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Summary

Cyclical formation and regression of the ovarian corpus luteum is required for reproduction. During luteal regression, the
microvasculature of the corpus luteum is extensively disrupted. Prostaglandin F2a., a primary signal for luteal regression, induces the
expression of transforming growth factor B1 (TGFBI1) in the corpus luteum. This study determined the actions of TGFB1 on
microvascular endothelial cells isolated from the bovine corpus luteum (CLENDO cells). We hypothesized that TGFBI1 participates in
the disruption of the microvasculature during luteal regression. TGFBI activated the canonical SMAD signaling pathway in CLENDO
cells. TGFBI (1 ng/ml) significantly reduced both basal and fetal-calf-serum-stimulated DNA synthesis, without reducing cell viability.
TGFBI also significantly reduced CLENDO cell transwell migration and disrupted the formation of capillary-like structures when
CLENDO cells were plated on Matrigel. By contrast, CLENDO cells plated on fibrillar collagen I gels did not form capillary-like
structures and TGFB1 induced cell death. Additionally, TGFB1 caused loss of VE-cadherin from cellular junctions and loss of cell—
cell contacts, and increased the permeability of confluent CLENDO cell monolayers. These studies demonstrate that TGFB1 acts
directly on CLENDO cells to limit endothelial cell function and suggest that TGFB1 might act in the disassembly of capillaries

observed during luteal regression.
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Introduction

The corpus luteum is a transient endocrine gland that forms from
what remains of the ovulated follicle at the beginning of the luteal
phase of the menstrual or estrous cycle (Davis and Rueda, 2002;
Niswender et al., 2007; Stocco et al., 2007). The primary function
of the corpus luteum is the secretion of progesterone by the
steroidogenic luteal cells. Progesterone is required for successful
implantation and maintenance of pregnancy. If pregnancy does not
occur, the corpus luteum must regress to allow follicular growth,
ovulation and a new reproductive cycle. Corpus luteum formation is
accompanied by extensive angiogenesis, which is essential to support
the steroidogenic capacity of the corpus luteum (Fraser and Duncan,
2005; Plendl, 2000; Robinson et al., 2009). Regression of the corpus
lutem (luteolysis) involves an initial loss of the capacity to synthesize
and secrete progesterone, followed by loss of cells (Stocco et al.,
2007). Luteolysis is characterized by intense angioregression and
luteal cell apoptosis (Davis and Rueda, 2002; Davis et al., 2003;
Vonnahme et al., 2006), which are accompanied by considerable
extracellular matrix (ECM) remodeling characterized by deposition
of type I collagen (Duncan, 2000; Irving-Rodgers et al., 2006;
Vonnahme et al., 2006). The corpus luteum gradually involutes to
form a small scar composed of connective tissue, known as the
corpus albicans (Niswender et al., 2000). In most mammalian species,
prostaglandin F2o. (PGF20) is accepted as a prominent luteolytic
factor. In domestic livestock, the uterus is the main site of PGF2o
production, although intraovarian PGF2a production might also
contribute to luteal regression in primates and other species (Bogan
et al., 2008; Davis and Rueda, 2002).

Transforming growth factor-31 (TGFB1) is the prototypic
member of a large family of evolutionarily conserved secreted
cytokines involved in a variety of cellular functions from embryo
development to adult tissue homeostasis (Gordon and Blobe,
2008; Knight and Glister, 2006; Wu and Hill, 2009). Most cells,
including epithelial, stromal and immune cells such as
macrophages, make TGFB1 and have receptors for the ligand.
TGFBI is secreted as an inactive peptide, forming part of a
‘latent complex’ consisting of a mature TGFB1 dimer non-
covalently bound to its latency-associated peptide (LAP) and, via
LAP, to latent TGFB-binding proteins (LTBPs). Activated TGFB1
binds to ubiquitously expressed cell-surface TGFB1 type I
receptors (TGFBRI) and type II receptors (TGFBRII), which are
transmembrane serine/threonine kinases. TGFB1 bound to
TGFBRII recruits TGFBRI and induces the trans-phosphorylation
of TGFBRI. TGFBRI subsequently phosphorylates SMAD
proteins 2 and 3. SMAD2 and SMAD3 proteins either interact
with SMAD4 and translocate to the nucleus to regulate the
expression of target genes, or interact with inhibitory SMAD
proteins (i.e. SMAD?7) that functionally inhibit the cascade. Once
within the nucleus, SMAD2-SMAD3-SMAD4 forms a nuclear
complex with transcription factors, co-activators and co-repressors
to regulate the transcription of genes (Massagué, 2008).

TGFBI signaling is vital in blood-vessel morphogenesis and
stability (Pardali and ten Dijke, 2009). In humans, various
cardiovascular disorders are associated with mutations affecting
components of TGFB signaling. Furthermore, studies in mouse
models show that the knockout of components of TGFB signaling
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impairs angiogenesis, resulting in lethal cardiovascular defects
(reviewed in ten Dijke and Arthur, 2007). The actions of TGFB1
on the vasculature are highly dependent on the cellular context.
For instance, TGFB1 acts as a stimulator or an inhibitor of
angiogenesis in vivo and in vitro depending on experimental
conditions (Goumans et al., 2009).

Gangrade et al. (Gangrade et al., 1993) reported that TGFBI1 is
produced by the bovine corpus luteum. Our laboratory (Hou et al.,
2008) and others (Stocco et al., 2001; Wang et al., 2003) have
shown that a luteolytic dose of PGF2a induces the expression of
TGFBI mRNA in the corpus luteum in vivo. Recent studies by
Hou et al. (Hou et al., 2008) indicate that treatment with PGF2a
in vitro also induces TGFBI mRNA expression and protein
secretion in primary cultures of bovine luteal cells. In addition,
treatment of cultured luteal cells with TGFB1 reduced progesterone
secretion, implicating TGFB1 in luteolysis (Hou et al., 2008;
Miyamoto et al., 1992).

Endothelial cells comprise 50% of the cells present in the corpus
luteum, and are vital to the formation and function of the tissue
(Fraser and Duncan, 2005; Robinson et al., 2009; Stouffer et al.,
2007). During regression, the microvasculature is extensively
disrupted (Henkes et al., 2008). Other than reports on luteal
steroidogenic cells, there have been no studies to date that clearly
identify the specific cells in the corpus luteum that produce or
respond to TGFB1. Additionally, the involvement of TGFB1 in the
regulation of tissue remodeling that occurs during luteolysis has
not been examined in detail. The aim of our study was to determine
the biological functions of TGFBI in luteal endothelial cells. Our
working hypothesis was that TGFB1 participates in the disruption
of the microvasculature during luteal regression. We isolated
microvascular endothelial cells from the bovine corpus luteum
(CLENDO cells) in order to investigate the effects of TGFB1 on
the ability of CLENDO cells to proliferate, migrate, form capillary-
like structures and maintain the integrity of a monolayer of cells.

Results

Characterization of CLENDO cells

CLENDO cells were isolated using BSL-I lectin-coated magnetic
beads. Colonies of endothelial cells were selected and expanded.
Although the cells displayed the typical cobblestone morphology
characteristic of cultured endothelial cells (Fig. 1A),
immunofluorescence revealed that 5-10% of the cells stained
positive for o-smooth muscle actin (a¢SMA), a marker of cells of
mesenchymal origin. Therefore, the culture was further purified by
fluorescence-activated cell sorting (FACS) with a vascular
endothelial (VE)-cadherin (CD144) antibody, a specific endothelial
cell marker. Characterization of the purified CLENDO cells by
western blot showed that these cells expressed the endothelial cell
markers VE-cadherin and endothelial nitric oxide synthase (eNOS),
but did not express the receptor for PGF2o. (PTGFR), 3-B-
hydroxysteroid dehydrogenase (HSD3B; a marker of steroidogenic
luteal cells) or collagen type I (a marker of luteal fibroblasts) (Fig.
1B). Purified CLENDO cells did not express cytokeratin 18,
consistent with previous reports that demonstrated that the majority
of luteal microvascular endothelial cells do not express cytokeratin
18 (Ricken et al., 1995; Tscheudschilsuren et al., 2002) (Fig. 1B).
The absence of PTGFR was confirmed by PCR analysis (Fig. 1C).
In addition, immunofluorescence staining showed that the amount
of aSMA -positive cells in the purified culture was reduced to less
than 1% following cell sorting with the CD144 antibody (data not
shown).

A B
CLENDO cells CLENDO SLC LF
' ' eNOS
VE-cadherin
3B-HSD

: @ Cytokeratin 18
Ij‘ Collagen |

Cc

CLENDO SLC LF

PTGFR

e o R

Fig. 1. Characterization of CLENDO cells. Microvascular endothelial cells
were isolated from bovine corpus luteum and characterized by their
morphology and expression of cell markers. (A) CLENDO cells displayed
cobblestone morphology. CLENDO cells were characterized by western blot
of cell lysates (B) and PCR analysis (C). (B) CLENDO expressed the
endothelial cell markers VE-cadherin and eNOS, and did not express
cytokeratin 18, PTGFR and the specific markers of steroidogenic luteal cells
(SLCs) —HSD3B (3B-HSD) — and of luteal fibroblasts (LFs) — collagen 1. (C)
The receptor for PGF2¢., PTGFR, was detected in SLCs, but was not
detectable in CLENDO cells or LFs by PCR analysis.

TGFB1 induces phosphorylation of SMAD2 and SMADS in

CLENDO cells

To gain insight into TGFBI1 signaling in CLENDO cells, we
performed time-course and concentration-response experiments.
Western blot analysis revealed that treatment with TGFB1 produced
a concentration-dependent increase in the phosphorylation of
SMAD2 and SMAD3 (Fig. 2A). The physiological concentration
of 1 ng/ml TGFBI1 (Fukuchi et al., 2004; Kili¢ et al., 2009; Ouellete
et al., 2005; Villar et al., 2009) seemed to be maximally effective
for phosphorylation of SMAD2 and SMAD3. Time-course
experiments revealed that both SMAD2 and SMAD3 were
phosphorylated within 5 minutes following treatment with TGFB1
(1 ng/ml) (Fig. 2B). Phosphorylation of SMAD2 and SMAD?3 in
response to TGFB1 was transient, with reduced levels of
phosphorylation observed 2—4 hours after treatment. The effect of
TGFB1 on the phosphorylation of SMAD2 and SMAD3 was
prevented by pretreatment of cells with SB-431542, a selective
TGFBRI1 receptor kinase inhibitor (Inman et al., 2002) (Fig. 2C).

TGFB1 reduces DNA synthesis, but does not reduce
viability of CLENDO cells plated on plastic

To analyze whether TGFBI1 affects CLENDO cell proliferation,
we monitored DNA synthesis by measuring [*H]-thymidine
incorporation. Treatment of CLENDO cells with 5% fetal calf
serum (FCS) routinely caused a fivefold increase in [*H]-thymidine
incorporation (Fig. 3A). Treatment with TGFBI (1 ng/ml)
significantly (P<0.05) reduced basal DNA synthesis (54+5%
inhibition, mean + s.e.m., n=6) as well as the stimulatory effect of
5% FCS (Fig. 3A,B). The inhibitory effect of TGFBI1 was prevented
by pretreatment of cells with the TGFBRI1 receptor kinase inhibitor
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Fig. 2. TGFBI induces phosphorylation of SMAD2 and SMAD3 in
CLENDO cells. The time-course response (A) and concentration response (B)
to TGFBI1 are shown. (A) Cells were serum starved and treated with TGFB1
(0-10 ng/ml) for 60 minutes under serum-free conditions. (B) Cells were
serum starved and treated with TGFBI1 (1 ng/ml) for up to 4 hours under
serum-free conditions. (C) Some cells were pretreated (30 minutes) with the
selective TGFBR1 kinase inhibitor SB-431542 (0—10 uM) prior to addition of
TGFBI (1 ng/ml) for 60 minutes. Levels of phosphorylated SMAD?2 and
SMAD3 (P-SMAD?2 and P-SMAD3) and total SMAD2 and SMAD3 were
determined by western blot analysis. CTL, control.

SB-431542 (1 uM) (Fig. 3B). We further examined whether the
TGFBI-induced reduction in DNA synthesis was associated with
a reduction in cell viability, as measured using the 3,4,5-
dimethylthiazol-2-yl-2,5-diphenyl tetrazolium bromide (MTT)
assay. Under conditions used for the analysis of [*H]-thymidine
incorporation, we found that treatment of CLENDO cells with
TGFBI1 (1 ng/ml) did not reduce cell viability after 24 or 48 hours
when plated on plastic (Fig. 3C). In accordance with previous
studies (Friedman et al., 2000; Pru et al., 2003), treatment of
CLENDO cells with TNFo. for 24 hours resulted in a significant
(P<0.05) reduction in cell viability (supplementary material Fig.
S1). Under these culture conditions, treatment with both TGFB1
and tumor necrosis factor oo (TNFa) did not inhibit or enhance the
response to TNFo alone. These results indicate that TGFB1 inhibits
CLENDO cell proliferation without reducing cell viability.

TGFB1 decreases CLENDO cell migration

Endothelial cell migration is another important component in
angiogenesis. To determine whether TGFB1 affects CLENDO cell
migration, we used a transwell cell culture system with 8 um pore
cell culture inserts. CLENDO cells were highly motile, with nearly
100% of control-treated cells migrating across the membrane within
16 hours. In view of their motility in the present experiments,
CLENDO cells were allowed to migrate over a 6 hour time period.
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Fig. 3. TGFBI reduces DNA synthesis in CLENDO cells. (A) [*H]-thymidine
incorporation assay of cells plated at low density and treated with or without
TGFBI1 (0-10 ng/ml) in the absence (CTL, control) or presence of 5% FCS for
24 hours. (B) [*H]-thymidine incorporation assay of cells plated at low density
and treated for 24 hours with or without TGFB1 (1 ng/ml) in the absence (CTL)
or presence of 5% FCS. Some cells were pretreated (30 minutes) with the
selective TGFBRI1 receptor kinase inhibitor SB-431542 (SB, 1 uM) prior to
addition of TGFB1. Data are expressed as the percent incorporation of [*H]-
thymidine compared to the maximal response group. Data shown represent three
independent experiments each performed in triplicate (mean + s.e.m., n=3,
*P<0.05). (C) MTT assay of CLENDO cells plated on plastic at low density and
treated for 24 hours with or without TGFB1 (1 ng/ml) in the absence (CTL) or
presence of 5% FCS. Some cells were pretreated (30 minutes) with SB-431542
(1 uM) prior to addition of TGFBI. Results are expressed as the percent
absorbance observed in the control group. Data shown represent three
independent experiments each performed in triplicate (mean + s.e.m., n=3).
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We found that treatment of CLENDO cells with TGFB1 (1 ng/ml)
significantly reduced the number of cells that migrated over a
period of 6 hours (40+3% inhibition, mean + s.e.m., P<0.05, n=5)
(Fig. 4).

TGFB1 disrupts the formation of capillary-like structures

Several studies have shown that TGFB1 supports capillary tube
formation by endothelial cells of diverse origin (Bein et al., 2004,
Sankar et al., 1996; Serrati et al., 2009). To study the effect of
TGFB1 on CLENDO cell capillary morphogenesis, we assayed
the in vitro formation of capillary-like structures (CLSs) on
Matrigel. We observed that these structures start to form after 2
hours of plating and an interconnected network of CLSs was

TGFB1

B

] —
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(L]

S 80

2

»n 60

3

o 40

8

S 20

2

g, | |
CTL TGFB1 SB  SB+

TGFB1

Fig. 4. TGFBI1 reduces migration of CLENDO cells. CLENDO cells were
pretreated with or without SB-431542 (SB, 1 uM) for 30 minutes followed by
treatment with TGFB1 (1 ng/ml). Next, cells were plated on transwells and
assessed for migration after 6 hours, as described in the Materials and
Methods. (A) CLENDO cells found on the bottom of the transwell membrane
were fixed, stained with crystal violet and images were obtained for
quantification. (B) Quantification of cell migration. Cell migration is
represented as a percentage of the number of cells migrated in the control
treatment group. Data shown represent five independent experiments each
performed in triplicate (mean + s.e.m., n=5, *P<0.05).

completely formed after 4 hours on Matrigel-coated wells in growth
medium. The network formed by CLENDO cells was stable for
1624 hours, with spontaneous network involution occurring after
longer incubation. In CLENDO cells that were treated with TGFB1
(1 ng/ml) at the time of plating, network formation appeared
normal during the first 2 hours, followed by a dramatic collapse of
CLENDO capillary-like cords within 8 hours of treatment (Fig.
5A). The TGFB1-induced network regression was characterized
by initial rounding of individual CLENDO cells and aggregation
that, in time, ended with CLS retraction and dissolution (Fig. 5A).
Quantification of the capillary-like network regression induced by
TGFBI is shown as the total CLS length, number of CLSs and
number of CLS branch points (Fig. 5B). Treatment with TGFB1
(1 ng/ml) significantly (P<0.001, n=4) reduced the total CLS length
(80+£5% reduction, mean + s.e.m.), number of CLSs (82+4%
reduction, mean + s.e.m.) and number of branch points (80+5%
reduction, mean + s.e.m.). The effect of TGFB1 was significantly
reduced by pretreatment of cells with SB-431542 (1 uM). Because
TGFB1 promotes endothelial cell apoptosis in vitro (Ramsauer
and D’Amore, 2007), we determined whether the disruption of
capillary morphogenesis was coupled to reduced viability.
CLENDO cells plated on thin-layer Matrigel-coated plates were
treated with TGFB1 for 24 hours and cell viability was measured
by MTT assay. Treatment with TGFB1 alone for 24 hours did not
affect cell viability of CLENDO cells plated on Matrigel; however,
TGFBI1 significantly (P<0.05) enhanced the reduction in viability
observed in the presence of TNFa (Fig. 5C). Taken together, these
findings suggest that TGFBI1 disrupts capillary formation in
CLENDO cells, but does not directly reduce cell viability on
Matrigel.

Effect of TGFB1 and fibrillar collagen type | on CLENDO
morphogenesis

The ECM plays an active role in regulating the behavior and
function of cells (Berrier et al., 2007). During luteolysis, the
expression of collagen type I increases dramatically (Casey at al.,
2005; Vonnahme et al., 2006; Zhao and Luck, 1995). To evaluate
the effect of collagen I on CLENDO cell function, we plated
CLENDO cells on fibrillar collagen I gels. In contrast to the
disruptive effects of TGFB1 on CLENDO morphology after 8
hours when plated on Matrigel (Fig. 5A), TGFB1 had no effect on
CLENDO morphology at this time point (supplementary material
Fig. S2A). CLENDO cells plated on fibrillar collagen I did not
form CLSs and treatment with TGFB1 (1 ng/ml) caused cell
rounding and detachment that was evident within 24 hours (Fig.
6A). When the cells were stained with blue fluorescent Hoechst
dye at the end of the experiment, we observed a significant increase
in the number of condensed nuclei in the TGFB1-treated cells
(data not shown). Therefore, to determine whether TGFB1 induced
CLENDO cell death when plated on collagen type I gels, we
measured caspase-3 activation. CLENDO cells plated on collagen
I showed a significant (P<0.05) increase in caspase-3 activity after
treatment with TGFBI1 for 8 and 24 hours (Fig. 6B; supplementary
material Fig. S2B).

TGFB1 induces VE-cadherin loss from cellular junctions

Cell-cell adhesion mediated by VE-cadherin is crucial for the
maintenance of endothelial cell monolayer integrity (Dejana et al.,
2008). It has been previously reported that endothelial cell
monolayer integrity is altered when VE-cadherin is lost from its
localization at cell—cell junctions, resulting in increased monolayer
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Fig. 5. TGFB1 disrupts formation of CLENDO capillary-like structures
(CLS:s). (A) To perform capillary morphogenesis assays, CLENDO cells were
plated (5% 107 per well) in growth medium on 48-well plates coated with
Matrigel (0.15 ml; 8 mg/ml). Cells were pretreated with or without SB-431542
(SB, 1 uM) for 30 minutes followed by treatment with TGFB1 (1 ng/ml).
Pictures were taken under a phase-contrast microscope after 8 hours of
incubation at 37°C. CLS formation was quantified as (B) the total length of
CLS, (C) the number of CLS and (D) the number of CLS branch points per
low-power field. Results are presented as a percentage of measurements
obtained in the controls (CTL). Data shown represent four independent
experiments each performed in duplicate with similar results (mean + s.e.m.,
n=4, *P<0.001). (E) MTT assay of CLENDO cells plated on Matrigel and
treated for 24 hours with or without TGFB1 (1 ng/ml) or TNFo. (50 ng/ml).
Some cells were pretreated (30 minutes) with SB-431542 (1 uM) prior to
addition of TGFBI1. Data are expressed as the percent cell viability compared
to the control group. Data shown represent three independent experiments
each performed in triplicate (mean + s.e.m., n=3, *P<0.05).

permeability (Alghisi et al., 2009). We tested whether TGFBI
affected  VE-cadherin expression and localization.
Immunofluorescence analysis showed that, in confluent monolayers
of CLENDO cells cultured for 24 hours, VE-cadherin was localized

SB + TGFB1

B
>_ 200
>0
E ‘g’ 150
b o
@ G 100
o2
m “—
© 5

0

CTL TGFB1 SB +
TGFB1

Fig. 6. Effect of TGFB1 on CLENDO viability when plated on fibrillar
collagen type I. (A) Morphology of CLENDO cells after plating (5X 10* per
well) in growth medium on 48-well plates coated with fibrillar collagen type I
gels (0.15 ml; ~2.4 mg/ml). Plated cells were pretreated with or without SB-
431542 (SB, 1 uM) for 30 minutes followed by control media (CTL) or
TGFBI (1 ng/ml). Pictures were taken under a phase-contrast microscope after
48 hours incubation at 37°C. (B) Caspase-3 and caspase-7 activity was
measured after 24 hours of treatment using the Caspase—Glo 3/7 assay kit.
Data are expressed as a percentage of the caspase activity observed in controls.
Data shown represent three independent experiments each performed in
triplicate with similar results (mean + s.e.m., n=3, *P<0.05).

at cell—cell contacts (Fig. 7A, arrows). In confluent monolayers
treated with TGFB1 for 24 hours, VE-cadherin localization at
cellular junctions was irregular (Fig. 7A, arrowheads). In addition,
the loss of VE-cadherin from cellular junctions was associated
with the appearance of gaps in the confluent monolayer (Fig. 7A,
arrowheads). Western blot analysis showed that the expression of
VE-cadherin, as well as other endothelial cell markers such as
eNOS and CD31, was not altered by long-term treatment with
TGFBI (Fig. 7B).

TGFB1 increases CLENDO monolayer permeability

Based on the above findings that TGFB1 caused loss of cell—cell
contacts, we examined whether TGFBI affects the permeability of
CLENDO monolayers. Trans-endothelial permeability was tested
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Fig. 7. TGFBI causes loss of VE-cadherin from cellular junctions.

(A) Confluent monolayers of CLENDO cells were pretreated with or without
SB-431542 (1 uM) for 30 minutes followed by treatment with control medium
(CTL) or TGFB1 (1 ng/ml) for 48 hours. VE-cadherin expression (red) was
determined by immunofluorescence. In control-treated cells, VE-cadherin was
localized at cell—cell contacts (arrows). In TGFB1-treated cells, VE-cadherin
localization at cellular junctions was irregular (arrowheads) and gaps between
cells appeared in the confluent monolayer (arrowheads). (B) The expression of
the endothelial cell markers VE-cadherin, eNOS and CD31 was examined by
western blotting. B-actin was used as a loading control.

by the addition of the fluorescent tracer molecule FITC—dextran to
the top chamber and measurement of the fluorescence in the
bottom-chamber media over time. CLENDO cells formed a
functional barrier when grown to confluence (Fig. 8B) on cell
culture membrane inserts (3 wm pore). In controls, the amount of
FITC—dextran in the lower chamber increased slowly over a 4 hour
period. By contrast, pretreatment with TGFB1 (1 ng/ml) for 24
hours in serum-free medium increased the permeability of
CLENDO monolayers by sixfold (Fig. 8A). Pretreatment of cells
with SB-431542 abrogated the effect of TGFBI1.

Discussion
The ovarian corpus luteum plays an essential role in reproduction.
The developing corpus luteum vascularizes extremely rapidly and,
once formed, the maintenance of the vasculature is essential to
preserve its functionality (Henkes et al., 2008; Pauli et al., 2005;
Plendl, 2000). Therefore, improving our understanding of the
factors involved in the development and regression of the luteal
microvasculature is necessary for a greater understanding of ovarian
cyclicity and fertility. The present study provides the first
demonstration that TGFBI1, a cytokine produced during luteal
regression (Hou et al., 2008; Stocco et al., 2001; Wang et al.,
2003), alters the biological functions and fate of luteal endothelial
cells. The results suggest that TGFBI1 participates in the
disassembly of the microvasculature during luteal regression.
TGFBI plays a central role in the process of angiogenesis
(reviewed by Lebrin et al., 2005; ten Dijke and Arthur, 2007). In
accordance with its known cell- and context-dependent effects,
TGFBI either inhibits or promotes blood vessel formation in vivo
and in vitro (Goumans et al., 2009). We observed that TGFB1
reduced both basal and FCS-stimulated CLENDO cell DNA
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Fig. 8. TGFBI1 increases the permeability of CLENDO cell monolayers.
CLENDO cells were grown to confluence on membrane inserts (3 um pore).
Cells were pretreated with or without SB-431542 (SB, 1 uM) and then treated
with control medium (CTL) or TGFB1 (1 ng/ml) for 24 hours. (A) Monolayer
permeability was measured by determining the fluorescence of the bottom
chamber medium at the indicated times after the addition of the fluorescent
tracer molecule FITC—dextran to the top chamber. Data represent mean +
s.e.m. of fluorescence from a representative experiment performed in
triplicate. (B) At the end of the assay, monolayers were fixed and stained with
crystal violet to show equivalent density of CLENDO monolayers.

synthesis. Furthermore, TGFB1 reduced CLENDO cell directional
migration. These findings suggest that TGFB1 acts on CLENDO
cells to limit angiogenic potential and/or maintain CLENDO cells
in a quiescent state.

TGFB1 induces endothelial cell apoptosis in vitro in human
umbilical vein endothelial cells (HUVEC) (Ferrari et al., 2009) and
in bovine aortic endothelial cells (Pollman et al., 1999). In the
present study, TGFB1 did not reduce the viability of CLENDO
cells plated on plastic. Previous studies provide evidence that
TNFa. is capable of inducing apoptosis of bovine (Friedman et al.,
2000; Pru et al., 2003) and murine (Henkes et al., 2008) CLENDO
cells. Here, we show that TGFB1 did not alter TNFo-induced
reductions in CLENDO cell viability when plated on plastic culture
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plates. Although TGFB1 did not reduce the viability of CLENDO
cells when plated on Matrigel-coated culture plates, it enhanced
the effect of TNFo in reducing the viability of CLENDO cells
plated on Matrigel-coated culture plates. These context-specific
actions suggest that TGFB1 might act on the luteal microvasculature
to enhance the effect of other cytokines that induce endothelial cell
death.

In our studies, bovine CLENDO cells plated on Matrigel in
growth medium rapidly formed a network of CLSs. Following
TGFBI1 treatment, the capillary network became instable, with
complete regression at 8 hours after plating, demonstrating that
TGFBI induces the disassembly of luteal capillary-like structures.
However, it should be noted that the effect of TGFB1 on endothelial
cell capillary morphogenesis is cell-type specific and modified by
the context in which the TGFBI effect is tested. For instance,
TGFB1 promoted capillary morphogenesis on Matrigel by
microvascular endothelial cells from skin (Serrati et al., 2009) and
on collagen type I by rat epididymis fat pad endothelial cells
(Sankar et al., 1996). A possible explanation for the cell-type
specific effects of TGFBI is the diversity in endothelial cells
derived from different tissues and organs, arteries and veins, large
and small vessels and normal and tumor vessels, presumptively as
a result of the molecular differences between them and the
microenvironment acting in each different tissue (Stevens et al.,
2008). A well-studied example of such diversity is illustrated by
the endothelial cells of the pulmonary artery and alveolar
microvascular endothelium. Pulmonary microvascular endothelial
cells have higher proliferative potential and form more blood
vessels in both in vitro and in vivo Matrigel angiogenesis assays
than do pulmonary artery endothelial cells (Alvarez et al., 2008;
King et al., 2004). Pulmonary microvascular cells in vitro also
exhibit a more resistant permeability barrier than do pulmonary
artery endothelial cells (Kelly et al., 1998; Ofori-Acquah et al.,
2008). In addition, they respond distinctively to cytokines. TGFB1
protected against pulmonary artery endothelial cell apoptosis
induced by serum deprivation (Lu, 2008), but caused apoptosis of
pulmonary microvascular endothelial cells, an effect that was
dependent on TGFBRI function (Lu et al., 2009). Likewise, TGFB1
promoted capillary morphogenesis of bovine aortic endothelial
cells (Bein et al., 2004), whereas it induced disruption of CLENDO
CLS:s. In the present studies, the detrimental actions of TGFB1 on
CLENDO capillary morphogenesis were inhibited by SB-431542,
a selective TGFBR1 receptor kinase inhibitor. The bovine corpus
luteum contains multiple endothelial cell populations that differ in
their morphology, cytoskeleton proteins and expression of cell
adhesion proteins (reviewed in Davis et al., 2003). The CLENDO
cells used in the present study, which are cytokeratin negative and
VE-cadherin positive, presumptively represent the majority of
luteal microvascular endothelial cells (Ricken et al., 1995; Shirasuna
et al., 2007; Tscheudschilsuren et al., 2002). It is possible that, as
in the examples cited above, subpopulations of luteal endothelial
cells respond to TGFB1 in a manner different from that of our
CLENDO cells.

Luteolysis is accompanied by considerable ECM remodeling
and deposition of collagen type I (Duncan, 2000; Irving-Rodgers
et al., 2006; Vonnahme et al., 2006). The predominant collagen is
the fibrillar type I, which is found throughout the life of the corpus
luteum and is dramatically increased during luteolysis (Zhao and
Luck, 1995; Casey et al., 2005). TGFBI1 is known to be one of the
most potent mediators of wound healing and the fibrotic processes
through stimulation of the synthesis of the ECM, including collagen

type I, and the inhibition of its breakdown. Of relevance to the role
of TGFBI1 in CLENDO cell function during regression, we
observed that TGFB1 induced apoptosis of CLENDO cells when
plated on fibrillar collagen 1 gels, in contrast to CLENDO cells
plated on Matrigel-coated plates. This indicates that the actions of
TGFB1 on CLENDO cells are context specific. The increased
expression of collagen type 1 during luteal regression might create
an unfavorable environment for endothelial cells and facilitate the
disruption of the microvasculature by TGFB1 and other cytokines.
The ECM provides crucial signals to endothelial cells that regulate
blood vessel formation and stabilization, and functions as a scaffold
for the storage and presentation of many growth factors and
cytokines with important roles in vascular remodeling (Davis and
Senger, 2008). In addition, the ECM sends integrin-mediated signals
through focal adhesions and their associated adaptors and kinases
that regulate gene expression and cytoskeleton organization and
cell shape (Del Pozo and Schwartz, 2007). Thus, integrins not only
provide anchorage for endothelial cells, but also provide
information about the microenvironment that affects cell adhesion,
proliferation, migration and apoptosis. Endothelial cells express
several integrins, which they use to interact with ECM proteins:
integrins ol11, o2B1, a3B1 bind collagen and laminin; integrin
6P 1 binds laminin; integrins 04f1 and o531 bind fibronectin and
fibrin; and integrins ovB3 and owvB5 bind vitronectin, fibronectin,
fibrin and laminin (Weis, 2007). With relevance to the present
studies, TGFBI regulates the expression of numerous integrins in
many cell types, including endothelial cells; the expression of
certain integrins influences TGFB1 signaling (reviewed by
Margadant and Sonnenberg, 2010). Additional studies are needed
to examine the effects of TGFB1, as well as other cytokines that
regulate luteolysis, on the expression and functions of integrins in
luteal endothelial cells.

One function of endothelial cells is to control the permeation of
blood proteins and cells into the vessel wall and the surrounding
tissue. Paracellular permeability is controlled by the opening and
closing of cell—cell junctions, a function that is crucial to maintain
endothelium integrity. In response to vascular damage, endothelial
cells retract, increasing the permeability of the vessel, and as a
result the vessel is disrupted (Dejana et al., 2008). Bovine
endothelial cells express VE-cadherin (Shirasuna et al., 2007),
which forms part of adherens junction complexes with proteins
p120, B-catenin and plakoglobin. Our results indicate that the
exposure of confluent CLENDO cells to TGFBI resulted in the
loss of VE-cadherin from cellular junctions. The loss of VE-
cadherin was most probably due to intracellular redistribution,
because western blot analysis indicated that total cellular VE-
cadherin levels were not changed by TGFBI1 treatment. The
importance of VE-cadherin to luteal vascularization is underscored
by a report by Nakhuda et al. (Nakhuda et al., 2005) showing that
administration of the VE-cadherin antibody E4G10 blocked
vascularization and function of the mouse corpus luteum. The
changes in VE-cadherin in the present study were associated with
a significant increase in the permeability of CLENDO cells grown
to confluence on porous membranes. Previous reports indicated
that TGFB1 causes the rearrangement of adherens junction proteins
in pulmonary endothelial cells (Hurst et al., 1999) and increases
the permeability of bovine retinal capillary endothelial cells grown
to confluent monolayers on porous membranes (Behzadian et al.,
2001). Our observations that TGFB1 altered VE-cadherin
expression at junctional complexes and increased the permeability
of CLENDO cells have important implications for understanding
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luteal regression. Increased permeability might facilitate the
documented influx of circulating immune cells into the regressing
corpus luteum (reviewed by Townson and Liptak, 2003).

During luteal regression, alterations in the expression and action
of other angiogenic-related factors might work in concert with
TGFBI to effect disruption of the microvasculature and reduce
luteal blood flow. The expression of angiogenic factors, such as
vascular endothelial growth factor (VEGF) (Berisha et al., 2010;
Neuvians et al., 2004; Shirasuna et al., 2010), the angiopoietins
(ANPGT1 and ANGPT2) (Berisha et al., 2010; Shirasuna et al.,
2010; Tanaka et al., 2004) and cytokines such as TGFB1 (Hou et
al., 2008) and TNFo (Henkes et al., 2008), is acutely regulated
during regression of the corpus luteum. Angiopoietins play a role
in stabilization of capillaries; an elevated ratio of ANGPT2 :
ANGPT1 decreases capillary stabilization, which, together with a
low level of VEGE, results in blood vessel destabilization and
regression (Yancopoulos et al., 2000). Following treatment with
PGF20., luteal VEGF protein levels decreased within 2 hours,
followed by a reduction in the expression of mRNA encoding
ANGPT1 and VEGF (Neuvians et al., 2004; Tanaka et al., 2004).
By contrast, ANGPT2 mRNA and protein levels rapidly increased
following PGF2o. administration (Berisha et al., 2010; Shirasuna
et al.,, 2010; Tanaka et al., 2004). Likewise, PGF2a induced
expression of TGFB1 (Hou et al., 2008) and TNFo. (Henkes et al.,
2008) in luteal tissue. TNFo adversely affects luteal endothelial
cells by inducing acid sphingomyelinase and ceramide-induced
apoptosis (Pru et al., 2003; Henkes et al., 2008). Collectively, these
findings indicate that modulation of vascular stability might be a
key component in the cascade of events leading to functional
luteolysis. An intriguing observation in the present study was the
ability of TGFB1 to augment the cytotoxic effects of TNFa on
luteal CLENDO cells on Matrigel. Additional studies are required
to determine whether TGFBI1 alters the effect of ANGPT2 on
CLENDO cell function.

The results presented here on the activities of TGFBI1 in
CLENDO cells constitute an important contribution to
understanding the mechanisms involved in luteolysis. These studies
provide the first information on the actions of TGFB1 on
microvascular endothelial cells of the corpus luteum. The results
demonstrate that TGFBI1 acts directly on CLENDO cells to limit
endothelial cell growth, and disrupt capillary morphogenesis and
endothelial barrier function. These studies suggest that TGFBI
might participate in the disassembly of luteal capillaries in vivo,
thereby contributing to the regression of the corpus luteum.
Understanding the mechanisms of normal luteal function could
lead to possible therapeutic targets for treating infertility or for
contraception.

Materials and Methods

Materials

DMEM was obtained from Mediatech (Manassas, VA) and FCS was from Cambrex
(Walkersville, MD). Type II collagenase was obtained from Atlantic Biologicals
(Lawrenceville, GA). Dynabeads M-450 Epoxy was purchased from Invitrogen
(Camarillo, CA). BSL-I lectin and mounting medium VECTASHIELD were from
Vector Laboratories (Burlingame, CA). Endothelial cell growth supplement (ECGS)
was purchased from Millipore (Bedford, MA). Human TGFB1 and recombinant
human TNFa were from R&D Systems (Minneapolis, MN). SB-431542, MTT,
FITC—dextran (M, 40,000) and monoclonal anti-B-actin antibody were from Sigma
(St Louis, MO). P-SMAD2, P-SMAD3, SMAD2 and SMAD3 antibodies were
purchased from Cell Signaling Technology (Beverly, MA), Collagen I antibody was
from Rockland (Gilbertsville, PA). Cytokeratin 18 antibody was from Millipore
(Billerica, MA). eNOS antibody was from BD Transduction Laboratories (San Jose,
CA) and VE-cadherin antibody was obtained from Pierce (Rockford, IL). PTGFR
antibody was from Santa Cruz Biotechnology (Santa Cruz, CA). Anti-rabbit Alexa-

Fluor-488-conjugated IgG was from Molecular Probes (Eugene, OR). Thymidine
[methyl-*H] was from MP Biomedicals (Santa Ana, CA). Bovine collagen type I,
Matrigel basement membrane growth factor reduced, Matrigel matrix thin layer
multiwell plates and cell culture inserts (transparent PET membrane, 3 and 8 um
pore) were purchased from BD Biosciences (Bedford, MA). The HSD3B antibody
was a gift from Ian Mason, University of Texas Southwestern Medical Center,
Dallax, TX (Hou et al., 2010). Western Lightning ECL was from PerkinElmer Life
Sciences (Waltham, MA). Kodak X-ray film was purchased from Fisher Scientific
(Hampton, NH).

Cell isolation and culture

Bovine ovaries were collected at a local slaughterhouse from first trimester pregnant
cows (fetal crown-rump length <15 cm). CLENDO cells were isolated in our
laboratory from the corpus luteum by enzymatic digestion with type II collagenase,
followed by affinity purification with magnetic beads. The magnetic beads
(Dynabeads M-450 Epoxy) were coated with BSL-I lectin following the
manufacturer’s instructions. The bead-adherent cells were washed and cultured in
growth medium [DMEM supplemented with 10% FCS, 20 pg/ml ECGS and
antibiotics (100 UI/ml penicillin, 100 pg/ml streptomycin, 50 pg/ml amphotericin)].
Colonies of endothelial cells identified by their morphology were subcultured and
expanded for further purification by FACS using an endothelial-cell-specific antibody
against VE-cadherin. FACS-purified CLENDO cells were maintained in growth
medium and used for all experiments between passages 6 and 12.

FACS

Single-cell suspensions of CLENDO cells were washed once with staining buffer
(PBS-2% BSA), centrifuged and resuspended in staining buffer. For surface staining,
cells (5X10° in 100 pl staining buffer) were incubated with VE-cadherin antibody
(0.3 pg in 100 pl) for 30 minutes at 4°C, in the dark, washed with staining buffer
and centrifuged. Next, cells were incubated with anti-rabbit Alexa-Fluor-488-
conjugated IgG (1:100 dilution in staining buffer) for 30 minutes at 4°C, in the dark,
washed with staining buffer and centrifuged. Cells were resuspended in DMEM-1%
FCS and sorted in a FACScalibur flow cytometer (Becton Dickinson, Franklin
Lakes, NJ).

Western blot analysis

Cell monolayers were harvested from well plates with ice-cold cell lysis buffer [20
mM Tris-HCI (pH 7), 150 mM NaCl, 1 mM Na,EDTA, | mM EGTA, 1% Triton X-
100, and protease and phosphatase inhibitor cocktails]. Equal amounts of protein
from cell lysates were subjected to electrophoresis under reducing conditions on
10% SDS-PAGE and electrotransferred to PVDF membranes. The membranes were
blocked with TBS-T (Tris-buffered saline, 0.1% Tween 20) containing 5% nonfat
dried milk at room temperature for 1 hour and incubated overnight at 4°C with a
1:1000 dilution of primary antibodies in TBS-T with 5% nonfat dried milk. After
extensive washing in TBS-T, membranes were incubated for 1 hour with horseradish
peroxidase (HRP)-coupled secondary antibody diluted 1:2500 in TBS-T with 2%
dried milk at room temperature. After washing in TBS-T, the membranes were
developed with Western Lightning ECL detection system. Detection was performed
by exposure to blue-light-sensitive autoradiography film.

RNA isolation and PCR analysis

RNA from CLENDO cells, bovine steroidogenic luteal cells and bovine luteal
fibroblasts was extracted with an AbsolutelyRNA kit (Agilent, Santa Clara, CA).
One microgram of RNA was reverse transcribed in a total volume of 20 ul with
SuperScript II reverse transcriptase (Invitrogen) and oligo(dT)15 primers. PCR
primers were designed based on bovine PTGFR and GAPDH cDNA sequences
using the Primer3 online primer tool (http:/frodo.wi.mit.edu/primer3/input.htm).
PCR was performed on 1 pl of the generated cDNA under the following conditions:
5 minutes at 95°C; (30 seconds at 95°C, 30 seconds at 55°C and 30 seconds at 72°C)
for 35 cycles, and 10 minutes at 72°C. The sequences for forward and reverse
primers are as follows. PTGFR: forward, 5'-GTTGAGTGGGGTGTGCTTTT-3';
reverse, 5'-ATGGCATTGCAAACAAATGA-3'. GAPDH: forward, 5'-TCTGC-
ACCTTCTGCCGATG-3'; reverse, 5'-AGCAGTTGGTGGTGCAGGA-3'.

[*H]-thymidine incorporation

CLENDO cells were seeded in 24-well plates at a density of 2X10%well in growth
medium (DMEM supplemented with 5% FCS and 20 pg/ml ECGS). After 24 hours,
cells were rinsed and serum starved in DMEM for 2 hours. Cells were treated in
serum-free DMEM with control or TGFB1 (0-10 ng/ml) for 24 hours and [*H]-
thymidine (4 uCi/ml) was added 6 hours before the end of the incubation period. To
terminate the incubations, unincorporated radioactivity was removed by washing cells
with ice-cold PBS followed by the addition of 10% trichloroacetic acid for 30 minutes
at 4°C. Next, wells were washed with ice-cold PBS and solubilized with 0.2 M NaOH
at room temperature. The radioactivity was determined by liquid scintillation counting.

MTT assay for cell viability

CLENDO cells were seeded in 48-well plates at low (2X10%well) or high
(4x10%well) density in growth medium (DMEM supplemented with 5% FCS and
20 pug/ml ECGS). For some experiments, cells were plated on Matrigel matrix thin
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layer multiwell plates. After 24 hours, cells were rinsed and serum starved in DMEM
for 2 hours. Cells were treated in serum-free DMEM for 24 hours, as indicated in
the figure legends. MTT (0.5 mg/ml) was added to each well 4 hours before the end
of the incubation period. Next, the medium was removed and DMSO was added to
each well. Optical density was read in a spectrophotometer (SPECTRAmax PLUS;
Molecular devices, Union City, CA) using a wavelength of 570 nm.

Cell migration

Cell migration was assayed using the Boyden chamber method. CLENDO cells
(5X10%in 250 ul serum-free DMEM) were seeded in cell culture inserts (transparent
PET membrane, 8 um pores) placed in 24-well plates. The lower chamber was filled
with 800 il DMEM containing 5% FCS. Cells were pretreated with SB-431542 (1
UM, 30 minutes) followed by TGFBI1 (1 ng/ml) and allowed to migrate for 6 hours
at 37°C. Migrated cells were fixed, stained in methanol-0.04% crystal violet and
photographed. Cells migrating in the central area of the insert were photographed
(100X magnification). Quantification of cell numbers was done using MicroSuite
FIVE software for imaging applications from Soft Imaging System Corporation
(Lakewood, CO). The experiment was repeated on five separate occasions and three
inserts were used for each treatment.

In vitro capillary morphogenesis assay

Capillary morphogenesis experiments were performed using Matrigel and bovine
collagen type I gels. Matrigel (0.15 ml/well; ~8 mg/ml) was pipetted into 48-well
plates and polymerized for 1 hour at 37°C. Bovine collagen I was diluted in DMEM
and pipetted into 48-well plates (0.15 ml/well; ~2.4 mg/ml), polymerized for 1 hour
at 37°C and dried overnight at room temperature. CLENDO cells were plated
(5X10%well) in growth medium (DMEM supplemented with 5% FCS and 20 ug/ml
ECGS). Cells were pretreated at the time of plating in their growth medium with SB-
431542 (1 uM) for 30 minutes, followed by TGFB1 (1 ng/ml). The effects on
morphogenesis of endothelial cells were photographed after 8 hours for Matrigel
gels, and 8 and 24 hours for collagen I gels with an inverted microscope. One picture
(40X magnification) was taken in the central area of each well and three wells were
used for each condition tested. Quantification of the tubule formation activity was
done using MicroSuite FIVE software for imaging applications from Soft Imaging
System Corporation (Lakewood, CO). In the collagen I gel experiments, viability
was examined by staining cells with blue fluorescent Hoechst 33258 at 1 pg/ml for
30 minutes.

Apoptosis assay

Capillary morphogenesis was tested for CLENDO cells plated on collagen I gels and
treated with TGFBI1 as described above. Caspase-3 and caspase-7 activity was
determined after 8 and 24 hours incubation using the Caspase—Glo 3/7 assay kit
(catalog number G8091; Promega, Madison, WI) following the manufacturer’s
instructions. Briefly, Caspase—Glo 3/7 reagent was added to cach well in a 1:1 ratio
and incubated with gentle shaking for 30 minutes at room temperature before
measuring luminescence using a FLUOstar OPTIMA microplate reader (BMG
LABTECH, Cary, NC).

Immunofluorescence

CLENDO cells were cultured on glass cover slips and treated in serum-free DMEM
with control or TGFB1 (1 ng/ml) for 24 hours. After treatment, cells were washed
twice with cold PBS and fixed with ice-cold 4% paraformaldehyde for 30 minutes.
Cells were permeabilized in PBS and 0.4% Triton X-100 for 10 minutes at room
temperature and then blocked for 1 hour in blocking buffer (PBS, 0.2% Triton X-
100, 10% FBS). Primary antibody was diluted 1:200 in blocking buffer and incubated
overnight at 4°C. Cells were washed with PBS and incubated for 1 hour at room
temperature with appropriate secondary fluorophore-conjugated antibodies diluted
1:400 in blocking buffer. Cells were next washed three times with PBS and mounted
with VECTASHIELD.

In vitro permeability assay

CLENDO cells were seeded on cell culture inserts (transparent PET membrane, 3
um pores, 6X 10* cells/insert), placed in 24-well plates and grown to confluency in
a total volume of 250 ul and 800 pl of complete growth medium (DMEM
supplemented with 5% FBS and 20 pug/ml ECGS) for the upper and lower chambers,
respectively. Cells were washed and pretreated with SB-431542 (1 pM, 30 minutes)
followed by TGFBI (1 ng/ml) for 24 hours in serum-free DMEM. After 24 hours,
FITC—dextran (0.5 mg/ml final concentration) was added to the upper chamber. At
given time points, 50 ul aliquots from the lower chamber were removed for
measurement and replaced with 50 pl of fresh medium in order to maintain the
hydrostatic equilibrium. The fluorescence of each sample diluted 1:20 in PBS was
measured at 485/520 nm excitation/emission wavelengths using a FLUOstar OPTIMA
microplate reader (BMG LABTECH Inc, Cary, NC). After the last time point, cells
were fixed and stained in methanol-0.04% crystal violet, and photographed.

Statistical analyses

All data are represented as mean + s.e.m. Unless specified in the figure legends, at
least three experiments were conducted on separate occasions (n=3) and each
experiment was performed in triplicate for each condition tested. Comparisons for

differences between groups were made by ANOVA with Tukey’s post test. In all
analyses, a value of P<0.05 was considered significant.
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