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NEUROENDOCRINOLOGY

Thrombospondin-1 (TSP-1) Analogs ABT-510 and ABT-
898 Inhibit Prolactinoma Growth and Recover Active
Pituitary Transforming Growth Factor-$1 (TGF-31)

M. Victoria Recouvreux, M. Andrea Camilletti, Daniel B. Rifkin,
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Prolactinomas are the most prevalent type of secreting pituitary tumors in humans and generally
respond well to a medical therapy with dopamine agonists. However, for patients exhibiting
resistance to dopaminergic drugs, alternative treatments are desired. Antiangiogenic strategies
might represent a potential therapy for these tumors. Thrombospondin 1 (TSP-1) is a large mul-
tifunctional glycoprotein involved in multiple biological processes including angiogenesis, apo-
ptosis, and activation of TGF-B1. Because tumors that overexpress TSP-1 grow more slowly, have
fewer metastases, and have decreased angiogenesis, TSP-1 provides a novel target for cancer
treatment. ABT-510 and ABT-898 are TSP-1 synthetic analogs that mimic its antiangiogenic action.
In the present study, we explored the potential effect of ABT-510 and ABT-898 on experimental
prolactinomas induced by chronic diethylstilbestrol (DES) treatment in female rats. We demon-
strated thata 2-wk treatment with ABT-510 and ABT-898 counteracted the increase in pituitary size
and serum prolactin levels as well as the pituitary proliferation rate induced by DES. These inhib-
itory effects on tumor growth could be mediated by the antiangiogenic properties of the drugs.
We also demonstrated that ABT-510 and ABT-898, in addition to their described antiangiogenic
effects, increased active TGF-B1 level in the tumors. We postulate that the recovery of the local
cytokine activation participates in the inhibition of lactotrope function. These results place these
synthetic TSP-1 analogs as potential alternative or complementary treatments in dopamine ago-
nist-resistant prolactinomas. (Endocrinology 153: 0000-0000, 2012)

n most human tumors, angiogenesis correlates with tu-
I mor behavior (1). Development of new blood vessels are
needed for oxygen and the supply of basic energetic com-
pounds (2). Therefore, the development of antiangiogenic
agents that target tumor vasculature and interrupt tumor
growth is of great interest (3).

Tissue angiogenesis depends on the balance of proangio-
genic and antiangiogenic factors, and the interactions of
these factors with extracellular matrix components allow
new capillary development and endothelial cell migration.

Pituitary tumors are common benign adenomas that
produce alterations of pituitary hormone secretion and
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compressive damage to adjacent tissues (4—6). Contro-
versial results have been described referring to angiogen-
esis during pituitary adenoma generation because the nor-
mal pituitary is highly vascularized. On the other hand,
differences in the angiogenic pattern have been described
to be associated with hormonal phenotypes, size or inva-
sion (7-9).

Among all secreting pituitary adenomas, prolactino-
mas are the most frequent tumors in adults accounting for
60% of all functioning pituitary tumors (10). They are
usually benign and can be treated with dopaminergic
agents. Nevertheless, 15% of these tumors may be resis-

Abbreviations: CD31, Cluster of differentiation 31; CT, threshold cycle; DES, diethylstil-
bestrol; ECM, extracellular matrix; LTBP, latent TGF-g binding proteins; p, phosphorylated;
PCNA, proliferating cell nuclear antigen; PRL, prolactin; Q-RT-PCR, quantitative real-time
RT-PCR; TBRII, TGF-B1 receptor type II; TSP-1, thrombospondin 1; TSR-1, TSP-1 intramo-
lecular small sequence; VEGF, vascular endothelial growth factor.
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tant to classical pharmacological therapy, become inva-
sive and aggressive, and require extirpation. The decrease
or loss of response of dopamine D2 receptors has been
described in these cases (11, 12), and alternative therapies
would be desired for these tumors (13). The estrogen-
treated rat is an interesting and well-known model of pi-
tuitary hyperplasia (14, 15). Increased pituitary weight,
hyperprolactinemia, lactotrope hyperplasia, and reduced
dopaminergic action at the pituitary level are found in
chronically estrogenized female rats. Moreover, estrogen
increases the local levels of potent proangiogenic factors
like vascular endothelial growth factor (VEGF) and basic
fibroblast growth factor (16), and the tumorigenic action
of estradiol correlates with its ability to induce a direct
arterial blood supply to the pituitary (17). Therefore, es-
trogen-induced prolactin-secreting pituitary tumors are
highly angiogenic (17). Furthermore, tumor growth can
be blocked by antiangiogenic agents (18, 19). In this re-
gard we have demonstrated a significant decrease in vas-
cularization and tumor growth using anti-VEGF strategies
in dopamine-resistant prolactinomas (20).

Although anti-VEGF strategies have been used in many
clinical trials, not all were successful (21, 22); therefore,
the development of new antiangiogenic therapies have be-
come of increasing interest. Among new drugs being stud-
ied are small peptides mimicking thrombospondin 1 (TSP-
1), an antiangiogenic protein (23). TSP-1 is a large
multifunctional matrix glycoprotein involved in multiple
biological processes including angiogenesis, apoptosis, ac-
tivation of TGF-B1, and platelet aggregation, among oth-
ers (24). One of the most relevant functions is its role as an
antiangiogenic factor, inhibiting the proliferation and mi-
gration of endothelial cells by interaction with its receptor
CD36 expressed on the cell surface. Because tumors that
overexpress TSP-1 grow slower, have fewer metastases,
and exhibit less angiogenesis, TSP-1 provides a novel tar-
get for cancer treatment. Based on the CD36-binding pep-
tide sequence from TSP-1, small molecules mimicking the
antiangiogenic properties of TSP-1 were developed (23).
These drugs act as antiangiogenic factors and slow tumor
growth in preclinical models (25-27). ABT-510 and ABT-
898 (Abbott Laboratories, Abbot Park, IL), two of such
analogs, belong to the new generation of antiangiogenic
drugs.

The role of TSP-1 in pituitary tumorogenesis is not well
understood. Immunoreactive TSP-1 is distributed in the
anterior pituitary, particularly in endothelial cells (28),
and estradiol treatment for 2 and 4 wk decreased the total
pituitary as well as the endothelial-cell specific immuno-
reactive TSP-1 levels in the gland (29).

On the other hand, TSP-1 is one of the main physio-
logical activators of TGF-B1 in vitro and in vivo (30).
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TGF-B1 is a potent cytokine released from cells in a latent
form coupled to latent TGF-B binding proteins (LTBP).
The LTBP facilitate the secretion of latent TGF-8 and me-
diate the targeting of the latent cytokine into extracellular
matrix (ECM) structures, regulating localization, avail-
ability, and TGF-B1 activation (31). Activation of
TGF-B1 involves the proteolytic release from its latent
complex and due to the powerful actions of the cytokine,
activation is a highly regulated process that precedes re-
ceptor binding. TGF-B1 signals through its transmem-
brane heteromeric Ser-Thr kinase receptor (type I: TBRI
and type ITl: TBRII) that transduces intracellular signals via
phosphorylation and nuclear translocation of Smad-2 and
Smad3 proteins, which modulate the transcription of a
large number of genes (32).

In the pituitary TGF-B1 is a known inhibitor of lacto-
trope function. Moreover, dopamine interacts with
TGF-B1 to regulate lactotrope cell proliferation and pro-
lactin (PRL) secretion. In female rats in vitro and in vivo,
17B-estradiol treatment decrease pituitary TGF-B1 and
TBRII mRNA and protein, concomitantly with an in-
crease in PRL levels (33-35). Therefore, the inhibition of
TGF-B1 and TBRII might cooperate in the development of
the prolactinoma induced by estradiol.

We hypothesized that because the decreased TSP-1, al-
tered TGF-B1 pituitary expression, and increased angio-
genesis are involved in prolactinoma development, com-
pounds that mimic the TSP-1 antiangiogenic action would
be effective in reducing tumor growth.

In the present study, we sought to investigate the iz vivo
effect of synthetic analogs of TSP-1 intramolecular small
sequence (TSR-1) (ABT-510 and ABT-898), in estrogen-
induced prolactinomas in female adult rats. We demon-
strate that both ABT-510 and ABT-898 reduce tissue an-
giogenesis, pituitary weight, and serum prolactin levels in
female rats with prolactinomas induced by chronic dieth-
ylstilbestrol (DES) treatment. In addition, we demonstrate
that ABT-510 and ABT-898, independently of their de-
scribed antiangiogenic effects, increase active TGF-g81 in
the tumors and in an ex vivo assay using hemipituitaries in
culture. These results place these synthetic TSP-1 analogs
as potential alternative or complementary treatments in
dopamine agonist-resistant prolactinomas.

Materials and Methods

Animals

Two-month-old female Sprague Dawley rats were housed in
a temperature-controlled room with lights on at 0700 h and off
at 1900 h with free access to laboratory chow and tap water. All
experimental procedures were reviewed and approved by the
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Institutional Animal Care and Use Committee of the Instituto de
Biologia y Medicina Experimental, Buenos Aires (Division of
Animal Welfare, Office for Protection of Research Risks, Na-
tional Institutes of Health, A no. 5072-01).

Prolactinomas were induced by chronic exposure to estrogens
using the following protocol: female rats were ovariectomized
and sc implanted with a 20-mg DES pellet (DES group). This
procedure was performed under anesthesia (ip 50 mg/kg ket-
amine, 10 mg/kg xylazine). After 4 wk prolactinomas were eval-
uated (see below).

Experimental protocol for ABT-510 and ABT-898
treatment in DES rats

Two weeks after ovariectomy and DES pellet implantation,
animals were divided into three groups and treated with 100
mg/kg ABT-510 (ip) or 100 mg/kg ABT-898 or vehicle (5% dex-
trose, DES control). The drugs were injected three times per week
during 2 wk. Forty-eight hours after the last injection, all animals
were euthanized and trunk blood was collected. Pituitaries were
carefully excised and weighed after removing the neurohypoph-
ysis. Hemianterior pituitaries were used for Western blot, im-

munohistochemistry, and quantitative real-time RT-PCR (Q-
RT-PCR). Whole pituitaries were used for ELISA.

Short-term ABT-510 treatment in control and DES
rats

Female cycling rats in diestrus were injected (ip) with 100
mg/kg ABT-510 or vehicle (5% dextrose) and euthanized after
30 min, 2 h, or 24 h to evaluate the short-term effect of the drug.
DES control rats were injected with 100 mg/kg ABT-510 or ve-
hicle and killed 2 h later. Trunk blood was collected for serum

PRL determination, and the pituitary glands were excised and
collected for ELISA.

Drugs
DES (Sigma, St Louis, MO), ABT-510,and ABT-898 peptides
were generously supplied by Abbott Laboratories.

RIA

Serum PRL levels were measured by RIA using reagents pro-
vided by the National Institute of Diabetes and Digestive and
Kidney Diseases, National Hormone and Pituitary Program (Dr.
A.F.Parlow, Torrance, CA). Results are expressed in nanograms
per milliliter in terms of rat PRL RP3. Intra- and interassay co-
efficients of variation were 6.9 and 11.6%, respectively.

Quantitative real-time RT-PCR

Hemipituitaries from different experimental groups were col-
lected in RNA-later (Ambion, Austin, TX). Total RNA was ex-
tracted from the tissue using the RNeasy Protect minikit (QIA-
GEN, Valencia, CA). Reverse transcription was performed using
750 ng of total RNA and the resulting cDNA was used for Q-RT-
PCR analysis. Q-RT-PCR were performed using specific primers
and the QuantiFast SYBR green PCR kit (QIAGEN) on an iCy-
cler thermal cycler (Bio-Rad, Hercules, CA). Different gene tran-
script expression was quantified by comparing the threshold cy-
cle (CT) with that of B-actin by using the comparative CT
method (AACT). Primers used were as follows: TGF-g1 forward,
5'-CAACAATTCCTGGCGTTACC-3" and reverse, 5'-AGC-
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CCTGTATTCCGTCTCCT-3'; LTBP1 forward, 5'-AGCAC-
CGTCACCTCTGCTCT-3" and reverse, S5'-ATCCTCG-
CAGTGGTCTCCAA-3’; LTBP3 forward, 5'-ATGGCCTCA
GTTGCATAGAC-3' and reverse, 5'-AAGGAGCCTGGTGT
GTTCGT-3'; LTBP4 forward, 5'-CTGCGCGGAAGCGAA
TGTGC-3' and reverse, 5'-TCCGCGCACGGGTGACAATC-
3'; B-actin forward, 5'-CCACCAGTTCGCCATGGATGAC-3’
and reverse, 5'-GAGCATCGTCGCCCGCGAA-3'.

Detection of total and active TGF-$1

An ELISA was performed to quantify active or total TGF-B1
content in pituitary homogenates with the TGF-B1 DuoSet
ELISA development system (DY1679, R&D Systems, Minneap-
olis, MN), following the manufacturer’s instructions.

Entire anterior pituitary glands from different experimental
groups were collected and processed as described for Western
blotting. Equal amounts of protein were loaded per well, and
TGF-B1 was expressed as picograms per milligram of protein.

To assay total TGF-B1, samples were acidified to pH 2.6 by
adding 1 ~ HCI for 20 min at room temperature, followed by
neutralization with 1 N NaOH to pH 7.6.

Immunohistochemistry

Hemianterior pituitaries from different experimental groups
were fixed by immersion in 10% buffered formalin and subse-
quently embedded in paraffin. After deparaffinization, pituitary
sections were microwaved in 10 mM sodium citrate buffer (pH 6)
and left to cool for 20 min at room temperature. Endogenous
peroxidase activity and nonspecific binding sites were blocked.
Primary antibodies were incubated overnight at 4 C. After in-
cubation with biotin-conjugated secondary antibodies for 1 h,
the reactions were developed using a streptavidin-biotin perox-
idase method and diaminobenzidine as a chromogen substrate.
Samples were counterstained with hematoxylin and mounted
with a permanent mounting medium. Negative controls replac-
ing the primary antibody with PBS were included. The antibody
used was the polyclonal antibody for cluster of differentiation 31
(CD31) detection (sc-1506, 1:100; Santa Cruz Biotechnologies
Inc., Santa Cruz, CA).

Quantification of pituitary vascular area

Pituitary microvasculature was evaluated on CD31 immu-
nostained sections. Images of randomly selected fields were re-
corded using an Axiostar Plus microscope (Carl Zeiss Inc.,
Thornwood, NY) and a PowerShot G6 digital camera (Canon,
Lake Success, NY). Three parameters were evaluated: microves-
sel density was calculated by counting the number of CD31-
positive vessels per square millimeter; the relative vascular area
was calculated as the sum of the areas occupied by vessels ex-
pressed as percentage vessel area per total tissue area; and the size
of the vessels was also evaluated by calculating the mean area of
vessels. Three slides per pituitary were analyzed and at least four
images were counted per slide using the image processing and
analysis software (Image J, http://rsbweb.nih.gov/ij/).

A description of the Western blotting procedure, the in vitro
assay procedure in the GH3 cell line, and the ex vivo experiment
is detailed in Supplemental Data Materials and Methods, pub-
lished on The Endocrine Society’s Journals Online web site at
http://endo.endojournals.org.
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Statistical analysis

Results are expressed as means = sEM. The differences be-
tween means were evaluated by a Student’s # test or a one-way
ANOVA followed by a Tukey’s honestly significant difference
test. P < 0.05 was considered significant.

Results

ABT-510 and ABT-898 decreased prolactinoma
growth induced by DES in female rats

Experimental prolactinomas were induced in adult fe-
male rats by sc implantation of a 20-mg DES pellet (DES
group). As previously described, pituitary weight and se-
rum PRL levels were markedly increased after 4 wk of DES
pellet implantation compared with rats in diestrus (Fig. 1,
A and B). Cotreatment for 2 wk with ABT-510 or ABT-
898 significantly reduced pituitary weight and serum PRL
in DES-treated rats (Fig. 1, A and B). The effects of ABT-
510 and ABT-898 were not different.
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FIG. 1. ABT-510 and ABT-898 reduced prolactinoma growth induced
by DES. Pituitary tumors were induced in adult female rats by sc
implantation of a 20-mg DES pellet. After 2 wk of DES pellet
implantation, rats were injected three times a week during 2 wk with
100 mg/kg ABT-510, 100 mg/kg ABT-898, or vehicle (5% dextrose,
DES control group). A, Pituitary weight increased 3-fold after DES
treatment compared with untreated diestrous rats. *, P = 0.0002.
Both ABT-510 and ABT-898 treatment significantly reduced pituitary
weight; #, P = 0.03. B, Serum PRL levels were measured by RIA. DES
increased serum PRL compared with diestrus levels. *, P = 0.0002.
ABT-510 and ABT-898 decreased elevated serum PRL induced by DES;
#, P =0.036, & P = 0.028, respectively (n = 11, 12, 14, and 15).
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We next evaluated the effect of both analogs in the
proliferating cell nuclear antigen (PCNA) expression by
Western blot in pituitary homogenates, as an indirect pa-
rameter of cell proliferation. PCNA protein levels were
higher in DES control pituitaries compared with those
pituitaries from rats in diestrus as expected due to the
mitogenic effect of estrogens on lactotrope and endothelial
cells. Treatment with both TSP-1 analogs reduced PCNA
expression in DES-treated pituitaries, and ABT-898 treat-
ment was more successful (Fig. 2).

Antiangiogenic effect of ABT-510 and ABT-898
treatment

The reduction in pituitary weight, serum PRL, and
PCNA expression observed after ABT treatment indicated
a clear role of these peptides in inhibiting tumor growth in
DES-induced prolactinomas. To elucidate whether this ef-
fect could be attributed to the antiangiogenic properties of
the TSP-1 analogs, we analyzed the vascular area and mi-
crovessel density by immunohistochemical staining with
the endothelial cell marker CD31. The vascular area, as
well as the number of CD31-positive vessels per area, was
increased in DES pituitaries, whereas the average size of
the vessels was not modified (Fig. 3).

ABT-510 and ABT-898 treatment significantly de-
creased microvessel density, withouta significant effect on
their average size. The increase in total vascular area in-
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FIG. 2. ABT-510 and ABT-898 treatment decreased PCNA expression
induced by DES. Pituitaries of the different experimental groups were
homogenized and protein expression was analyzed by Western blot.
PCNA expression was normalized to B-actin. PCNA expression was
higher in the DES control group compared with the diestrus group. *,
P = 0.0002. Both ABT-510 and ABT-898 significantly reduced the
PCNA protein levels. #, P = 0.03; &, P = 0.0002. Representative bands
are shown (n = 6, 10, 11, and 10).
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pared with female rats in diestrus.
Less than 3% of total pituitary
TGF-B1 was found in the active
form, reflecting the high degree of
regulation in the cytokine activation
process. We found that ABT-898
treatment markedly enhanced active
but not total TGF-B1 in DES-treated
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rats (Fig. 4, B and C).
When we analyzed phosphory-
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FIG. 3. Antiangiogenic effect of ABT-510 and ABT-898 treatment in experimental
prolactinomas. Pituitary vasculature was analyzed by CD31 immunostaining. A, Relative CD31-
stained vascular area (CD31+ vascular area/total area) was higher in DES control and ABT-510-
treated pituitaries compared with the pituitaries of rats in diestrus. *, P = 0.033; #, P = 0.037. B,
Nonsignificant differences were found in the average size of CD31-stained vessels. C, Microvessel
density (number of CD31 stained vessels per square millimeter) was increased in the DES control
group compared with diestrus. *, P = 0.014. Treatment with ABT-510 and ABT-898 reduced
microvessel density induced by DES; & P = 0.01 and #, P = 0.027, respectively (n = 5, 7, 4, and 5).

duced by DES was not modified by ABT-510 but was
prevented by ABT-898 (diestrus vs. ABT-898, P = 0.3,
which was nonsignificant) (Fig. 3, A—C). Representative
images can be found in Supplemental Fig. 1.

TSP-1 synthetic analogs normalize active TGF-B1 in
DES-induced prolactinomas

We have previously reported that the activation of
TGF-B1 was impaired in a mouse model of dopamine-
resistant prolactinoma and that active TGF-B1 levels in-
versely correlated with serum PRL values (36). On the
other hand, Sarkar et al. (29) showed that 4 wk of estradiol
treatment in female rats decreased pituitary TGF-B1 syn-
thesis, TGF-B1 receptor type II expression, and the total
TSP-1 immunoreactive protein in the anterior pituitary.

On this basis, we evaluated the effect of ABT-898 treat-
ment on local active TGF-B1 and cytokine synthesis. No
significant differences were found in pituitary TGF-B1
mRNA levels among groups despite a tendency to lower
values in the DES control group (Fig. 4A).

Both active and total TGF-B1 content (measured by
ELISA) was decreased in pituitaries from DES rats com-

DES lated (p) Smad2/3 expression, we

found that the main signaling path-
way triggered by TGF-B1 and there-
fore a parameter of cytokine activity
was significantly decreased in DES
control pituitaries. ABT-898 fully re-
stored pSmad2/3 levels, indicating a
recovery in TGF-B1 activity within
the tumors (Fig. 4D). Similar results
were observed with ABT-510 treat-
ment (data not shown).

Given the alterations induced by
DES in the pituitary TGF-B1 system
and the fact that ABT-898 treatment
restored local cytokine protein levels
and activity, we next studied the im-
pact of these synthetic TSR-1 analogs
on other components of the TGF-g1
system, especially those involved in
TGF-B1 secretion, storage, and
availability in the ECM: LTBP1,
LTBP3, and LTBP4 (31).

We demonstrated LTBP1, LTBP3, and LTBP4 mRNA
expression in the pituitary glands of female rats. Interest-
ingly, we found a differential effect of the steroid on the
expression of the binding proteins: LTBP1 and LTBP4, but
not LTBP3, expression was inhibited by DES treatment
(Fig. SA). Neither ABT-510 nor ABT-898 treatment re-
stored LTBP1 or LTBP4 levels in DES-exposed pituitaries
(Fig. 5, A=C).

Short-term effect of ABT-510 in pituitary TGF-B1
activation

Given that thisis the first report of the effect of synthetic
analogs of TSP-1 intramolecular small sequence molecules
on TGF-B1 activation, we further characterized this find-
ing by studying their impact on active TGF-B1 levels at
short times. We evaluated pituitary active TGF-B81 by
ELISA after 30 min, 2 h, and 24 h of ABT-510 injections
(100 mg/kg) in control female rats in diestrus. Total cy-
tokine was measured only at 24 h, the time at which syn-
thesis could also be involved.
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FIG. 4. Treatment with TSP-1 analogs restored active TGF-B81 in DES-
induced prolactinomas. A, Pituitary TGF-B1 mRNA expression was
measured by Q-RT-PCR. Nonsignificant differences were found
between groups (n = 4, 4, and 5). B, Active TGF-B1 content was
determined by ELISA in the pituitary glands from the different
experimental groups. ABT-898 treatment markedly restored active
TGF-B1 decreased by DES. *, P = 0.036; #, P = 0.01. C, Total TGF-B1
was measured by ELISA after sample acidification. Total TGF-B1
content was lower in DES control pituitaries compared with pituitaries
from rats in diestrus, whereas ABT-898 did not modify these levels. *,
P=0.04 (n = 8,5, and 6). C, Phosphorylated SMAD2/3 (0SMAD2/3)
protein expression, determined by Western blot in pituitary
homogenates, was attenuated by DES and increased by ABT-898
treatment. *, P = 0.022; #, P = 0.002. Representative bands are
shown. B-Actin was used as loading control (n = 9, 10, and 9).

Although neither ABT-510 nor ABT-898 peptides con-
tain any of the reported TGF-B1 activation sites, we found
that ABT-510 increased local TGF-B1 activity as soon as
30 min after injection and that the effect was lost after 24 h
(Fig. 6A). Interestingly, serum PRL values were signifi-
cantly decreased after 30 min and 2 h of ABT-510 injec-
tions, concomitantly with the increase in TGF-B1 activity
(Fig. 6B). Total pituitary TGF-B81 was not altered after
24 h of ABT 510 treatment (Fig. 6C).

We next evaluated whether the short-term effect of the
TSP-1 analog on pituitary cytokine activation we ob-
served i vivo in rats in diestrus was also found in DES-
treated rats. As shown in Fig. 6, D and E, ABT-510 in-
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creased active TGF-B1 levels in DES pituitaries and
lowered serum PRL values after 2 h of injection.

To determine whether the drugs could have a direct
effect on lactotrope cells, we evaluated active TGF-81 con-
tent and PRL secretion in the GH3 cell line after 5, 15, and
30 min of ABT-898 stimulation. We did not find differ-
ences between ABT-898-treated and control cells in any of
the parameters evaluated (Supplemental Fig. 2, A and B).
ABT-898 treatment had no effect in the proliferation rate
of the GH3 cell line measured after 3 d either (Supple-
mental Fig. 2C).

However, when hemipituitaries from diestrous female
rats were incubated in an ex vivo experimental model, in
which the ECM structure is maintained intact, 1 um ABT-
898 caused a 21% increment on active TGF-B1 after 30
min in tissue homogenates (paired samples, Supplemental
Fig. 3).

Discussion

In the present study, we explored the potential effect of the
synthetic analogs of TSP-1, ABT-510 and ABT-898, in the
treatment of experimental prolactinomas. We demon-
strated thata 2-wk treatment with ABT-510 and ABT-898
counteracted the increase in pituitary size and serum pro-
lactin levels as well as the pituitary proliferation rate in-
duced by DES. The inhibitory effect of ABT-510 and ABT-
898 on the tumor growth parameters evaluated was
mediated, at least in part, by the antiangiogenic properties
of these drugs because ABT-510 and ABT-898 decreased
the number of CD31-positive vessels per area in DES-in-
duced prolactinomas, indicating an antagonism of DES-
induced angiogenesis. Interestingly, in addition to the an-
tiangiogenic properties of these drugs, we found that they
increased active TGF-B1 in the pituitary, possibly contrib-
uting to the reduction in serum prolactin release and in the
inhibition of prolactinoma growth.

Previous work showed that TSP-1 is widely distributed
in the anterior pituitary, and in particular it colocalizes
with endothelial cell markers. Chronic estradiol treatment
decreases the level of immunoreactive TSP-1 in the ante-
rior pituitary, and the local decrease of this antiangiogenic
factor (29) might be involved in the development of es-
tradiol induced prolactinomas. Therefore, we postulated
that mimicking the antiangiogenic activity of TSP-1 could
reduce prolactinoma growth.

The two modified peptides we assayed in this study
were developed based on the active sequence GVITRIR
present in the second type I repeat of TSP-1, which was
described to bind and activate CD36 (37). ABT-510, one
of the first TSP-1 mimetic peptides developed, has potent
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proapoptotic activity in cultured cells and is clinically well
tolerated with therapeutic benefits reported against sev-
eral malignancies (23). This compound was evaluated in
phase II clinical trials for the treatment of head and neck
cancer, non-small-cell lung cancer, lymphoma, and renal
cell carcinoma (23, 26, 38—41). The second-generation
TSP-1 synthetic analog, ABT-898, was found to have
greater potency than ABT-510 and is expected to have
greater efficacy than the other available TSP-1 mimetic
peptides (27, 42) due to its lower clearance rate. However,
we found no differences between ABT-510 and ABT-898
potency in the reduction of pituitary weight or serum PRL
levels, even though ABT-898 was more efficient in reduc-
ing PCNA expression

With regard to the antiangiogenic effect of these ana-
logs in PRL-secreting tumors, we found a reduction in the
microvascular density increased by DES, assessed as the
number of CD31-stained vessels per square millimeter.
Measurement of intratumoral microvasculature density
has been used to investigate angiogenesis in different tu-
mors. Microvascular density correlates with a poor prog-
nosis in solid tumors and with the concentration and ex-
pression of proangiogenic growth factors, fibroblast
growth factor-2 and VEGF, in several cancers (43). Our
group and others have reported that VEGF is widely ex-
pressed in pituitary tumors (44, 45), with higher levels in

macroprolactinomas (46—48), especially in dopamine ag-
onist-resistant prolactinomas (12, 48, 49). Furthermore, a
significant increase in microvessel density, assessed by
CD31 staining, was observed in invasive compared with
noninvasive prolactinomas (50).

Even though only ABT-898 treatment prevented the
increase in the relative CD31 vascular area in DES tumors,
both ABT-510 and ABT-898 diminished the number of
vessels. This effect is likely due to the reported apoptotic
action of these drugs on the microvasculature because the
interaction of TSR-containing proteins with CD36 pres-
ent in microvascular endothelium mediates their potent
antiangiogenic and proapoptotic response (51). We can-
not discard that apoptosis of secretory cells induced by
hypoxia, as a result from the antiangiogenic therapies,
could also collaborate with the reduction in pituitary size
and serum prolactin levels observed in our in vivo exper-
iments. However, there are conflicting findings regarding
this topic because it was recently demonstrated that anti-
angiogenic agents can also normalize the abnormal struc-
ture and function of tumor vessels improving tumor ox-
ygenation and drug delivery in cancer treatments
(reviewed in Ref. 52). Supporting this, Campbell ez al. (53)
reported thata treatment with ABT-510 in advanced ovar-
ian cancer not only decreased vascular density but also
increased mature blood vessels and caused a reduction of
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tumor tissue hypoxia, suggesting a normalization of tu-
mor vasculature. On this basis, other factors might be
involved in the reduction of tumor size caused by TSP-1
analogs.

A very interesting and novel finding in this work is the
factthat ABT-510 and ABT-898 reversed the inhibition of
TGF-B1 activation in the pituitary mediated by DES. Be-
cause TGF-B1 is an inhibitor of lactotrope secretion and
proliferation (33, 54), the enhanced cytokine activity elic-
ited by ABT-510 and ABT-898 treatment might have a
role in the prolactinoma regression. Of considerable im-
portance is that less than 3% of total TGF-B1 was found
in the active form. This is similar to what has been de-
scribed in other tissues (55) and underlines the importance
of evaluating biologically active TGF-B1 rather than cy-
tokine expression, synthesis, or secretion of total TGF-$1.
On the other hand, these data highlight the highly regu-
lated activation process that enables the release of mature
TGF-B1 and allows this potent cytokine to bind to its
receptor.

It is important to note that the effects of a 2-wk treat-
ment with ABT-510 and ABT-898 on TGF-B1 were ob-
served only on active and not on total TGF-B1 levels. The
increase in cytokine activation was also reflected in the

recovery of pSmad2/3 expression. Moreover, we also
demonstrated iz vivo that TSP-1 analogs were able to in-
crease pituitary active TGF-B1 at short term (30 min) with
a concomitant reduction in serum prolactin levels in fe-
male control rats in diestrus as well as in the 4-wk DES
pellet-implanted group. These results suggest that ABT-
510 and ABT-898 might have a direct effect on TGF-g1
activation, namely releasing the mature cytokine from its
latent complexes stored in the extracellular matrix, and
disclose a novel property, which may underlie the thera-
peutic effects of the analogs.

We can hypothesize that the inhibition of PRL secretion
and cell proliferation caused by TSP-1 analogs treatment
may be mediated by the increment of active TGF-$1 levels
or by a direct effect of the drug on lactotrope cells. We
tested this second possibility by treating GH3 cells with
ABT-898, and we did not find a direct effect of TSP-1
analog on active TGF-B1 levels, PRL secretion, or prolif-
eration rate.

However, assays in pituitary cell lines do not always
reflect what actually occurs in the pituitary tissue, in par-
ticular when changes in the extracellular matrix are in-
volved, as in the case of TGF-B1 activation. We effectively
demonstrated that ABT-898 was able to increase active
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TGF-B1 at short times in cultured ex vivo hemipituitaries,
an experimental model in which ECM and tissue struc-
tures are maintained intact.

Even though we did not observe any effect of ABT-898
on GH3 cells, we cannot discard a direct effect of ABT-510
and ABT-898 on lactotropes because CD36 expression on
nonendothelial cell types including macrophages, den-
dritic cells, hepatocytes, adipocytes, cardiac and skeletal
myocytes, and specialized epithelia of the breast, kidney,
and gut among others has been demonstrated (reviewed in
Ref. 56).

The mechanism underlying TGF-B1 activation by these
peptides in both iz vivo and ex vivo assays remains to be
elucidated. Interestingly, ABT-510 and ABT-898 se-
quences do not contain any of the reported TGF-S1 acti-
vation sites located in the TSP-1 type 1 repeats (57). How-
ever, because the GVITRIR sequence binds and activates
CD36, and this receptor is present in endothelial cells, we
speculate that these small peptides might participate in
TGF-B1 activation through complexing with other ECM
components once bound to its receptor. Supporting this, it
has been described that the activation of the CD36 recep-
tor enables its large extracellular domain to interact with
other membrane receptors and integrins (51, 56).

To unravel the action of TSP-1 mimetic peptides on
ECM components that might be involved in TGF-B acti-
vation, we measured, in the iz vivo experiments, the im-
pact of these drugs on the regulation of TGF-g latent bind-
ing proteins. LTBP facilitate the secretion of latent TGF-3
and mediate the targeting of latent complexes into ECM
structures, which is important for TGF-B activation and
function (31). The different LTBP have only partially over-
lapping expression patterns. LTBP1 and LTBP3 associate
with the propeptides of all three TGF-B isoforms, but
LTBP4 binds only TGF-B1-LAP and more weakly than the
other LTBP. Thus, it is possible that LTBP may also dif-
ferentially contribute to TGF-f activation (31, 58, 59).
Interestingly, we found that LTBP1, LTBP3, and LTBP4,
the three LTBP that bind TGF-1, are expressed in pitu-
itary tissue, and they respond differentially to DES treat-
ment. LTBP1 and LTBP4 levels, but not LTBP3, were re-
duced by DES treatment. This result could be related to the
lower levels of active TGF-B1 found in this group. In ac-
cordance, reduced TGF-B activation in correlation with a
decreased production and secretion of LTBP has been de-
scribed by several transformed cells (60, 61). Furthermore,
TGF-B1 enhances its own expression as well as LTBP1
levels in both normal and transformed human lung fibro-
blasts (62). We recently described reduced LTBP1 and
LTBP4 but not LTBP3 levels in pituitaries from female
mice lacking dopamine type 2 receptors (unpublished
data). Therefore, we do not discard a local dopamine reg-
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ulation on LTBP1 and LTBP4 mRNA levels. Supporting
this last possibility, ABT-510 or ABT-898 administration
did not normalize LTBP levels, even though TGF-B1 ac-
tivity was restored. This is the first report of LTBP expres-
sion and regulation in normal and tumoral pituitary tissue.

As previously mentioned, prolactinomas are the most
prevalent type of pituitary tumors in humans and gener-
ally respond well to a medical therapy with dopamine
agonists. However, for patients exhibiting resistance to
dopaminergic drugs, alternative therapies are desired. The
definition, causes, behavior, and mechanisms of dopa-
mine agonist-resistant prolactinomas were recently well
reviewed (11, 12). Resistant prolactinomas tend to be
large, invasive, and hyperangiogenic with high mitotic in-
dexes. These conditions lead to the need of surgery and/or
radiosurgery.

TGF-B1 has been postulated to mediate, in part, the
inhibitory actions of dopamine on lactotrope cell prolif-
eration (33, 54). We recently reported that pituitaries from
mice with a null mutation in the dopamine type 2 receptor
have lower active and total TGF-B1 compared with wild-
type controls, highlighting the stimulatory role of dopa-
mine on pituitary TGF-1 (36). On the other hand Sarkar
and colleagues (33-35) and our present results demon-
strated decreased levels of pituitary TGF-B1 in female rats
treated with estradiol, concomitantly with the increase in
PRL levels. Moreover, the TSP-1 levels and its antiangio-
genic effect are reduced in prolactinomas induced by es-
tradiol. We suggest that recovering pituitary TSP-1 and
TGF-B1 activities could reduce the progression of pro-
lactinomas. Treatments that improve pituitary TGF-B1
activity would be an interesting alternative therapy in do-
pamine agonist-resistant prolactinomas.

Our results show that ABT-510 and ABT-898 decrease
pituitary tumor angiogenesis, tumor size, proliferation
rate, and serum prolactin values and restore pituitary
TGF-B1 activity. We postulate that the increased cytokine
activation participates in the inhibition of lactotrope func-
tion. The mechanisms involved in TGF-B1 activation in-
duced by ABT-510 and ABT-898 are still unknown and
have not been previously reported.

Our results suggest these antiangiogenic molecules as
possible therapy in current treatments against prolactino-
mas, especially in those who are resistant to dopaminergic
drugs.
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