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a b s t r a c t

Thyroid hormones (TH) – 3,5,30-triiodo-L-thyronine (T3) and L-thyroxine (T4) – are impor-
tant regulators of differentiation, growth, metabolism, and physiological function in most
tissues. TH have been also implicated in cellular transformation, tumorigenesis and metas-
tasis, assuming particular importance in tumor induced angiogenesis. TH-induced angio-
genesis is thought to be initiated at integrin avb3 membrane receptor mainly through T4

binding. The reduction of TH in circulation or the inhibition of TH actions at the integrin
avb3 receptor would consequently produce a reduction on the proliferative and angiogenic
TH effects. Therefore, targeting TH actions could be an alternative adjuvant therapy against
cancer proliferation and angiogenesis.

� 2010 Elsevier Ireland Ltd. All rights reserved.
1. Introduction

Thyroid hormones (TH) – 3,5,30-triiodo-L-thyronine (T3)
and L-thyroxine (T4) – are important regulators of differen-
tiation, growth, metabolism and physiological function of
virtually all tissues. Cellular activity of thyroid hormone
is usually classified as genomic (nuclear) and non-genomic
(initiated either at cytoplasm or at membrane TH recep-
tors). The genomic mechanism of action of TH, and in par-
ticular of T3, requires the participation of nuclear thyroid
hormone nuclear receptors (TRs). TRs are codified by THRA
and THRB genes and are presented in four major isoforms
(TRa1, TRb1-3) that bind to specific DNA motifs on T3-tar-
get genes promoters, TREs (thyroid hormone responsive
elements), leading to the activation or repression of its
transcription [1]. Besides its action in normal cellular and
tecidular metabolism, TH has been also implicated in cellu-
lar transformation, tumorigenesis and metastasis, assum-
ing particular importance in tumor induced angiogenesis.
and Ltd. All rights reserved.
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The action of TH as vascular growth factors appears to be
mediated through non-genomic mechanisms, involving
cell surface receptors, the integrin avb3 receptor [2], or
extranuclear TRb [3] or TRa [4,5]. TH non-genomic actions
initiated at the membrane result in the activation of ubiq-
uitous intracellular pathways, common to those of classical
pro-angiogenic modulators. Thus, TH can be classified as a
‘‘non-classical’’ pro-angiogenic modulator given that the
gathered data indicate that their action is partially, medi-
ated by ‘‘classical’’ pro-angiogenic molecules such as vas-
cular endothelial growth factor (VEGF) and fibroblast
growth factor-2 (FGF-2, also termed bFGF – basic fibroblast
growth factor) [6].

2. Tumor induced angiogenesis

Angiogenesis occurs during embryonic development
and, in post-natal life, in both physiological and patholog-
ical conditions. Tumor growth, invasion and metastasis are
strongly associated with angiogenesis. The formation of
new vessels from pre-existing ones promotes tumor
growth by conveying oxygen and nutrients and removing
catabolities. Therefore, the transition of tumors from a dor-
mant to a malignant state is angiogenesis-dependent [7,8].
The primary mechanism of angiogenesis is the sprouting of

http://dx.doi.org/10.1016/j.canlet.2010.11.011
mailto:psoares@ipatimup.pt
http://dx.doi.org/10.1016/j.canlet.2010.11.011
http://www.sciencedirect.com/science/journal/03043835
http://www.elsevier.com/locate/canlet


120 M. Pinto et al. / Cancer Letters 301 (2011) 119–126
endothelial cells (ECs), which involves ECs migration to-
wards an angiogenic stimulus, their proliferation below
the sprout, formation of vascular loops leading to the
development of a functioning circulatory network and per-
ivascular positioning of supporting cells, such as pericytes
[9–11].

Angiogenesis is a highly regulated process, controlled
by the balance between positive and negative regulatory
molecules [9,10,12]. When this balance is lost, the ‘‘angio-
genic switch’’ occurs, resulting in ECs proliferation. Several
regulatory factors control the ‘‘angiogenic switch’’ includ-
ing genetic factors, recruitment of inflammatory cells
(which, in turn, secrete angiogenic factors), and mobiliza-
tion of angiogenic cytokines from extracellular matrix
and interactions of adhesion receptors with matrix
metalloproteinases (MMPs). To date, a great number of
molecules have been acknowledged to contribute to the
‘‘angiogenic switch’’ [6]. Among the ‘‘classical’’ factors we
can emphasize the pro-angiogenic VEGF, FGF-2, platelet-
derived growth factor (PDGF), transforming growth factors
(TGFs) and angiopoietins (Angs). ‘‘Non-classical’’ mediators
of angiogenesis include erythropoietin, angiotensin II and
endothelins among others. [6]. Endogenous anti-angio-
genic factors, such as trombospondin-1 (TSP-1), angio-
statin or endostatin also play a relevant role in the
process [13–15].

VEGF and FGF-2 stimulate ECs to secrete several prote-
ases and plasminogen activators, resulting in the degrada-
tion of vessel basement membrane, which in turn allows
cells to occupy the surrounding matrix. The cells migrate,
proliferate and eventually differentiate to form new ves-
sels. Finally, ECs secrete PDGF which attracts pericytes to
ensure the stability of newly formed blood vessels [9,10].
Over time, many different tumors produce more than one
type of endothelial growth stimulus being VEGF and FGF-
2 the most frequent and prevalent. Noticeably, the secre-
tion of VEGF by tumor cells can be stimulated by hypoxia,
via hypoxia-inducible factor-1 (HIF-1), a key transcrip-
tional regulator of this pathway [16]. Hypoxia is an impor-
tant component of homeostatic mechanisms that link
vascular oxygen supply to metabolic demand and occurs
within an expanding tumor mass. Among other events,
VEGF expression can also be potentiated by activation of
oncogenes such as v-ras, k-ras, src and fos and inactivation
of tumor suppressor genes such as p53 [17–20]. TGF-b is a
multifunctional molecule that regulates proliferation and
differentiation of ECs and TGF-b induction of angiogenesis
requires a rapid and transient VEGF-dependent apoptotic
effect [21]. In cancer, TGF-b has a dual role: during the pre-
malignant phase of carcinogenesis, it inhibits tumor cell
growth and induces apoptosis or differentiation; in the
meantime, it has also oncogenic effects. Cancer cells that
have lost the inhibitory growth response exploit the ability
of TGF-b to modulate angiogenesis, cell invasion, or inter-
actions between tumor cells and their microenvironment
that make them more malignant [21–28]. Ang-1 activates
the Tie-2 tyrosine kinase receptor resulting in ECs survival,
while Ang-2 is the naturally occurring antagonist to Ang-1
and prevents Tie-2 activation leading to destabilization of
the quiescent endothelium. Ang-2 induction in host vessels
precedes VEGF up-regulation of tumor cells and plays a key
role in initiating neovascularization [29–33]. Angs and
Tie-2 family have been reported to be involved in the
pathogenesis of several kinds of cancers. Ang-2 is strongly
expressed in the vasculature of tumors and it has been sug-
gested that it may act synergistically with other cytokines,
such as VEGF, to promote tumor-associated angiogenesis
and tumor progression [33–36].
3. Effects of TH in tumor cell proliferation and
angiogenesis

The proliferative effect of T3 and T4 has been demon-
strated in several types of cancer. In breast cancer cell
lines, T3 contributes to tumor cell proliferation through
estrogen response elements mediated gene expression,
by promoting the effects of estrogens themselves [37] or
by up-regulating TGF-a mRNA expression [38]. These ef-
fects are possibly MAPK-mediated estrogen receptor phos-
phorylation [39]. Murine glioma cell lines and human
prostatic carcinoma cells proliferate in response to physio-
logical concentrations of both T3 and T4 [40–42]. In human
hepatoma cell lines, T3 regulates expression in cooperation
with TGF-b and promotes cell proliferation and invasion
[43,44]. TH also enhances the development of gastric can-
cer in rats by stimulating the proliferation of gastric cancer
cells [45,46]. Additionally, TH act as growth factors in both
papillary and follicular human thyroid cancer cell lines
[47]. The first reports implicating thyroid hormone in angi-
ogenesis concerned myocardial hypertrophy induced by T4

in the rat. These studies showed that administration of T4

to rats caused ventricular capillary growth accompanied
by an increased expression of FGF-2 [48–50]. TH analog,
diiodothyropropionic acid (DITPA) is also angiogenic, prob-
ably through non-genomic mechanisms, in the non ische-
mic rat heart and its effect is probably mediated by
classic angiogenic regulators given that it leads to an in-
creased expression of VEGF and FGF-2 in rat coronary arte-
rioles [51,52]. Several studies addressed the role of TH in
both normal and neoplastic cells and tissues, corroborating
their role as ‘‘non-classical’’ angiogenesis regulators, whose
actions normally lead to the expression of genes encoding
‘‘classical’’ angiogenic mediators. A quantitative evaluation
of T3 and T4 induced angiogenesis was performed in vivo in
the chick embryo chorioallantoic membrane (CAM) model
[53,54]. It was demonstrated that FGF-2 mediates T4 angio-
genic effect. Physiological concentrations of the TH induce
similar effects to that of the growth factor alone and when
added together, a synergistic effect was observed [55]. The
specific effect of TH on brain angiogenesis has been re-
cently described and it has been shown to be VEGF-A and
FGF-2 dependent [56]. In primary human hepatocytes,
hepatoma cells, kidney and lung carcinoma cells, T3 stimu-
lates HIF-1 activation and promotes HIF-1 induced gene
expression, leading to VEGF expression [57]. TH analogs,
DITPA and GC-1 (a T3 analog that preferentially binds to
nuclear TRb isoforms) also induced strong angiogenic re-
sponses in the CAM assay, comparable to those of VEGF
and FGF-2 [53,54].

TH-induced angiogenesis is thought to be initiated at
integrin avb3 receptor mainly through binding of T4. T4



Fig. 1. (A) Genomic and non-genomic actions of TH. Schematic representation of thyroid hormones (TH; T4 and T3) genomic actions, initiated at the nuclear
receptors (TRb), and non-genomic actions, initiated at cytoplasmatic receptors (TRb, TRa) and at the plasma membrane on the integrin avb3 receptor. T4

binding (but not T3) to cytoplasmic TRa may cause a change of state of actin. T3 binding (but not T4) to cytoplasmic TRb activates the phosphatidylinositol 3-
kinase (PI-3 K) pathway leading to alteration in membrane ion pumps and to transcription of specific genes such as HIF-1a. TH binding to the integrin
receptor results in activation of mitogen-activated protein kinase (MAPK/ERK1/2). Phosphorylated MAPK (pMAPK) translocates to the nucleus where it
phosphorylates transcription factors including thyroid receptors (TRb), estrogen receptor (ER) and signal transducer activators of transcription (STAT).
Among the gene consequently transcribed are fibroblast growth factor-2 (FGF-2) and vascular endothelial growth factor (VEGF), both classic pro-angiogenic
modulators. (B) Tetrac effects on integrin-mediated TH non-genomic actions. Schematic representation of tetraiodothyroacetic acid (TETRAC) anti-
angiogenic and anti-proliferative actions. Tetrac blocks TH (T4 and to a less extent T3) actions initiated at the plasma membrane on the integrin avb3
receptor. In the absence of TH, tetrac can also block the VEGF and FGF-2 effects. A crosstalk between integrin avb3 receptor and VEGF receptor (VEGFR) and
the epidermal growth factor receptor (EGFR) has been described (dashed double arrowed lines). This cross talk contributes to the overall TH effects and to
the anti-proliferative and anti-angiogenic Tetrac actions.
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Table 1
Summary of proliferative and angiogenic effects of TH.

Model/Cancer cell line TH effects Reference

Myocardial hypertrophy (Rat) Angiogenic. T4 up-regulates FGF-2 [49,50]
Chick CAM Angiogenic. T4 and T4-agorose activate membrane integrin receptors, MAPK pathways

and up-regulates FGF2
[55]

Chick CAM Angiogenic. TH analog DITPA activates membrane integrin receptor and MAPK pathways [54]
Chick CAM Angiogenic. TH analog GC-1 activates membrane integrin receptor, MAPK pathways and

stimulates transcriptional activation via TRb1
[53]

Rat heart Angiogenic. TH analog DITPA stimulates bFGF, VEGF, angiopoietin, and Tie-2 [51,52]
Rat brain and rat brain-derived endothelial

cells (RBE4)
Proliferative and tubulogenesis. T3 and T4 up regulate VEGFA and FGF-2 [56]

Breast cancer (MCF-7; T47-D) Proliferative. T3 leads to activation of estrogen response elements. Promotes esterogens
actions

[37]

Breast cancer (primary cultures) Proliferative. T3 up-regulates TGF-a [38]
Breast cancer (MCF-7) Proliferative. T4 causes phosphorylation by MAPK of nuclear Ers [39]
Murine glioma (C6, F98, GL261) Growth factor. Mediated through integrin membrane receptors [40]
Human prostatic carcinoma (LNCaP) Proliferative. T3 down regulates B-cell translocation gene 2 (BTG2) [42]
Human hepatoma (HepG2-TR) Proinvasive and proliferative. T3 up-regulates TGF-b [43,44]
Gastric cancer (rat) Proliferative. T4 enhances the development of cancer [45]
Papillary (HP2-7, BHP18-21) and follicular

(FTC236) thyroid cancer
Proliferative and antiapoptotic. T3 and T4 activate membrane integrin receptor and MAPK
pathways

[47]
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has a significantly higher affinity for this receptor than T3,
in contrast with nuclear TRs. TH binding to the integrin
avb3 receptor activates mitogen-activated protein kinase
(MAPK, ERK1/2) and culminates in diverse nuclear and cel-
lular events [2,47,55,58–60]. Activated phospho ERKs
(pERK1/2) are responsible for serine phosphorylation of
numerous transcription factors including TRb1 [39,61,62],
estrogen receptor-a (ERa) [39], p53 suppressor protein
[63] and signal transducers and activators of transcription
(STAT1a and STAT3) [64,65]. MAPK-mediated phosphory-
lation of these proteins enhances their transcriptional
activity, leading to increased expression of classical angio-
genic modulators such as FGF-2, VEGF and Ang-2
[55,56,60,66,67]. TH activation of MAPK pathway has also
local membrane effects in ion transporters including
Na,K-ATPase, Na+/H+ exchanger, K+ channel and Ca2+-ATP-
ase [58,60,68,69]. These data, together with the high
expression of integrin avb3 receptor found in both endo-
thelial and tumor cells provide the molecular basis for
the increased angiogenesis observed in vivo in the chick
CAM model upon T4 treatment [2]. Modified TH, covalently
linked to agarose and therefore unable to internalize, still
retain the angiogenic activity of the hormone confirming
that TH angiogenic action is in fact initiated at the mem-
brane level [55].

Tetraiodothyroacetic acid (tetrac) is an inhibitor of thy-
roid hormone activity initiated at the integrin avb3 mem-
brane receptor. Without having itself agonist activity, it
has been widely used to demonstrate the participation of
the integrin membrane receptor in TH non-genomic ac-
tions and in particular, TH-induced angiogenesis [39,40].
In ECs exposed to VEGF, tetrac treatments results in a de-
crease of Ang-2 mRNA levels, but not Ang-1. Given that
VEGF expression is correlated with Ang-2 production in
breast [70] and hepatocellular [71] carcinomas, these
observations suggest that tetrac targets specific angiogenic
pathways. In the absence of TH, tetrac is also capable of
inhibiting the angiogenic effects of both VEGF and FGF-2
in the CAM assay and in vitro on human ECs [66]. This
can be explained by the close association, at the cell mem-
brane, of the integrin avb3 receptor with VEGF and FGF-2
receptors [66]. In fact, the transduction of VEGF signals in
angiogenic and proliferative responses is dependent on a
cross talk between VEGFR-2 and the integrin avb3 receptor
[72–74].

Using tetrac and MAPK inhibitors it has been shown
that the pro-angiogenic effect in the CAM assay induced
by TH analogs, DITPA and GC-1, is also mediated by activa-
tion of integrin avb3 membrane receptor and consequent
activation of the MAPK pathway [2,53,54]. Moreover, tet-
rac induced changes in classical angiogenic modulators
expression. In particular, an increased expression of TSP-
1 gene and a decrease of VEGF-A mRNA has been demon-
strated in MDA-MB-231 breast cancer cells and in h-MTC
thyroid medullary carcinoma cells, after tetrac action
[75,76]. Tumor cell proliferation induced by TH can also
be inhibited by tetrac, suggesting that other mechanisms
of action may also occur [53–55]. This has been demon-
strated in MCF-7 human breast cancer cells and in glioma
cells [39,40,77]. The proliferative TH effect in papillary
and follicular human thyroid cancers is also blocked by tet-
rac, via the integrin avb3 receptor [47]. In vivo studies,
using thyroid cell implants in the CAM and in the nude
mice, have been performed with follicular ((FTC) – 236)
and medullary (h-MTC) thyroid carcinoma cells and again,
both tetrac and tetrac covalently linked to nanoparticles
(which cannot be internalized), reduced the vascularity of
tumor implants and arrested tumor growth, in both mod-
els [76,78]. Tetrac effect is particularly interesting in thy-
roid carcinoma cells given that, in this type of cancer,
increases of VEGF and FGF-2 have been described in both
in vivo and in vitro studies and frequently correlate with in-
creases in cell proliferation and higher tumorigenic poten-
tial [79–83].

Fig. 1 summarizes TH genomic(A) and non-genomic(B)
actions. In Fig. 1B non-genomic actions upon integrin
receptor activation and tetrac effect are highlighted. Note
that in addition to blocking the binding of T4 and T3 to
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the integrin receptor, tetrac regulates by itself the expres-
sion of several genes relevant to cancer cell survival and to
angiogenesis, e.g., thrombospondin. Table 1 summarizes
the proliferative and angiogenic effects of TH in different
models.
4. Therapeutical perspectives

Three decades ago, the Folkman laboratory hypothe-
sized that tumor growth is largely angiogenesis-dependent
and that anti-angiogenesis therapy could be a valuable
strategy for certain types of cancer [13,84,85]. Only in
2004, the US Food and Drug Administration (FDA) approved
the use of bevacizumab, a humanized antibody against
VEGF-A, as a first-line treatment of metastatic colorectal
cancer. Since then, bevacizumab has been used for other
types of cancer, and other anti-angiogenic compounds have
been approved around the world but till now, it has been
clear that the survival benefits offered by these expensive
therapies are very modest [13,14]. Moreover, the beneficial
effects were not continuous, drug resistance frequently oc-
curred possibly because tumor cells produce redundant
angiogenic factors over time [13]. A comprehensive sum-
mary of all the clinical trials involving angiogenic inhibitors
is available in the National Cancer Institute web site (http://
www.cancer.gov/cancertopics/factsheet/Therapy/angio-
genesis-inhibitors). As an example, for thyroid carcinoma,
multiple therapies targeting angiogenesis such inhibitors
of angiogenic kinases, have entered clinical trials. Results
were recently reviewed [86–88].

The use of anti-angiogenic therapy as adjuvant therapy
to classical treatments such as chemotherapy is an
alternative approach treatment. This scheme is based in
the hypothesis that certain anti-angiogenic molecules can
transiently ‘‘normalize’’ the abnormal structure and
function of tumor vasculature to make drug delivery more
efficient [13,89]. As an example, pretreatment with bev-
acizumab improves radioimmunotherapy (RIT) efficacy in
mice subcutaneously grafted with TT-MCT medullary thy-
roid carcinoma cells, with similar toxicity as RIT alone [90].

Given that circulating levels of TH are relatively stable,
angiogenesis and tumor cell proliferation mediated by
non-genomic actions of TH may be assumed to contribute
to a normal basal activity of these processes. Therefore, tar-
geting TH actions could be an alternative adjuvant therapy
against cancer proliferation and angiogenesis. To achieve
this, two strategies are discussed: (a) reduction of TH in
circulation and (b) inhibition of TH actions at the integrin
avb3 receptor.

Reducing TH circulating levels would decrease genomic
and non-genomic effects in cancer cells and consequently
produce a reduction on proliferation and angiogenesis,
among other effects. Accordingly, primary hypothyroidism
is associated with a reduced incidence of breast carcinoma
[91] and patients with glioblastoma had significantly
longer survival times when subjected to mild chemical
hypothyroidism [92]. However, and given the diverse
actions of TH in the cell, hypothyroidism can also produce
assorted effects on tumor progression. A retardation of
tumor growth and an increase in invasiveness and metas-
tasis formation was observed in hypothyroid mice with
xenografts of human hepatocarcinoma and breast cancer
cells, independently of the presence of TRs on the tumor
cells [93]. A possible way to refine this approach, and avoid
secondary effects related to the reduction of TH genomic
actions, would be to specifically reduce T4 levels, for exam-
ple by modulating the activity of iodothyronine deiodinas-
es. Nonetheless, the success of this strategy is intimately
related to the type of cancer in question. Recently, a
case-control study showed that the use of synthetic T4 is
associated with significantly reduced relative risk of colo-
rectal cancer [94].

The direct inhibition of integrin avb3 receptors with TH
analogs is another possible therapeutical approach. Tetrac
and tetrac nanoparticles (that cannot gain access to the
TH nuclear receptors) have been shown to have anti-angio-
genic and anti-proliferative effects in thyroid hormone-
responsive tumor cells such as glioma, breast and thyroid
carcinoma cells [39,40,47,55,60,76,78]. Further, tetrac
treatment was also shown to reduce tumor growth and
angiogenesis in in vivo models of breast, renal and thyroid
cancer [76,78,95,96]. Given tetrac’s relative lack of toxicity
and participation in both membrane export mechanisms
and in intracellular pathways, it was used in a study to ad-
dress tumor resistance to chemotherapeutic agents. Tetrac
enhanced cellular response to doxorubicin, etoposide, cis-
platin, and trichostatin A in resistant tumor cell lines de-
rived from neuroblastoma, osteosarcoma, and breast
cancer [95]. Recently, new tetrac and TH analogs have been
synthesized and shown to have increased anti-angiogenic
effect both in CAM and mouse–matrigel models [97,98].

In conclusion, TH, and in particular T4, are now seen as
non-classic mediators of tumor angiogenesis and prolifera-
tion. This characteristic led several authors to evaluate
their role as adjuvant therapy. Although the data available
is scarce and at a preclinical level the modulation of TH ac-
tions, in particular those mediated by the integrin avb3
membrane receptors, might became an effective adjuvant
anti-angiogenic therapy against cancer progression.
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