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Abstract

Anaplastic thyroid carcinoma is an aggressive form of
cancer with no treatment. Angiogenesis inhibitors, such as
TNP-470, a synthetic derivative of fumagillin, have been
shown to reduce tumor size and increase survival in
heterotopic animal models of thyroid cancer. Our goals
were to determine the effect of TNP-470 on anaplastic
thyroid cancer using an orthotopic murine model, to
identify the molecular pathways of TNP-470 actions on
endothelial cells, and to determine the non-endothelial
tumor effects of TNP-470. We injected human anaplastic
thyroid carcinoma cells (DRO’90) into the thyroid glands of
nude mice. Mice received TNP-470 (30 mg/kg) s.c. for
6 weeks. TNP-470 prolonged survival and reduced liver
metastases. TNP-470 had direct cytotoxic effects on
anaplastic thyroid carcinoma cells in vitro and in vivo.
Paradoxically, TNP-470 increased vascular endothelial
growth factor secretion from tumor cells in vitro and
in vivo. However, there was no associated increase in
tumor microvessel density. In endothelial cells, TNP-470
prevented vascular endothelial growth factor-induced
endothelial permeability, intercellular gap formation, and
ruffle formation by preventing Rac1 activation. [Mol
Cancer Ther 2007;6(4):1329 - 371

Received 9/8/06; revised 11/16/06; accepted 2/8/07.

Grant support: American Heart Association grant 0535019N (D. Nahari),
Robert Wood Johnson Foundation/Harold Amos Medical Faculty
Development Program (F.E. Nwariaku), and NIH grants RO1
GMO067674-01A1 (F.E. Nwariaku), RO1-HL61897 (L. Terada), and
RO1-HL67256 (L. Terada).

The costs of publication of this article were defrayed in part by the
payment of page charges. This article must therefore be hereby marked
advertisement in accordance with 18 U.S.C. Section 1734 solely to
indicate this fact.

Requests for reprints: Fiemu E. Nwariaku, Department of Surgery,
University of Texas Southwestern Medical Center, 5323 Harry Hines
Boulevard, Dallas, TX 756390-9156. Phone: 214-648-9968;

Fax: 214-648-4784. E-mail: Fiemu.nwariaku@utsouthwestern.edu

Copyright © 2007 American Association for Cancer Research.
doi:10.1158/1535-7163.MCT-06-0554

Introduction

Anaplastic thyroid carcinoma is a locally aggressive and
highly metastatic tumor with a median survival of 3 to 4
months. Cure rates of anaplastic thyroid carcinoma are
low due to the absence of clinically effective systemic
agents for a tumor that is already systemic at the time of
presentation (1). Vascular endothelial growth factor
(VEGF) is the major proangiogenic factor secreted by
tumor cells. VEGF induces proliferation, migration, and
survival of endothelial cells, leading to formation of new
blood vessels that are essential for tumor growth and
metastases. Previous studies show that elevated VEGF
levels persist in patients with incomplete resection of
thyroid cancer and return to control levels after clinical
cure (2, 3). Neoplastic thyroid cells express increased
levels of VEGF in vitro (2, 4), and patients with thyroid
cancer have elevated VEGF levels in both tumors and
serum (5, 6). Preclinical studies also show the effectiveness
of antiangiogenic agents in thyroid cancer (3, 7). However,
the clinical trials will require further examination using
clinically relevant animal models. Given the effect of the
host microenvironment on tumor response to antiangio-
genic therapy, an orthotopic model of thyroid cancer is
necessary to study the effectiveness of current antiangio-
genic agents (2, 3). Orthotopic animal models of human
cancers have the advantage of a relevant tissue microen-
vironment, which most closely models the human disease
(8, 9). This study reports our observations with antiangio-
genic therapy in a newly developed orthotopic model of
human thyroid cancer. TNP-470 is a synthetic derivative of
fumagillin with potent selective effects on endothelial cells
in vitro (10) and inhibition of tumor growth in vivo (11). In
clinical trials, TNP-470 slows tumor growth and is
associated with complete tumor responses (12). TNP-470
and its polymer conjugate caplostatin each inhibits VEGF-
induced endothelial hyperpermeability, causing a decrease
in calcium influx and vesiculovacuolar organelle trancy-
tosis (13, 14). However, the mechanisms for the inhibitory
effect of TNP-470 on endothelial proliferation and migra-
tion are not fully elucidated. Furthermore, the molecular
targets for TNP-470 in endothelial and tumor cells are
unknown. This information is necessary to better identify
which tumors are likely to respond to TNP-470 and to
design similar agents in the future. In this study, we show
that TNP-470 prolongs survival in an orthotopic model of
anaplastic thyroid cancer. We also show that TNP-470
causes tumor cell apoptosis and reduces proliferation.
Finally, we report the novel finding that TNP-470 prevents
VEGF-induced endothelial cell-cell adhesion, ruffle forma-
tion, and cytoskeletal changes, by preventing activation of
Racl, a member of the Rho family of GTPases. We have
previously shown that TNP-470 inhibits VEGF-induced
endothelial cell migration and RhoA activation (14). Rac
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Figure 1.

Characterization of orthotopic mouse model for anaplastic thyroid carcinoma. A, survival curve for mice injected with DRO’90 cells at the

following concentrations: 5 x 10* (light gray dotted line), 1 x 10° (dark gray line), or 2.5 x 10° (black line). End point for curves do not represent death
from tumors, but time of euthanasia based on guidelines of the Institutional Animal Care and Use Committee. B, H&E staining of anaplastic thyroid tumors

showing both neural and tracheal invasion.

has been shown to regulate cytoskeletal reorganization,
cell morphology, adhesion, motility, and mitogen-activat-
ed protein kinase activation (15) and the integrity of
intercellular junctions (16). Here, we extend our findings
to implicate the Rac pathway as a mechanism for effects of
TNP-470 on endothelial migration and angiogenesis.

Materials and Methods

Cell Lines

Human umbilical vein endothelial cells (HUVEC) were
purchased from Cambrex (Walkersville, MD) and cultured
in EGM-2 medium (Cambrex). Anaplastic thyroid carcino-
ma cells were kind gifts from Dr. Guy Juillard (University
of California, Los Angeles, CA; DRO'90) and Dr. Kenneth B
Ain (University of Kentucky, Lexington, KY; KAT4B). Both
cell lines were derived from patients with anaplastic
thyroid cancer and have been shown to have several
chromosomal abnormalities (17). DRO90 and KAT4B cells
were cultured in RPMI 1640 supplemented with 10% FCS,
sodium pyruvate, MEM nonessential amino acid, gentami-
cin, and 25 mmol/L HEPES (Invitrogen, Carlsbad, CA).
Both cell lines were used for in vitro experiments
(proliferation, caspase assay, and VEGF secretion), whereas
only the DRO90 line was used for tumor injections.

Animal Experiments

Male athymic NCr-nu/nu (nude) mice were obtained at
4 to 8 weeks of age (Charles River Laboratories, Wilmington,
MA; National Cancer Institute, Bethesda, MD). Mice were
fed irradiated 6% mouse chow and water ad libitum and
handled at all times in a specific pathogen-free environment.
Surgical procedures were done under aseptic conditions.
All procedures and interventions were approved by the
Institutional Animal Care and Use Committee of University
of Texas Southwestern Medical Center at Dallas.

Cell Injections

DRO90 cells were injected as previously described (18).
Injection of the thyroid was done in 8- to 12-week-old mice.
Mice were anesthetized with i.p. injections of Avertin
(tribromoethanol, 1.25 mg/mL). Animals were stabilized in
the supine position on a surgical stage with sterile pins. A
sterile field was developed by cleaning the surgical site
with a Povidone-Iodine Swabstick and 70% alcohol pads. A
1-cm midline cervical incision was made in the neck with
the aid of an operating microscope. Submandibular glands
and midline strap muscles overlying the trachea were
reflected to expose the thyroid lobe. Each mouse was
injected with 2.5 x 10° DRO cells in 5 pL of RPMI 1640 in
one thyroid lobe, and the skin was closed with stainless
steel wound clips. This concentration of cells was based on
experiments showing that 2.5 x 10> DRO cells reliably
resulted in tumors that were large enough to be visualized
and treated within 1 week (Fig. 1A). The animals were
allowed to recover from anesthesia while maintained at a
constant body temperature with the use of a heating pad. In
accordance with Institutional Animal Care and Use
Committee policies, buprenorphine hydrochloride was
administered as analgesia at a dose of 0.05 to 0.1 mg/kg
before complete recovery and repeated after 12 h. Animals
were monitored, and surgical staples were removed
after 7 to 14 days. All animals were euthanized 6 weeks
after injection or after >20% weight loss. In addition,
animals that seemed uncomfortable, ill-looking, or in pain
before 6 weeks were euthanized immediately. No animals
were followed until death. All procedures and protocols
were approved by the Institutional Animal Care and
Use Committee (APN # 0871-06-03-1). Euthanasia was
accomplished using CO,, after which the entire trachea and
tumor were resected en bloc. Tumors were divided into
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paraffin-embedded blocks or frozen for immunohistochem-
istry and ELISA. A section of tumor and attached trachea
from each animal was stained by H&E to confirm that the
tumors were within the thyroid gland. In addition, lungs
and liver were harvested. Blood for serum VEGEF levels was
obtained by cardiac puncture immediately after death.

Interventions

Six days after tumor cell injection, mice were divided into
two groups, each of which was treated for 6 weeks as
follows: TNP-470 (30 mg/kg) s.c. thrice a week and 200 pL
Ringer’s Lactate solution (B. Braun Medical, Inc., Irvine,
CA) i.p. thrice a week as control group. Body weight and
general clinical status of the animals were assessed twice a
week.

Immunohistochemistry

Immunohistochemistry was done for cleaved caspase-3
(apoptosis), Ki-67 (proliferation), thyroglobulin (thyroid
cell marker), and CD31 (vascular marker). The protocol for
immunohistochemistry is as follows: 5-um-thick paraffin-
sectioned slides (Histobond; Statlab, Lewisville, TX) were
first heated for 10 min at 55°C. Slides were then deparaffi-
nized with xylene, rehydrated with graded ethanol, and
blocked with 3% hydrogen peroxide (Fisher, Houston, TX).
For proliferation and apoptosis, tumor sections were
stained with mouse antihuman Ki-67 (clone MIB-1;
DakoCytomation, Carpinteria, CA) and rabbit anti-human
cleaved caspase-3 (Asp'’>; Cell Signaling Technology,
Danvers, MA), respectively. MIB-1 slides underwent heat-
induced epitope retrieval with Biocare Medical Reveal in
DAKO Pascal pressure cooker. Slides were incubated with
10% goat serum followed by incubation with MIB-1
primary antibody, goat anti-mouse secondary antibody,
and streptavidin horseradish peroxidase label were then
added. Cleaved caspase-3 was incubated for 60 min at
room temperature on a DAKO automated stainer. DAKO
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Figure 2. TNP-470 prolongs survival in anaplastic thyroid cancer. Six
days after injection of 2.5 x 10° DRO’90 cells, mice were divided into two
groups and treated for 6 wks as follows: s.c. TNP-470 (30 mg/kg), 3% a
week (gray line) and equal volumes of Ringer’s Lactate solution, 3% a
week as control group (black line). TNP-470 significantly prolonged
survival (P < 0.05).
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Envision dual-link polymer was then applied for 30 min.
Finally, DAKO DAB" chromogen was applied for 10 min.
For thyroid cell staining, tumor sections were stained with
mouse anti-human thyroglobulin (DakoCytomation). Im-
munohistochemistry slides were counterstained with light
hematoxylin (Richard Allen, Mayer’s hematoxylin) for
3 min and blued in DAKO PBS without Tween. Cryostat
sections of the tissues were cut and stained with anti-CD31
for the vasculature. Anti-mouse CD31 (dilution, 1:200; BD
PharMingen, San Diego, CA) and peroxidase-conjugated
donkey anti-rat IgG (dilution, 1:200; Jackson ImmunoR-
esearch, West Grove, PA) antibodies were used to identify
the neovasculature.

Serum VEGF Levels

Serum was separated by centrifugation (13,000 rpm, 10
min, 4°C) and stored at —80°C for analysis. Mouse serum
VEGEF levels were determined using an ELISA kit according
to the manufacturer’s instructions. (R&D Systems, Minne-
apolis, MN). Measurement of mouse VEGF levels was done
to determine the relative contribution of host (mouse)
VEGEF secretion from mouse fibroblasts, macrophages, and
endothelial cells to tumor growth.

Tumor VEGF Levels

Tumor tissues were homogenized in cell lysis buffer
(R&D Systems) at 0°C. Homogenates were frozen and
thawed thrice. Soluble protein fraction was separated by
centrifugation at 16,000 x g for 20 min at 4°C. Protein
concentration of the supernatants was measured by
Bradford. Lysates were stored at —80°C until used; 200
ug of total lysate was added to each well of a 96-well plate,
and human VEGF levels were determined using an ELISA
kit according to the manufacturer’s instructions. (R&D
Systems).

In vitro Tumor Cell VEGF Levels

DRO90 or KAT4B cells were cultured and then treated
with TNP-470 (10 or 20 ug/mL) for 24 h. Human VEGF
levels in supernatants were determined using an ELISA
kit according to the manufacturer’s instructions (R&D
Systems).

Caspase-3 Assay

DRO'90 or KAT4B cells were seeded (5 x 10°) and then
exposed to TNP-470 (10 or 20 pg/mL) for 24 h. Apoptosis
was measured using caspase-3/CPP32 colorimetric assay
kit (BioVision, Mountain View, CA) according to manu-
facturer’s instructions.

Cell Proliferation

Cell proliferation was assessed using a colorimetric
immunoassay kit to quantify incorporation of bromodeox-
yuridine during DNA synthesis (Roche Diagnostics,
Mannheim, Germany). Briefly, the cells were treated with
TNP-470 (20 or 40 pg/mL) for 24 h before assessment of
proliferation, and bromodeoxyuridine was added to the
cells for 24 h. Fixation and partial DNA denaturation were
done before staining with anti-bromodeoxyuridine anti-
body. Immune complexes were detected by subsequent
substrate reaction, and the absorbance at 450 nm was
measured using Beckman Coulter AD340 plate reader
(Beckman Coulter, Fullerton, CA).
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Figure 3.

TNP-470 inhibits proliferation, increases apoptosis, and increases VEGF secretion in thyroid tumors in vivo. A, paraffin-embedded tissues

were sectioned, and slides were stained with cleaved caspase-3 antibody to measure apoptosis (top) or cell proliferation using Ki-67 antibody (bottom).
Both sections reveal increased apoptosis and decreased proliferation induced by TNP. B, human VEGF levels in DRO tumor lysates were measured by

ELISA. TNP increased tumor (human) VEGF secretion. *, P < 0.05.

In vitro Endothelial Experiments

Adenoviral Green Fluorescent Protein Constructs and
Confocal Microscopy. HUVEC were infected with adeno-
virus construct coding for the full-length vascular endo-
thelial cadherin-green fluorescent protein (GFP) as
previously described (19), or actin-GFP fusion protein
(Clontech, Palo Alto, CA) in combination with adenoviral
constructs coding for the dominant-negative Rac plasmid,
RacN17, or constitutively active RacV12 (a gift from Dr.
Kaikobad Irani, Johns Hopkins Medical Center, Baltimore,
MD). The following day, cells were starved using EBM
medium supplemented by 1% FCS. Twenty-four hours
after starvation, the cells were treated with TNP-470 (20
ng/mL) for 2 h followed by VEGF treatment (50 ng/mL).
Monolayers were then examined after 30 and 60 min using
a Zeiss 410 Axiovert LSM laser scanning confocal micro-
scope (Carl Zeiss, Oberkochen, Germany).

Permeability Assay. VEGF-induced endothelial cell
permeability was examined by measuring trans-endothelial
monolayer electrical resistance, using an Electric Cell-
substrate Impedance Sensing, ECIS system (Applied
BioPhysics, New York, NY). Confluent HUVEC were
cultured using EGM-2 medium supplemented with 2.5
mg/mL HBOC-201 (Biopure Corp., Cambridge, MA) in
specialized wells (Applied BioPhysics) and exposed to
TNP-470 (5 or 20 ng/mL) and VEGF (150 ng/mL) the
following day. These concentrations are based on prior
experience showing that these concentrations inhibited Rho
activation and migration in human microvascular endo-
thelial cells (14). Electrical resistance was measured for 4 h.
Increased permeability is indicated as a decrease in the
monolayer electrical resistance.

Rac Activation. The Rac activation assay kit was
purchased from Upstate Cell Signaling Solution (Lake

Placid, NY) and was done according to the manufacturer’s
instructions. Briefly, HUVEC lysates were loaded with
GTP~S (positive control) or GDP (negative control), or cells
were infected with RacV12 or LacZ and then treated with
VEGF (50 ng/mL) or TNP-470 (20 ng/mL). The lysates
where then incubated with 10 pg Rac/cdc42 Assay Reagent
(PAK-1 PBD, bound to glutathione agarose beads) per 0.5
mL of cell lysate. The proteins bound to PAK-1 PBD were
separated by SDS-PAGE, transferred to nitrocellulose, and
blotted with anti-Racl (1 pg/mL). Whole-cell lysates from
the same samples were also blotted with anti-Rac to
measure total Rac.

Statistical Analysis

Statistical analysis was done by using ANOVA, with
significance set at P < 0.05.

Results

Orthotopic Model Mimics Human Anaplastic Thyroid
Cancer

Following the injection of 2.5 X 10° DRO'90 cells, 90% of
injected mice developed tumors that were palpable within
a few days and visible by 21 days (Fig. 1B). Mice that did
not develop tumors were excluded from the study. Tumors
showed many histologic hallmarks of anaplastic thyroid
cancer, such as extra-thyroidal extension, tracheal, and
nerve invasion (Fig. 1B). In untreated mice, tumors rapidly
reached sizes up to 1 g. Liver metastases observed were
small and distributed through both lobes of the liver.

TNP-470 Inhibits Tumor Growth, Reduces Metastases,
and Prolongs Survival in Anaplastic Thyroid Cancer

Compared with saline-treated controls, animals that
received TNP-470 had significantly longer survival (P =
0.006; Fig. 2). Although average tumor weight at 21 days
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was not significantly different between treatment groups
(0.38 £+ 0.08 versus 0.35 =+ 0.007, respectively), gross
examination of the livers revealed that TNP-470 signifi-
cantly reduced visible liver metastases (16.6% versus 50%).

Tumor Proliferation and Apoptosis

To determine the effects of TNP-470 on anaplastic thyroid
cancer cells, we examined tumor apoptosis by cleaved
caspase-3 immunohistochemistry and cellular proliferation
by staining for the nuclear Ki-67 antigen in DRO'90 tumors.
DRO'90-derived tumors treated with TNP-470 showed
marked increase in caspase-3 staining and decreased
proliferation as measured by Ki-67 immunohistochemistry
compared with tumors from untreated animals (Fig. 3A).
Counterstaining with H&E and CD31 confirmed that
caspase-3 and Ki-67 staining was restricted to tumor cells
and not host endothelial cells. These results suggest that
TNP-470 has a direct cytotoxic effect on anaplastic thyroid
carcinoma cells. This is consistent with our previous data
showing that TNP-470 is cytotoxic to U87 glioblastoma
tumor cells at concentrations above 1 mg/mL, in contrast to
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Figure 4.
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its effect on endothelial cells, which occurs at much lower
concentrations (14).

Tumor VEGF Levels

To determine the effect of TNP-470 on VEGF secretion,
we measured VEGF levels in serum and tumor lysates.
Although serum mouse VEGF levels were similar between
TNP-470-treated and untreated animals (data not shown),
human VEGF levels in tumor lysates were elevated in
animals treated with TNP-470 (P = 0.008; Fig. 3B). This
increase was not accompanied by increased microvessel
density, as measured by CD31 staining (data not shown).

In vitro Experiments

To confirm the observations (increased apoptosis and
reduced proliferation) in tumor sections, and to explain the
lack of correlation between VEGF secretion and microvas-
cular density, we did in vitro experiments to characterize
the response of DRO'90 cells to TNP-470. DNA synthesis
was examined using bromodeoxyuridine incorporation,
whereas apoptosis was examined by ELISA for cleaved
caspase-3. To confirm TNP-470-induced tumor apoptosis
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TNP-470 increases apoptosis, decreases proliferation, and increases secretion in vitro. A, DRO'90 cells were exposed to TNP-470 for 24 h,

and apoptosis was measured by ELISA for caspase-3 activation. TNP exposure resulted in a dose-dependent increase in caspase-3 activity. B, cellular
proliferation in DRO’90 cells was assessed by quantifying the incorporation of bromodeoxyuridine during DNA synthesis at two concentrations of cells
(black column, vehicle controls; light gray column, TNP-470, 20 pg/mL; dark gray column, TNP-470, 40 pg/mL). TNP caused a dose-dependent decrease
in DNA synthesis. *, P < 0.05. C, similar findings were observed in KAT4b cells. TNP-470 caused a similar dose-dependent increase in tumor cell
apoptosis (gray columns) and decreased proliferation (black columns) in KAT4b cells in vitro. D, in vitro VEGF levels in supernatants from DRO’90 (black
columns) and KAT4b (gray columns) cells exposed to TNP-470 (10 or 20 pg/mL). Both cell lines responded to TNP exposure by increasing VEGF

secretion.
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TNP-470 inhibits VEGF-induced intercellular gap formation and endothelial permeability. A, HUVEC infected with the adenoviral construct

encoding full-length vascular endothelial cadherin-GFP fusion protein were exposed to TNP-470 (20 ng/mL) for 2 h followed by VEGF. Confocal microscopy
images were acquired after 60 min. Top, intercellular gap formation after 60 min of VEGF exposure (white arrows). Bottom, absence of gap formation in
monolayers exposed to both VEGF and TNP470. B, trans-endothelial monolayer electrical resistance was performed using the ECIS system. Confluent
endothelial monolayers were exposed to TNP-470, 2 h before the addition of VEGF. VEGF (150 ng/mL) was added to all the wells except the empty control
and TNP control well. The cells exposed to VEGF only showed early increase in permeability (drop in TER). TNP significantly prevented VEGF-induced
endothelial permeability in a dose-dependent fashion. *, P < 0.05, VEGF only versus VEGF + TNP.

observed in tumor sections, we examined caspase-3
activation in DRO90 in wvitro. TNP-470 significantly
increased apoptosis (Fig. 4A) and decreased DRO90
proliferation in vitro (Fig. 4B) compared with vehicle
controls (P < 0.05). Similar observations were present in
KAT4b cells (Fig. 4C). We also exposed DRO'90 or KAT4b
cells to TNP-470 or vehicle in vitro and measured VEGF
secretion. TNP-470 markedly increased VEGF secretion by
both cell types in vitro (P = 0.0001; Fig. 4D).

Endothelial Effects of TNP-470

TNP-470 Prevents VEGF-Induced Intercellular Gap
Formation and Endothelial Permeability. VEGF causes
endothelial proliferation, loss of homotypic adhesion,
increased paracellular permeability, and endothelial mi-
gration (20, 21). Therefore, we examined the effects of TNP-
470 on endothelial cell-cell adhesion and permeability.
Vascular endothelial cadherin is the main component of
endothelial adherens junctions, which regulate endothelial
homotypic adhesion and barrier function (22). We overex-
pressed vascular endothelial cadherin by infecting HUVEC
with an adenoviral vector coding for a vascular endothelial
cadherin-GFP fusion protein, which enables live-cell
imaging by confocal microscopy. The cells were then
exposed to VEGF (50 ng/mL) in the presence or absence
of TNP-470. TNP-470 prevented VEGF-induced intercellu-
lar gap formation (Fig. 5A) and increased EC permeability
in a dose-dependent manner (Fig. 5B).

TNP-470 Prevents VEGF-Induced Endothelial Cytoskel-
etal Changes and Ruffles. VEGF-induced endothelial
migration is associated with morphologic changes in the
actin cytoskeleton and ruffle formation (20, 21). Therefore,
we examined the effect of TNP-470 on VEGF-induced stress
fiber and ruffle formation. HUVEC infected with adenovi-
ral actin-GFP were exposed to VEGF (50 ng/mL) in the
presence or absence of TNP-470 (20 ng/mL). Using

confocal microscopy, we observed marked increase in
endothelial stress fibers 30 min after VEGF exposure
(Fig. 6A, top right). This was associated with formation of
actin-rich ruffles at the leading edge of migrating cells.
TNP-470 prevented both VEGF-induced ruffle formation
and the changes in the endothelial cytoskeleton and cell
morphology (Fig. 6A, bottom right).

Rac Activation

Rac activation is associated with ruffle formation and
endothelial migration (15, 23). Therefore, we examined the
effects of TNP-470 on endothelial Rac activation. HUVEC
were infected with adenoviral actin-GFP in combination
with adenoviral constructs coding for the dominant-
negative RacN17 or constitutively active RacV12. Cells
were then exposed to VEGF in the presence or absence of
TNP-470. Dominant-negative RacN17 prevented VEGF-
induced ruffle formation (Fig. 6B, top right), whereas
treatment with TNP-470 blocks ruffle formation induced
by the constitutively active RacV12 (Fig. 6B, bottom right). In
addition, we show that TNP-470 inhibits Rac activation
induced by RacV12 (Fig. 6C).

Discussion

In this study, we show that TNP-470 inhibits proliferation
of anaplastic thyroid carcinoma cells and prolongs survival
in an orthotopic mouse model. Furthermore, TNP-470
increased tumor cell apoptosis, decreased proliferation in
two different human anaplastic thyroid cancer cell lines,
and prevented VEGF-induced endothelial cell-cell adhe-
sion, ruffle formation, and cytoskeletal changes. The latter
effects seem to be Rac dependent. Anaplastic thyroid
cancer accounts for approximately one quarter of the
deaths from thyroid cancer. At the time of presentation,
more than three quarters of patients have lymph node

Mol Cancer Ther 2007;6 (4). April 2007



metastases, and 50% have distant metastases (24). Most
patients present with large tumors, and the average
survival is less than 1 year, making this the most aggressive
subtype of thyroid cancer. A major challenge in developing
effective therapy is the relative lack of clinically relevant
animal models in anaplastic thyroid cancer. S.c. xenograft
models are a popular method used to study human
cancers; however, there is evidence that orthotopic models
more closely mimic the tumor microenvironment (and is
more clinically relevant) in human cancer (8, 9). Kim et al.
previously showed the feasibility of an orthotopic thyroid

A B8

TNP- 470 TNP- 470 + VEGF

Molecular Cancer Therapeutics

cancer model (18). Similarly, our model shows a high
tumor take (90%) in a short period. These tumors have
similar characteristics to human anaplastic thyroid cancer,
including local invasion, metastases, and high mortality.
These characteristics are important if we are to develop
effective therapy in animal models.

Tumor angiogenesis is an important process that facili-
tates the growth and metastases of tumors, including
thyroid cancer (1, 24) Anaplastic thyroid cancer cells
produce endothelial growth factors, and antiangiogenic
strategies reduce thyroid cancer growth in vitro and in vivo

RacN17 + VEGF 30 min

[} RacN17

TNP- 470 + RacV12

Active Rac

Total Rac
lacZ -
RacV12 +
VEGF -
TNP-470 +
GTP S -
GDP -

Figure 6.
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TNP-470 prevents Rac-dependent ruffle formation. A, HUVEC were infected with an adenovirus construct encoding actin-GFP fusion protein.

Endothelial cells were then exposed to TNP-470 (20 ng/mL) for 2 h followed by VEGF exposure (50 ng/mL). Confocal microscopy images were acquired
after 30 min. VEGF exposure caused ruffle formation and prominent actin stress fibers (top right). In contrast, TNP-470 prevented VEGF-induced ruffle
formation (bottom right). B, HUVEC were coinfected with an adenovirus construct encoding actin-GFP fusion protein and either the dominant-negative
RacN17 mutation or the constitutively active RacV 12 mutation. RacN17 prevented VEGF-induced ruffle formation (top right), whereas TNP470 prevented
RacV12-induced ruffle formation (bottom right). C, HUVEC were infected with RacV12 (lanes 1 and 2) or Lac Z (lanes 3 and 4). After 24 h, cells were
exposed to TNP-470 (20 ng/mL; lane 1) or VEGF (50 ng/mL; lane 3) then lysed, and Rac activation was determined. RacV12- and VEGF-activated Rac
(lanes 2 and 3, respectively). TNP-470 prevented RacV12-induced Rac activation. Lane 5, positive control; lane 6, negative control.
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(2, 3,7, 25). In fact, serum levels of proangiogenesis factors
such as VEGF are elevated in patients with thyroid cancer
and decrease after surgical resection (6). Others have also
suggested that angiogenesis inhibition may the mechanism
of action of some modestly effective chemotherapeutic
agents for thyroid cancer (26, 27). These observations
suggest that the use of angiogenesis inhibitors may be a
viable therapeutic strategy for patients with anaplastic
thyroid cancer. TNP-470 [O-(chloroacetyl-carbamoyl)
fumagillol, AGM-1470] was initially derived from fuma-
gillin and has potent antiangiogenic effects in many tumors
(10, 11, 28-31). TNP-470 reduces tumor size in pancreatic
(29, 32), bladder (33), and cervical and prostate cancer (34).
However, few studies have examined the intracellular
pathways that mediate the endothelial effects of TNP- 470.
Even fewer studies report on non-endothelial mechanisms
of TNP-470-induced reduction in tumor growth. One
generally accepted hypothesis is that growth-inhibiting
effects of TNP-470 are due to a reduction in endothelial
proliferation and angiogenesis. We previously showed that
TNP-470 inhibits vascular hyperpermeability of tumor
blood vessels and VEGF-induced migration of endothelial
cells, both important steps in tumor angiogenesis (14). In
this study, we extend those findings by examination of the
mechanisms of TNP-470 effects on cytoskeletal pathways in
endothelial cells. The RhoA family of small GTPases,
including rho, rac, and cdc42, has been shown to regulate
changes in cell morphology, adhesion, motility, and
mitogen-activated protein kinase activation. Rho proteins
also regulate cytoskeletal reorganization and the integrity
of intercellular junctions (15, 23). We previously reported
that TNP-470 inhibits RhoA activation (14). Because both
RhoA and Racl are required for VEGF receptor-2-
mediated endothelial migration (35), and because Rac is
known to cause cytoskeletal changes (16), we hypothesized
that TNP-470 impairs endothelial migration by a Rac-
dependent mechanism.

In the current study, we implicate Rac as a mediator of
VEGF-induced endothelial stress fibers and ruffle forma-
tion, and implicate Rac inhibition as a mechanism for
antiangiogenic effects of TNP-470. TNP-470 also prevented
VEGF-induced loss of endothelial cell homotypic adhesion,
a process that is necessary for endothelial migration and
angiogenesis (36). It is unclear from our studies whether the
loss of homotypic adhesion is the consequence of cytoskel-
etal changes, or if it occurs independently of the cytoskel-
eton. The observed intercellular gap formation associated
with endothelial cell-cell adhesion may have consequences
for increased tumor interstitial pressure and bioavailability
of chemotherapeutic agents given during combination
therapy.

Although much is known about the effects of TNP-470 on
endothelium, there are few reports on direct tumor cell
effects of TNP-470. Huang et al. showed that TNP-470 was
directly cytotoxic to Wilm’s tumor cells (37). We found
increased apoptosis and decreased tumor cell proliferation
after TNP-470 exposure. However, the concentrations of
TNP-470 that caused tumor cell apoptosis in this study

were higher that those reported to cause endothelial
apoptosis (13). Therefore, the observed tumor cell toxicity
in vivo could be secondary to in vivo endothelial toxicity.
However, others have suggested that the chemotherapeutic
agents manumycin and paclitaxel may inhibit anaplastic
thyroid tumor growth by enhancing tumor apoptosis,
regardless of the observed endothelial effects (26, 27, 38).
We also observed that tumor VEGF levels were higher in
animals that received TNP-470 compared with the control
group. This was confirmed by in vitro experiments in both
DRO90 and KAT4b cells. Although this seems counterin-
tuitive, increased VEGF levels following TNP-470 exposure
have been reported in prostate cancer (28) and in SSC leg
bearing mice (39). We speculate that the increased VEGF
expression is a result of TNP-470-induced stress on the
tumor cells. The mechanisms of such stress remain to be
determined. We observed overlap between the concen-
trations of TNP-470, which caused apoptosis, and those
that increased VEGF secretion from tumor cells in vitro.
This may be partially explained by the possibility that the
range of concentrations of TNP-470 used may not result in
uniform cell death in our cell cultures; therefore, the
surviving anaplastic thyroid carcinoma cells may respond
to the TNP-induced stress by increasing VEGF secretion.
However, the implication is that TNP-470 may be best
administered as part of combination therapy. Specifically
TNP-470 may act synergistically with other agents that
prevent VEGF production by tumor cells or sequester
secreted VEGF, such as Avastin, a monoclonal antibody to
VEGEF (40).

The concentrations of TNP-470 used for our in vitro
studies (5-20 ng/mL) are similar to those achieved in
clinical trials (41, 42), which show that serum TNP levels
> 477 ng/mL are not toxic. The concentration used for
in vivo studies have also been used in prior experiments
with no toxicity in mice (13, 14). In clinical trials, TNP
toxicity is predominantly neurologic and has been attrib-
uted to accumulation of TNP-470 in brain tissue. Many of
the observed toxic effects of TNP-470 have been prevented
by the newer polymer conjugate caplostatin, which is
unable to cross the blood-brain barrier (13, 14).

We did not seek to determine the specific molecules that
mediate TNP effects on endothelium (Rac pathway) or
tumors (apoptosis). There are no confirmed molecular
targets of TNP-470; therefore, the identification of molec-
ular targets of antiangiogenic agents such as TNP-470
represents an important question that will form the basis of
future experiments. Identifying such targets will greatly
facilitate the development of improved antiangiogenic
agents and determining the causes of ‘‘resistance” to
antiangiogenic agents.

We have shown that TNP-470 inhibits tumor growth and
metastases and prolongs survival in orthotopic mouse
model of anaplastic thyroid cancer. These findings argue
for the use of TNP-470 in combination with other agents
that prevent VEGF production by tumor cells. We predict
that such approaches will improve the therapeutic effects of
antiangiogenic agents such as TNP-470.
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