescent fibroblasts. Conditioned medium was collected from proliferating and
quiescent fibroblasts in no serum and in 0.1% serum, and from medium with serum that had
not been exposed to cells. As shown in Fig. 5A, VEGF-C from conditioned medium
migrated as a 31 kDa band while the recombinant protein migrated as a 21 kDa band. The
21 kDa band is expected to be the fully processed form of the protein while the 31 kDa band
is likely a propeptide, as VEGF-C is proteolytically cleaved in order to achieve its final
processed form.29 Levels of the VEGF-C 31 kDa propeptide were higher in conditioned
medium collected from proliferating fibroblasts than conditioned medium from quiescent
fibroblasts (Fig. 5A). Proliferating cells secreted more VEGF-C than quiescent cells whether
the cells were cultured in no serum or in 0.1% serum. For cells maintained with no serum,
the ratio of proliferating to quiescent protein levels was 2.9 (0.049 μg for proliferating/0.017
μg for quiescent) (lanes 5 and 6 of Fig. 5A). In conditioned medium from cells cultured in
0.1% serum, we observed not only the 31 kDa preprocessed form of VEGF-C, but also a
small amount of the fully processed 21 kDa form (lane 8 of Fig. 5A) and the ratio of the
VEGF-C levels in proliferating to quiescent conditioned medium was approximately 1.5.
VEGF-C was not observed in the same volume of medium with 0.1% serum that had never
been exposed to cells (lane 7 of Fig. 5A).
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Cells maintained in quiescence for up to 41 days secreted low amounts of VEGF-C,
confirming that VEGF-C levels are reduced when cells become quiescent and remain low
during quiescence (Fig. 5B). When cells maintained in quiescence for 30 days were
stimulated to re-enter the cell cycle, VEGF-C levels were induced in the restimulated cells
(Fig. 5C) to a level similar to that observed in proliferating cells. These findings demonstrate
that the VEGF-C levels are high in proliferating cells, are downregulated in quiescent cells,
are maintained at a low level for the duration of quiescence, and are induced when quiescent
cells reenter the cell cycle. We conclude that VEGF-C is secreted by actively proliferating
fibroblasts and downregulated when fibroblasts enter quiescence, suggesting that it may be
an important mediator of fibroblast-mediated angiogenic and/or lymphangiogenic induction
under growth or repair conditions.

Proliferating and quiescent cells secrete different forms of thrombospondin-2
When we analyzed the conditioned medium from proliferating and quiescent cells for the
levels of TSP-2, we discovered that the most prominent form of TSP-2 in conditioned
medium from proliferating cells has an apparent molecular weight of ~200 kDa (Fig. 6A).
Although TSP-2’s primary sequence predicts a mass of 130 kDa under reducing conditions,
previous studies have shown that TSP-2 often migrates at a molecular weight of 180–200
kDa.30,31 The difference in TSP-2’s predicted molecular weight and its apparent weight
under reducing conditions may partially result from glycosylation of thrombospondin-2.32,33

In medium conditioned by quiescent cells, TSP-2 migrated as two bands, a ~200 kDa band
and another ~160 kDa band (Fig. 6A).

The presence of both the 200 kDa and 160 kDa bands in glycosylated, recombinant TSP-2,
which was expressed in a mouse myeloma cell line (Fig. 6A lane 3), suggests that the bands
detected in our samples are in fact TSP-2. To ensure that the shorter form was specifically
secreted by quiescent fibroblasts, we probed with two different antibodies, a goat polyclonal
antibody (Fig. 6A) and a mouse monoclonal (Fig. 6B), both of which were raised against the
full-length TSP-2 protein. Both antibodies detected primarily a 200 kDa band in conditioned
medium from proliferating samples, and both a 200 kDa and a 160 kDa band in conditioned
medium from quiescent samples. When cells were maintained in quiescence for as long as
28 days, the 160 kDa band continued to be present (Fig. 6B). When quiescent cells were
restimulated to enter the cell cycle, the 200 kDa band was once again the predominant band
(Fig. 6C). We conclude that the relative amount of the 200 kDa and 160 kDa bands is altered
when cells transition between a proliferative and quiescent state, and the 160 kDa form is
secreted in higher amounts by quiescent cells.

To define further the molecular basis for the differences in TSP-2 migration, we tested
whether the two forms of TSP-2 might reflect quiescence-specific proteolytic cleavage of
TSP-2. The ADAMTS1 metalloproteinase has been shown to cleave the N-terminus of
TSP-2 to generate a 42 kDa peptide.34 To test whether differences in metalloproteinase
cleavage could account for the change in migration between proliferating and quiescent
cells, we immunoblotted conditioned medium with an antibody generated against a region
within the first 40 amino acids of TSP-2’s N-terminus. If the N-terminus of TSP-2 is cleaved
to generate the smaller fragments, we reasoned that blotting with an N-terminal antibody
would result in the 200 kDa band and possibly a smaller 40 kDa band, but not the 160 kDa
fragment that represents the C-terminal portion of the protein. When conditioned medium
from proliferating and quiescent fibroblasts was immunoblotted with an antibody raised
against the N-terminus, however, the 160 kDa band was still present and the banding pattern
was similar to the banding pattern with the full-length antibodies (Fig. 6D). These results
make it unlikely that the 160 kDa band reflects cleavage of the N-terminal region.
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Our results thus demonstrate that proliferating fibroblasts, as compared with quiescent
fibroblasts, secrete lower levelsof the angiogenesis inhibitor PEDF, elevated levels of the
angiogenesis inducer VEGF-C, and mostly the 200 kDa form of thrombospondin-2.
Quiescent fibroblasts, in contrast, secrete elevated levels of the angiogenesis inhibitor
PEDF, decreased levels of the angiogenesis inducer VEGF-C, and an extra 160 kDa version
of the angiogenesis inhibitor thrombospondin-2. These expression patterns persisted when
cells were maintained in quiescence for thirty days, and were reversed when quiescent cells
were restimulated to reenter the cell cycle. The findings support the hypothesis that
fibroblasts affect the proliferative status of endothelial cells.

Fibroblasts surround blood vessels
To modulate angiogenesis, the proteins secreted by fibroblasts would need to be secreted
into the extracellular environment (Fig. 3) and interact with nearby endothelial cells. We
therefore asked whether fibroblasts are physically localized near endothelial cells. We
performed immunohistochemistry to identify fibroblasts in regions near blood vessels using
a monoclonal antibody, TE-7,35 that we have shown recognizes a fibroblast-associated
protein.36 Immunohistochemical staining was performed to identify specific cell types in a
section of smooth muscle containing a vein, an artery, and multiple smaller vessels and
capillaries (Fig. 7). Isotype-control antibodies (IgG1 and IgG3) resulted in little staining as
expected. An antibody to vimentin stained the smooth muscle cells and fibroblasts in the
tunica media and adventitia surrounding the artery, and mesenchymal cells surrounding the
vein and capillaries. An antibody to von Willebrand factor recognized the endothelial cells
lining the vessels and the cells within the vessels.

Scattered macrophages, monocytes, neutrophils, basophils and NK-cells were visible based
on staining with an antibody to CD68. The smooth muscle tissue was essentially negative
for staining with the AE1/AE3 antibody against epithelial cells. Very few cells within the
tissue were positive for Ki-67, indicating that most cells within the tissue are not actively
proliferating. Smooth muscle actin staining was present in smooth muscle cells,
myofibroblasts, and myoepithelial cells surrounding the artery, the vein and some smaller
vessels. Finally, we stained the same tissue with the TE-7 antibody that recognizes a protein
synthesized by fibroblasts.35,36 TE-7 staining clearly surrounds both the vein and the artery,
demonstrating the close proximity of fibroblasts and proteins synthesized by fibroblasts to
the endothelial cells that control angiogenesis. TE-7 staining is also visible surrounding
smaller capillaries further supporting a possible role for proteins synthesized by fibroblasts
in controlling vasculature. The close proximity of fibroblasts to the endothelium is
consistent with our hypothesis that fibroblasts may engage in the heterotypic signaling
interactions that coordinate the overall growth and function of tissues.

PEDF is expressed by stromal cells in normal tissue
Our analysis of conditioned medium revealed the angiogenesis inhibitor PEDF is secreted
by quiescent fibroblasts in vitro. To better assess whether PEDF secreted by quiescent
fibroblasts could contribute to tissue quiescence, we asked whether PEDF is expressed in
vivo. Using immunohistochemistry, we monitored normal tissue for PEDF expression. We
first tested validated the specificity of the anti-PEDF antibody for immunohistochemistry.
Preabsorption with recombinant PEDF resulted in a dose-dependent competitive inhibition
of PEDF staining (Fig. 8A), while preabsorption with PEDF did not affect staining with an
antibody to smooth muscle actin, thus demonstrating that staining with the anti-PEDF
antibody is specific for PEDF. Using this antibody, we monitored the presence of PEDF in a
region of kidney tissue surrounding a blood vessel. As shown in Fig. 8B, the stromal region
surrounding the blood vessel was stained by the fibroblast-associated antibody TE-7. These
stomal cells were not stained with Ki-67 indicating that they are quiescent. In this region, we
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observed easily detectable PEDF. Thus, in normal tissue, quiescent fibroblasts express
PEDF. The results support a model in which PEDF plays a role in maintaining tissue in a
quiescent state, consistent with other recent reports.37

Discussion
We report herein a series of experiments designed to test the possibility that fibroblasts
function to maintain the angiogenic balance in tissues via their production of angiogenesis
signaling molecules. Previous studies had suggested that fibroblasts respond to serum with
changes in transcription patterns, including an increase in neoangiogenesis.17 We
demonstrate that proliferating fibroblasts have higher transcript levels of a number of
angiogenesis inducers while quiescent fibroblasts express higher transcript levels of multiple
angiogenesis inhibitors. In a model system designed to monitor the levels of angiogenesis
regulators secreted by proliferating and quiescent fibroblasts, we discovered that elevated
levels of the angiogenesis inhibitor PEDF are associated with a quiescent state, while levels
of the angiogenesis inducer VEGF-C are consistently elevated in proliferating fibroblasts.
We further demonstrated that the angiogenesis inhibitor thrombospondin-2 is present in a
distinct 160 kDa form in quiescent cells. In order to assess the potential physiological
significance of proteins secreted by fibroblasts, we performed immunohistochemistry with
an antibody that recognizes a fibroblast-associated antigen and discovered that fibroblasts
are physically located adjacent to endothelial cells lining veins, arteries and capillaries.
Further, the angiogenesis inhibitor PEDF is detectable in quiescent fibroblasts surrounding a
blood vessel within normal kidney tissue.

Our results demonstrate that PEDF is a signature quiescence molecule. It is strongly
upregulated at the transcript level and at the protein level when fibroblasts become
quiescent, and downregulated when cells begin to divide. In conjunction with previous
studies demonstrating that PEDF is not expressed by dividing, senescent, or transformed
cells,25 we also observed that increased PEDF expression is closely associated with a
reversibly quiescent state in fibroblasts. Our microarray data revealed rapid changes in the
transcript levels of PEDF after 24 hours of serum starvation, which, combined with its
potent antiangiogenic activity,22 suggests that PEDF may play a role in re-setting the
angiogenic balance following a pro-angiogenic stimulus. PEDF secreted by fibroblasts in a
quiescent state may help to maintain the entire tissue in a quiescent state, and thus to
organize “tissue quiescence.”37,38 Indeed, in PEDF-deficient mice, the pancreas and prostate
exhibited increased stromal vasculature and mass, demonstrating a critical role for PEDF in
the maintenance of organ size.23

The anti-angiogenic properties of PEDF may also be important for inhibiting the growth of
tumor neovasculature.39 PEDF levels are inversely correlated with the metastatic potential
and tumor grade of prostate adenocarcinoma,40 pancreatic adenocarcinoma,41

glioblastoma,42 hepatocellular carcinoma,43 and Wilm’s tumor.44 Reintroduction of PEDF
has shown promise as a tumor treatment. Overexpression of PEDF in pancreatic
adenocarcinoma cells45 and melanoma cell lines46,47 caused reduced tumor microvessel
density, resulting in an antitumor effect.

PEDF protein levels in proliferating versus quiescent fibroblasts are inversely correlated
with the levels of VEGF-C. Our earlier studies uncovered a strong and rapid downregulation
of VEGF-C transcript levels within 14 hours after fibroblasts receive a signal to enter
quiescence.18 We show here that both transcript and protein levels of VEGF-C are elevated
in actively proliferating fibroblasts as compared with quiescent cells. VEGF-C may
therefore represent a key signaling molecule through which fibroblasts coordinate the
migration and proliferation of both the vascular and lymphatic endothelium in response to
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injury.19–21,48 VEGF-C binds both VEGFR-2, expressed by vascular endothelial cells, and
VEGFR-3, which is expressed on blood vessels and lymphatic endothelial cells in skin
wounds. The predominant VEGF-C isoform detected in conditioned medium of quiescent
and proliferating fibroblasts is likely a precursor of the fully processed peptide. This form is
also able to bind to and activate VEGFR-2 and VEGFR-3,29 suggesting a possible role for
VEGF-C secreted by fibroblasts in both angiogenesis and lymphangiogenesis in response to
injury.49

Excessive VEGF-C secretion by activated fibroblasts could represent part of the molecular
basis for an association between the response of fibroblasts to serum and tumorigenesis.50,51

VEGF-C expression in cancer tissues has a positive correlation with the risk of lymphatic
metastasis52–54 and angiogenesis.55–57 In esophageal squamous cell carcinoma, VEGF-C
expression levels are associated with microvessel density and lymph node metastases.58

VEGF-C expression correlated with levels of metastasis when four prostate cancer cell lines
were introduced into mice, and VEGF-C overexpression stimulated tumor
lymphangiogenesis causing a shift from a low-metastatic to high-metastatic tumor.59.= The
VEGFR-3 receptor is expressed by tumor-associated endothelial cells,55,60 leading to the
suggestion that VEGF-C binding to VEGFR-3 may represent an important interaction for
tumor progression and may be a good target for anti-angiogenesis cancer therapy.49 Thus,
while controlled and reversible VEGF-C secretion by fibroblasts in the context of a
proliferative environment may help to coordinate tissue regeneration, an uncontrolled wound
healing response could result in excessive VEGF-C secretion, which would be expected to
promote tumorigenesis and metastasis.

While the changes in the levels of secreted PEDF and VEGF correlated with transcript level
changes between proliferating and quiescent cells, TSP-2 showed a different pattern. We
and others have observed an increase in transcript levels of thrombospondin-2 in quiescent
fibroblasts (Fig. 1).18,61 However, in our model system, we did not detect a significant
increase in the total amount of TSP-2 protein in the conditioned medium from quiescent
compared with proliferating fibroblasts (Fig. 6A, B). The conditioned medium from
quiescent cells did contain higher levels of a 160 kDa form of TSP-2 compared with
medium from proliferating cells. Further experimentation makes it unlikely that the shorter
form reflects truncation at the N-terminal end. Quiescence-specific differences in
glycosylation may contribute to the different forms of TSP-2 detected in proliferating versus
quiescent cell conditioned medium. Thrombospondin-2 is N-glycosylated at multiple sites
within the C-terminal signature domain.32 Thrombospondin-1 also contains two unusual
glycosylation patterns —C-mannosylation at five sites and an O-linked disaccharide —
within the properdin modules of its signature thrombospondin domain.33 It is not known
whether thrombospondin-2 is modified in the same way. As the TSR-1 repeats of both
TSP-1 and TSP-2 are anti-angiogenic domains, differences in glycosylation at these sites
could affect TSP-2’s angiogenic activity.

Microarray analysis revealed that there are approximately 50 angiogenesis regulators that
may be secreted at different levels in proliferating versus quiescent fibroblasts. We focus
here on expanding our analysis from transcript to proteins for a small, carefully selected
subset of these molecules. Our findings with regard to TSP-2 reinforce the importance of
analysis at the protein level, including an assessment of post-transcriptional and post-
translational processing events. Further, our results demonstrate that these processing events
can occur differently in proliferating versus quiescent cells.

The known contributors to angiogenic homeostasis include the hypoxic state of the tissue,
local inflammatory cells, circulating chemokines, and the availability of platelet alpha
granules known to sequester pro and anti-angiogenic molecules.62 Our results suggest that

Pollina et al. Page 9

Cell Cycle. Author manuscript; available in PMC 2011 June 23.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



the proliferative state of fibroblasts may also be one of several factors determining the
angiogenic balance within tissues. In resting tissues, quiescent fibroblasts secrete
angiogenesis inhibitors that maintain a primarily anti-angiogenic environment, including
PEDF. Under these conditions, the quiescent fibroblasts signal to the endothelial cells not to
undergo new blood vessel growth, which limits the proliferative capacity of the parenchymal
cells that rely on blood vessels to provide oxygen and eliminate wastes. Indeed, normal
fibroblastic stroma has been shown to inhibit the hyperplastic growth of abnormal mammary
epithelial cells.63 Under conditions in which fibroblasts should proliferate, for instance, in
response to a wound during which PDGF is released from platelet granules, quiescent
fibroblasts exit their resting state to re-enter the cell cycle. In these conditions, fibroblasts
upregulate their production and secretion of angiogenesis inducers including VEGF-C, while
decreasing their production of inhibitors. The resulting shift in angiogenesis molecule
production is likely an effective initiator of the angiogenic process.

This controlled and reversible process is likely to be distorted in tumor-associated
angiogenesis so that it is no longer possible to reset the angiogenic balance to an anti-
angiogenic level, thus “flipping” the “angiogenic switch”.12,64 Fibroblasts and the
angiogenic molecules they secrete may contribute to this process. Fibroblasts associated
with tumors have been shown to have distinct proliferative capacity and gene expression
patterns, and to actively promote tumorigenesis.65–69 Further, cancer-associated fibroblasts
may mimic the serum-activated state.51 VEGF-C may represent an important molecular
controller of this process, as it is highly expressed by proliferating fibroblasts and in tumors.
By inducing both angiogenesis and lymphangiogenesis, VEGF-C may promote both tumor
growth and metastasis to lymph nodes.49

Maintaining body size and appropriate tissue morphology through numerous endogenous
and exogenous challenges over a lifetime, while avoiding cancerous growths, is a complex
and daunting challenge. Our results support the hypothesis that fibroblasts, by secreting
angiogenesis regulators, play a role in establishing and maintaining tissue stability. By
secreting different repertoires of angiogenesis regulators in proliferative versus quiescent
conditions, fibroblasts may coordinate the growth or growth arrest of adjacent vasculature to
correspond with their own proliferative state. In this way, fibroblasts may facilitate the
heterotypic signaling interactions critical to maintaining the proper size, organization and
function of tissues and organs over many years.

Materials and Methods
Microarray analysis

To compare proliferating versus quiescent states, 91FS5 dermal fibroblasts (generous gift of
Dr. Thomas Norwood, University of Washington) were cultured in DMEM with 5% fetal
bovine serum (FBS). To induce quiescence, cells were plated at approximately 5 × 105 cells
per 10 cm plate and allowed to adhere overnight at 37°C. Cells were transferred to DMEM
with 0.1% serum and samples were collected 1, 2, 4, 8, and 24 hours later. On the third day
after inducing quiescence, cells were split 1:2 in DMEM with 0.1% FBS. A final sample
was taken at 96 hours after serum withdrawal. Quiescent samples were re-stimulated with
5% FBS and samples were taken at 1, 2, 4, 8, 24 and 48 hours after stimulation. To collect
samples for RNA isolation, cells were trypsinized from the plate, pelleted and stored at
−80°C. Total RNA was isolated using the mirVana miRNA Isolation kit (Ambion, Austin,
TX) according to the manufacturer’s instructions. RNA quality was verified using a
Bioanalyzer 2100 (Agilent Technology, Santa Clara, CA) and the amount was determined
with a Nanodrop spectrophotometer (NanoDrop Technologies, Wilmington, DE). 325 ng
total RNA was amplified using Low RNA Input Fluorescent Labeling Kit (Agilent
Technologies) according to the manufacturer’s protocol. Cyanine 3-CTP (Cy-3) or Cyanine
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5-CTP (Cy-5) (Perkin Elmer, Waltham, MA) were directly incorporated into the cRNA
during in vitro transcription. For the serum withdrawal time course, Cy-3 labeled cRNA was
used as reference RNA and compared with Cy-5 labeled cRNA generated for each
individual serum withdrawal time point. For the serum re-stimulation time course, Cy-3
labeled cRNA from a 96-hour serum withdrawal sample was used as reference RNA and
compared with Cy-5 labeled cRNA from individual serum re-stimulated samples over the
time course. Mixtures of Cy-3 labeled and Cy-5 labeled cRNA were co-hybridized to Whole
Human Genome Oligo Microarray slides (Agilent Technologies) at 60°C for 17 hrs and
subsequently washed according to the Agilent standard hybridization protocol. Slides were
scanned with a dual laser scanner (Agilent Technologies). Images were monitored for
quality control. The Agilent feature extraction software, in conjunction with the Princeton
University Microarray database (PUMAdb http://puma.princeton.edu/), was used to compute
the log ratio of the two samples for each gene after background subtraction and dye
normalization.

Microarray analysis of angiogenesis regulators
Angiogenesis factors were identified based on a previously published annotated list.70 The
list was filtered to focus on genes that show differential expression in proliferating and
quiescent states of at least 1.5-fold in an array over the serum withdrawal/restimulation time
course. Average linkage hierarchical clustering of this limited gene set was performed using
Cluster 3.0. The resulting data were visualized using Java TreeView.

Conditioned medium collection
91FS5 fibroblasts were expanded in Fibroblast Growth Medium (FGM-2) (Lonza Inc.,
Allendale, NJ), which contains the Fibroblast Basal Medium (FBM-2), 2% FBS, insulin and
FGF. For proliferating conditions, fibroblasts were plated at a density of 7000 cells/cm2 in
FGM-2 medium. The following day, cells were washed twice with phosphate buffered saline
and cultured for four days in FBM-2 supplemented with insulin (Lonza Inc.), 0.025 mg/ml
insulin growth factor (IGF-1) (R&D Systems, Minneapolis, MN), 0.03μg/ml platelet derived
growth factor-BB (PDGF-BB) (Prepro Tech, Rocky Hill, NJ), gentamycin (Lonza Inc.) and
either no serum or 0.1% serum. To generate quiescent cultures, fibroblasts were plated at
high density (approximately 5 × 104 to 105 cells/cm2) and incubated overnight in FGM-2.
The following day, cells were washed twice with phosphate buffered saline (PBS) and
plated in FBM-2 containing insulin, 0.025 mg/ml IGF-1, gentamycin, and no serum or 0.1%
FBS. Long-term quiescent cultures were maintained up to 30–45 days, and media was
collected and replaced every 4 days. At the end of 30 days, cells were restimulated by
plating them at a density of 9,400 cells/cm2 in FBM-2 containing 0.1% serum, 0.025 μg/ml
IGF-1 and 0.03 μg/ml PDGF-BB.

Preparation of cellular lysates
Proliferating or quiescent fibroblasts were scraped into RIPA buffer (50 mM Tris-Cl pH 7.4,
150 mM NaCl, 1% Triton X-100, 1% sodium deoxycholate, 0.1% SDS) containing protease
inhibitors. The protease inhibitor cocktail was either 0.1% aprotinin (Sigma-Aldrich, St.
Louis, MO), 0.1% leupeptin (Sigma-Aldrich), 0.05% pepstatin (Sigma-Aldrich), and 0.1%
PMSF (VWR) or complete minitablet protease inhibitors (Roche, Basel Switzerland).
Lysates were sonicated with five pulses for fifteen seconds each at 60 J/W. Lysates were
then incubated for thirty seconds on ice with periodic vortexing and cleared by
centrifugation at 10,0000 rpm. Total protein amount was assessed by the Lowry method
using the BioRad-DC Protein Assay Kit II (BioRad Inc., Hercules, California) as described
by the manufacturer. Spectrophotometer readings taken at 650 nm were compared against a
standard curve to determine lysate concentration. Total protein content was determined as
the product of lysate concentration and lysate volume.
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Collection and normalization of conditioned medium
For cultures in growing or quiescent conditions, lysates were collected to determine the
cellular protein content every 12 hours during the four-day media collection period. The
protein content of the cell lysates was plotted against the time of lysate collection and
regression analysis was performed to generate a curve that best described the data. The
generated equations were used to integrate the area under the curve from 0 to 96 hours. The
integrated protein-hour quantity was then divided by the volume of media collected from the
proliferating or quiescent plate. The total protein-hour/volume for proliferating and
quiescent cells were compared and the resulting ratios were used to adjust the volume of
conditioned medium used for immunoblotting. While the integral method was used for
experiments in which protein amounts were quantified, in some earlier experiments, the
volume of conditioned medium precipitated was normalized by the amount of lysate on the
plate at the time of collection.

Immunoblotting
Conditioned medium was mixed with a 25% volume of TCA-DOC [100% trichloroacetic
acid (Sigma-Aldrich), 0.1% sodium deoxycholate (Sigma-Aldrich)] and incubated for thirty
minutes on ice. Following centrifugation, samples were washed five times with ice-cold
acetone and resuspended in SDS-PAGE sample buffer (0.0625M Tris HCl pH 6.8, 2% SDS,
10% glycerol, 0.25% β-mercaptoethanol, 0.015% bromophenol blue). Alternatively,
recombinant proteins—VEGF-C (R&D Systems), thrombospondin-2 (R&D Systems), or
PEDF (Chemicon International, Temecula, CA) —were mixed with sample buffer and
loaded. Samples were separated under reducing conditions on 12% or 5% SDS-
polyacrylmide gels using a miniProtean 3 apparatus (Bio-Rad, Hercules, CA). Proteins were
transferred for 1 hour at 100 volts to Westran polyvinylidene fluoride (PVDF) membranes
(Perkin Elmer, Waltham, MA) using a vertical transfer apparatus (Bio-Rad). Membranes
were blocked for 1 hour at room temperature in 5% non-fat dried milk dissolved in PBS
containing 0.1% Tween-20 (PBS-T). Membranes were then incubated overnight at 4°C with
primary antibodies diluted in 2.5% milk/PBS-T. Primary antibodies were used at the
following final concentrations: 0.2 μg/ml mouse anti-PEDF (Chemicon Int.), 1 μg/ml goat
anti-VEGF-C (R&D Systems), 0.25 μg/ml goat anti-TSP-2 (R&D Systems), 0.25 μg/ml
mouse anti-TSP-2 (R&D Systems), 0.25 μg/ml goat anti-TSP-2 N-20 (Santa Cruz
Biotechnology, Santa Cruz, CA), 1:2000 dilution of mouse monoclonal anti-fibronectin
clone HFN7.1 (generous gift of Jean Schwarbauer, Princeton University). Following
overnight incubation in the primary antibody, membranes were washed three times in PBS-T
and incubated for 1 hour in a 1:5000 dilution of species-specific HRP-conjugated secondary
antibody in 2.5% milk/PBS-T. The secondary antibody for primary antibodies raised in mice
was HRP-conjugated anti-mouse IgG from sheep (GE Healthcare, Little Chalfont,
Buckinghamshire, UK). The secondary antibody for primary antibodies raised in goat was
HRP-conjugated anti-goat (AnaSpec, San Jose, CA). Membranes were exposed to x-ray
film, and film was scanned with a Hewlett-Packard Scanjet 4890 using Hewlett-Packard
software.

Images were processed using imaging software Image J. The total band intensity was
determined as the mean intensity of pixels per band area multiplied by the band area. The
background intensity was defined as the average background intensity for the blot multiplied
by the band area. The net band intensity (total band intensity minus the background
intensity) was plotted against the amount of recombinant protein loaded to generate a
standard curve. Linear regression was performed to define the equation describing the
relationship between band intensity and protein quantity. The regression equation was used
to determine the amount of protein in each sample.
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Immunohistochemistry
Smooth muscle tissue and uterine tissue were collected through the Fred Hutchinson tissue
retrieval service. Informed consent was obtained as described in the Institutional Review
Board protocols. Tissue samples were fixed in 10% neutral buffered formalin and paraffin-
embedded. Four-micron sections were cut, baked at 60°C for 30 minutes and cooled.
Sections were deparaffinized and rehydrated through graded alcohols to water. Antigen
retrieval was performed as specified for each antibody below. Slides were placed in Tris-
buffered saline with 0.1% Tween-20 and loaded onto a DakoCytomation Autostainer.
Endogenous peroxidase was blocked with a ten-minute incubation with 3% hydrogen
peroxide. When using the Vectastain Universal Elite ABC kit (Vector Laboratories,
Burlingame, CA), endogenous biotin was blocked using the DAKO Biotin Blocking System
(DakoCytomation, Glostrup, Denmark). Slides were washed and a serum block of 15%
normal goat or swine serum plus 5% human serum (Jackson Immunoresearch, West Grove,
PA) in antibody diluent (TBS, 0.1% Tween-20, 1% bovine serum albumin) was added for
ten minutes. The serum block was blown off and the primary antibody was applied for 30
minutes at room temperature. A biotinylated goat anti-mouse IgG F(ab')2 (Jackson
Immunoresearch) was used as a secondary followed by the Vectastain ABC kit for 30
minutes for detection. Slides were then washed with wash buffer, incubated with liquid
DAB plus substrate (DakoCytomation) for 7 minutes, and rinsed with water. They were
counterstained for two minutes with hematoxylin (DakoCytomation), blued with wash
buffer, rinsed with water, dehydrated, cleared and coverslipped. Images were visualized with
a Nikon Eclipse 50i microscope with Nikon Plan Fluor lenses. Images were taken with a
Nikon Digital DS-L1 camera using a 20X objective.

Isotype control antibodies— mouse IgG1 (Chemicon Int.) and mouse IgG3 (Sigma-Aldrich)
—were used at the same concentration as the antibody of interest. To identify mesenchymal
cells, we used an antibody to vimentin (Clone V9 DakoCytomation mouse monoclonal IgG1
1.2 μg/ml) with pH 8 EDTA antigen retrieval (TrilogyTM). To identify endothelial cells,
megakaryocytes and platelets, we used an antibody to von Willebrand Factor
(DakoCytomation, rabbit polyclonal IgG at 15.5 μg/ml) with pH 8 EDTA antigen retrieval
(TrilogyTM, Cell MarqueTM Corporation, Rocklin, CA) followed by the Envision Rabbit
Polymer (DakoCytomation) instead of the Vectastain ABC kit. To identify macrophages,
monocytes, neutrophils, basophils and NK-cells, we used an antibody to the cell surface
protein CD68 (PG-M1 DakoCytomation mouse monoclonal IgG3 1.9 μg/ml) with pH 6
citrate buffer target retrieval (DakoCytomation). To identify epithelial and glandular cells,
we used clone AE1/AE3 (DakoCytomation mouse monoclonal IgG1 at 1.27 μg/ml) with pH
6 citrate buffer target retrieval (DakoCytomation). To identify proliferating cells, we used an
antibody against Ki67 clone MIB1 (DakoCytomation mouse monoclonal IgG1 0.8 μg/ml)
with pH 6 citrate buffer target retrieval (DakoCytomation). To identify smooth muscle cells,
myofibroblasts, and myoepithelial cells, we used clone 1A4 against smooth muscle actin
(DakoCytomation mouse monoclonal IgG2a 1.4 μg/ml) with pH 6 citrate buffer target
retrieval (DakoCytomation). To identify fibroblasts, we used clone TE-7 (Chemicon mouse
monoclonal IgG1 1.3 μg/ml) with pH 8 EDTA antigen retrieval (TrilogyTM).

Peptide blocking of antibody staining
To determine PEDF expression, we used an anti-PEDF antibody (Chemicon mouse
monoclonal IgG2a used at 1.7 μg/ml) with pH 9.0 Dako Antigen Retrieval solution for 20
minutes. Endogenous peroxidase was blocked with 30% H2O2 diluted to 3% in methanol for
20 min. An Avidin/Biotin block (Dako) was performed, followed by Dako’s Serum Free
Protein Block for 10 min. before application of antibody/protein solution. The secondary
was a biotinylated goat anti-mouse IgG F(ab’)2 diluted 1:200 (Jackson Immunoresearch).
Vector elite ABC and DAB were used for detection as described above. For pre-absorption
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experiments, the anti-PEDF antibody and recombinant full-length human PEDF protein
(Upstate Cell Signaling Solutions) were combined at the desired concentration and allowed
to bind at room temperature overnight. The next day, all reagents were allowed to come to
room temperature before proceeding with immunohistochemistry. An isotype control
antibody at a concentration of 1.7 μg/ml was combined with PEDF protein concentration at
2.8 μg/ml and analyzed under the same conditions. As another control, an antibody to
smooth muscle actin was also preabsorbed with recombinant PEDF (2.8 μg/ml) and
processed as described above. Positive control slides for both the PEDF antibody and
isotype were run at the same time to serve as a positive and negative run control.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1.
Transcript levels of angiogenesis factors correlate with the proliferative state of fibroblasts
Fibroblasts growing in 5% serum were switched to 0.1% serum, sampled for microarray
analysis over a time course for four days, then restimulated with 5% serum and sampled for
microarrays. During the serum withdrawal time course (columns 1–6), RNA from the
proliferating cells cultured in 5% serum was used as a comparison for measuring transcript
levels in serum-starved cells sampled at different timepoints. The ratio of transcript levels in
serum-starved to proliferating samples for each gene in each sample is indicated in color.
Red indicates upregulation in serum-starved compared with proliferating cells; green
indicates downregulation. For the serum restimulation time course (column 7–12), four-day
serum-starved quiescent cells served as controls for comparison with stimulated cells. Red
indicates elevated expression in serum-stimulated cells compared with quiescent cells; green
indicates downregulation. Angiogenesis factors were identified based on published lists,70

and were filtered to include proteins for which expression changed more than 1.5-fold at a
time point. The filtered list was hierarchically clustered by average linkage using Cluster 3.0
and visualized using Java Treeview. Cluster 1 contains genes downregulated with
quiescence and upregulated with serum stimulation. Genes in cluster 1 are enriched for
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angiogenesis inducers, which are indicated in italics. Genes in cluster 2 are upregulated with
quiescence and downregulated with serum stimulation. Genes in cluster 2 are enriched in
angiogenesis inhibitors, which are indicated by underlining. The three genes chosen for
further analysis of protein level changes are in indicated in bold.
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FIGURE 2.
Protein concentration as a function of time in proliferating, quiescent and restimulated cells
Proliferating, quiescent, and restimulated cells were plated as described in Materials and
Methods either in the absence of serum or in the presence of 0.1% serum. Protein content
was determined for one plate at each of the indicated timepoints after plating. Regression
curves that best fit the data are shown, and the equations are given in Supplementary Table
1. Proliferating and restimulated cells were modeled on the assumption of exponential
growth while quiescent cultures were constant (0.1% serum) or decreased in protein content
slightly over time (no serum). The integrated areas under these curves were used for
normalization of the volume of conditioned medium for analysis and are given in
Supplementary Table 1.
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FIGURE 3.
Angiogenesis regulators are secreted into the conditioned medium
A. Conditioned medium and cellular lysates were collected from proliferating and quiescent
fibroblasts maintained in no serum or 0.1% serum for four days. Conditioned medium
samples were normalized based on the integral method. Precipitated conditioned medium or
22 μg of protein lysates collected from the same cultures were separated on SDS-PAGE gels
and immunoblotted for PEDF. PEDF was detected in the conditioned medium but not the
lysate under all tested conditions. A background band at about 75 kDa was consistently
observed in samples with serum.
B. Conditioned medium and cellular lysates were collected and separated as in A.
Membranes were immunoblotted with an anti-VEGF-C antibody. Processed VEGF-C was
observed in conditioned medium but not cellular lysates. In some samples, preprocessed
VEGF-C of approximately 58 kDa was detected in the cellular lysate (not shown).
C. Medium conditioned for four days and cellular lysates were collected from cells
maintained in quiescence in the absence of serum for 16 days. Precipitated conditioned
medium and lysates were separated and immunoblotted with an anti-thrombospondin-2
antibody raised in goats. TSP-2 was detected in conditioned medium but not cellular lysates.
D. Conditioned medium and lysates were collected from quiescent cells grown in the
absence of serum. Samples were separated and immunoblotted with an anti-fibronectin
antibody. Fibronectin was detected in both the conditioned medium and cellular lysates as
expected for an extracellular matrix protein.
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FIGURE 4.
Quiescent fibroblasts secrete increased levels of the angiogenesis inhibitor PEDF
A. Medium was conditioned for 4 days with proliferating or quiescent fibroblasts with no
serum or 0.1% serum. Conditioned medium was normalized based on the integral method.
Samples and recombinant protein were separated on SDS-PAGE gels and analyzed by
immunoblotting for PEDF levels. The graph below indicates band intensity in the
proliferating and quiescent lanes based on analysis with the ImageJ software. In no serum or
0.1% serum, quiescent fibroblasts secreted higher levels of PEDF than proliferating
fibroblasts.
B. PEDF is elevated in fibroblasts maintained in quiescence up to 41 days. Conditioned
medium was collected from cells growing in no serum, 0.05% serum, or 0.1% serum.
Conditioned medium was also collected from cells that had been quiescent with no serum
for 4, 8, 12, 16 or 41 days. Medium was conditioned for four days for each sample. In this
experiment, volumes of precipitated media were normalized by the protein content ratio of
16-day quiescent cultures versus 4-day growing cultures. Medium was precipitated,
separated and immunoblotted for PEDF as in A.
C. PEDF levels decrease when quiescent cells are stimulated to reenter the cell cycle. Cells
maintained in a quiescent state by contact inhibition in the absence of serum for 30 days
were replated sparsely and stimulated to reenter the cell cycle by addition of PDGF. Medium
conditioned in quiescent cells or restimulated cells for four days was collected and
normalized by the integral method. Conditioned medium from quiescent and restimulated
cells was precipitated, separated by SDS-PAGE, and analyzed by immunoblotting as in Fig.
4A.
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FIGURE 5.
Proliferating fibroblasts secrete increased levels of the angiogenesis inducer VEGF-C
A. Samples of proliferating and quiescent conditioned medium, and medium that was not
incubated with cells, were prepared as in Fig. 4A. Volumes were normalized according to
the integral method. Medium and recombinant proteins were separated on SDS-PAGE gels
and analyzed by immunoblotting for VEGF-C levels. Recombinant protein migrated as the
fully processed 21 kDa form while the predominant species in the conditioned medium was
an approximately 31 kDa partially processed form. For conditioned medium from cells
growing in 0.1% serum, both preprocessed and fully processed forms of VEGF-C were
detected. The amount of VEGF-C in each sample was determined by comparison with the
standard curve and is indicated in the graph below.
B. VEGF-C levels are reduced in cells maintained in quiescence for a long period of time.
Conditioned medium was collected and precipitated from samples as in Fig. 4B. Medium
was precipitated, separated and immunoblotted for VEGF-C as in Fig. 5A.
C. VEGF-C levels increased in conditioned medium from quiescent cells induced to reenter
the cell cycle. Conditioned medium was collected from proliferating cells, quiescent cells
and cells maintained in a quiescent state for 30 days and then stimulated to reenter the cell
cycle. Samples were normalized according to the integral method. Precipitated conditioned
medium and recombinant protein were separated and immunoblotted with an anti-VEGF-C
antibody.
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FIGURE 6.
Quiescent and proliferating fibroblasts secrete different forms of thrombospondin-2
A. TSP-2 migrates differently in conditioned medium from proliferating and quiescent
fibroblasts. Conditioned medium was collected from proliferating and quiescent cells and
normalized according to the integral method. Conditioned media samples were precipitated,
separated on SDS-PAGE gels and immunoblotted with an anti-thrombospondin-2 antibody
raised in goats. The 160 kDa band was prominent in conditioned medium from quiescent
cells in no serum or 0.1% serum, but not in conditioned medium from proliferating cells.
B. Long-term quiescent cells continue to express the 160 kDa TSP-2 band. Conditioned
medium was collected from fibroblasts growing in 0.05% serum or 0.1% serum, or from
fibroblasts maintained in a quiescent state with no serum for 4, 12, 20 or 28 days. A mouse
monoclonal anti-TSP2 antibody was used for immunoblotting. The quiescence-specific 160
kDa band was present in samples maintained in quiescence for up to 28 days. Samples in
this blot were normalized based on the amount of protein present at the time of collection.
C. Expression of the 160 kDa band is reduced when quiescent fibroblasts are restimulated to
enter the cell cycle. Conditioned medium was precipitated from fibroblasts in proliferating,
quiescent and restimulated conditions according to the integral method. Samples and
indicated amounts of recombinant protein were separated on SDS-PAGE gels and
immunoblotted with a goat anti-thrombospondin-2 antibody.
D. Medium that had not been conditioned with cells and medium conditioned in
proliferating or quiescent cells was normalized, precipitated and separated on an SDS-PAGE
gel. Membranes were immunoblotted with an antibody raised against the N-terminal 40
amino acids of thrombospondin-2. The band pattern observed with the N-terminal antibody
is similar to the pattern observed with antibodies against the full-length form. The 160 kDa
band is therefore unlikely to reflect proteolytic processing of the TSP-2 N-terminal end.
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FIGURE 7.
Fibroblasts surround blood vessels in smooth muscle
Immunostaining of fibroblasts surrounding an artery (right hand side of the image) and a
vein (left hand side of the image) in smooth muscle is shown. Smooth muscle tissue was
collected in 10% neutral buffered formalin and paraffin-embedded. Serial sections were
stained with antibodies that recognize specific cell types. Antibody staining is shown in
brown, counterstain is in blue. IgG1 and IgG3 isotype controls display little staining as
expected. An antibody to vimentin stains mesenchymal cells surrounding the vein, the artery
and smaller vessels and capillaries. An antibody to von Willebrand factor recognizes
endothelial cells lining both the vein and artery and the blood cells within the vessels. An
antibody to CD68 identifies macrophages scattered throughout the tissue. The AE1/AE3
antibody that recognizes epithileal cytokeratins does not stain this smooth muscle tissue, as
expected. An antibody to Ki-67 recognizes few cells within this tissue, indicating that most
cells within the tissue are not actively dividing. An antibody to smooth muscle actin
recognized a thin layer of cells surrounding the vein (left) and a thicker layer of cells
surrounding the artery (right). TE-7, an antibody that recognizes fibroblasts, recognized cells
surrounding the large vein (left) and the large artery (right), as well as smaller vessels. A
scale bar indicating 10 microns is shown in the first panel.
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FIGURE 8.
PEDF is expressed by stromal cells in normal tissue
A. Specificity of the anti-PEDF antibody. Human uterine tissue was formalin-fixed,
paraffin-embedded, and stained. In the top row, samples were stained with an isotype
control, an antibody to smooth muscle actin, or with an antibody to smooth muscle actin
after preabsorption with the PEDF protein (2.8 μg/ml). Preabsorption with PEDF did not
affect the staining pattern of an anti-smooth muscle actin antibody. The second and third
rows indicate staining with an isotype control, an anti-PEDF antibody or an anti-PEDF
antibody after preabsorption with one of several concentrations of recombinant PEDF (0.28
μg/ml, 1.4 μg/ml or 2.8 μg/ml). A dose-dependent competitive inhibition of the anti-PEDF
antibody with addition of recombinant PEDF is observed, demonstrating the specificity of
the staining for PEDF. A scale bar indicating 10 microns is shown in the first panel.
B. PEDF stains quiescent fibroblasts in the stromal region surrounding a blood vessel in
normal kidney. Human kidney tissue was stained with an antibody to PEDF, an antibody to
Ki-67, TE-7 (an antibody that recognizes a fibroblast-associated protein), or an isotype
control. PEDF was easily detected in the Ki-67 negative cells within the fibroblast-rich
stroma. A scale bar indicating 5 microns is shown in the first panel.
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