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Abstract Integrins are heterodimeric structural components
of the plasma membrane whose ligands include a large num-
ber of extracellular matrix (ECM) proteins. The ligands con-
tain Arg–Gly–Asp (RGD) sequences that enable recognition
of ECM proteins by as many as eight integrins, but other
distinguishing features of the proteins permit the integrins to
generate intracellular signals specific to the ECM molecules.
Recently, integrin αvβ3 has been shown to have a panel of
previously unappreciated small molecule receptor sites for
thyroid hormone and hormone analogues, for dihydrotestos-
terone, and for resveratrol, a polyphenol that has certain
estrogen-like features. These binding sites are close to the
RGD recognition site of αvβ3. The thyroid hormone receptor
site on the extracellular domain of αvβ3 contains two do-
mains with discrete functions in terms of intracellular protein
trafficking and gene expression. Occupancy of the receptor by
a deaminated thyroid hormone analogue, tetraiodothyroacetic
acid (tetrac), prevents cell responses to agonist thyroid hor-
mones (L-thyroxine; 3, 5, 3′-triiodo-L-thyronine) and modu-
lates expression of a number of cancer cell survival pathway
genes in an up- or downregulation pattern coherent to induc-
tion of cell death. The small molecule thyroid hormone

receptor on the integrin also regulates activity of five vascular
growth factor receptors and/or their ligands, providing control
of angiogenesis via specific pharmacologic regulation of this
thyroid hormone receptor. The resveratrol receptor induces
programmed cancer cell death via p53, even when the latter
has undergone specific mutations. There is also evidence for
the presence of several receptors on integrin αvβ3 for authen-
tic steroids, including a dihydrotestosterone site that supports
proliferation of breast cancer cells that lack nuclear androgen
and estrogen receptors. The existence of these small molecule
hormone receptors on an integrin with a remarkably complex
functional profile defines novel pharmacologic options via
individual small molecule receptor manipulation for control
of cancer cell behavior. This refinement of up-down control at
the level of discrete receptors is not a function of the use of
αvβ3 antibody or RGD peptides that occlude regions of the
integrin.

Integrins are signal transducing structural proteins of the plas-
ma membrane [1, 2]. Composed of representative α and β
monomers, more than 20 integrin heterodimers have been
described [1]. The integrins have generous extracellular do-
mains and small domains that are transmembrane and intra-
cellular; the latter are responsible for interactions with signal
transducing kinase pathways and with the cytoskeleton [3].
Extracellular matrix (ECM) proteins are specific ligands of the
extracellular domain of integrins, generating ligand-specific
outside-in signals that are relevant to a variety of cell func-
tions, including motility, cell attachment, cell division, and
gene transcription. The large molecule ECM protein ligands
of integrins include vitronectin, fibronectin, fibrinogen, and
osteopontin [1]. These ligands contain an exposed Arg–Gly–
Asp (RGD) tripeptide sequence.αvβ3 is an integrin important
to angiogenesis and tumor cell biology [4]; it is one of eight
integrins to have an RGD (sequence) recognition site that
facilitates ECM protein–integrin interaction [1]. Integrin
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αvβ3 also specifically interacts with adjacent vascular growth
factor receptors on the cell surface [5, 6] and, in some cases,
with growth factors themselves that are present in ECM. The
interactions (“crosstalk”) with nearby growth factor receptors
permit the integrin to modulate the activity of these receptors.

Until recently, the naturally occurring ligands of αvβ3 have
been viewed exclusively to be proteins. Small molecule ligands
of the integrins have been manufactured that contain the RGD
sequence and enable pharmacologic disruption of integrin–pro-
tein binding or of crosstalk of the integrin with adjacent vascular
growth factor receptors to achieve anti-angiogenesis. In the past
decade, however, we described thyroid hormone-induced an-
giogenesis in a variety of models that is integrin αvβ3 depen-
dent and demonstrated its initiation at a high-affinity receptor for
thyroid hormone on this integrin [7, 8]. Thyroid hormone, i.e., L-
thyroxine (T4) and 3,5,3′-triiodo-L-thyronine (T3) with molecu-
lar weights of 777 and 650 Da, respectively, are thus small
molecule naturally occurring ligands for this integrin and are
specific for αvβ3; that is, they do not bind to other integrins.
The αvβ3 receptor for iodothyronines is wholly different struc-
turally and functionally from the well-studied intracellular, nu-
clear receptors for thyroid hormone (TRs) [9]. The integrin
receptor for thyroid hormone is involved in angiogenesis in
the nonmalignant and cancer settings, in tumor cell proliferation,
in tumor cell chemosensitization [8], and in the inflammatory
process [10]. Further, the receptor distinguishes among thyroid
hormone analogues, enabling anti-angiogenesis, as well as pro-
angiogenesis [8]. Following the description of the iodothyronine
receptor on αvβ3, it has become clear that other nonpeptide
hormones and the estrogen-like stilbene, resveratrol, have dis-
crete receptor pockets on cell surface integrin αvβ3 (Fig. 1).
These receptors, like those for thyroid hormone, are distinct
from previously described binding sites for these hormone or
hormone-like molecules within the cell.

In this review we examine these plasma membrane small
molecule receptor sites and the functions so far assigned to
them. It will become clear that these receptor sites on the
integrin are discrete, able to discern small modifications to
their ligands, very complex in terms of downstream actions,
and important to survival of the cancer cells or vascular cells
they serve. Targeting such individual receptor sites on
αvβ3—rather than a more general approach to the integrin
with antibody or confounding of the RGD recognition site—
may offer strategic advantages in controlling tumor cells or
modulating angiogenesis.

Thyroid Hormone Receptor Site on αvβ3

Evidence that thyroid hormone has cellular or systemic effects
that are independent of the classical nuclear TR molecules has
existed for several decades [8]. Such effects were demonstrated
in vitro in plasma membrane preparations or purified

sarcoplasmic reticulum preparations. They were also shown in
intact cells that lacked TR or were sufficiently rapid in onset to
exclude TR-mediated effects on gene transcription. Evidence
that an integrin might be involved in mediating nongenomic
actions of the hormone emerged from studies of actin polymer-
ization and integrin–laminin interactions [11, 12] and of bone
resorption [13] that were affected by the inclusion of RGD
peptides. Such studies were interpreted to document participa-
tion of ECM proteins in the hormone-induced actions, not to
infer an initiation site for hormone effect. It was also shown in
one of these studies [11] that T4 was capable of regulating the
clustering of integrins on the plasma membrane of astrocytes
and, we presume, of other types of cells.

In 2005, we demonstrated that the pro-angiogenic activity of
physiologic levels of thyroid hormone in the chick chorioallan-
toic membrane (CAM) model [14] was in fact dependent upon
hormone interaction with αvβ3 and the presence of a high-
affinity thyroid hormone receptor on the integrin [7]. This
report was the first to document that a naturally occurring small
molecule—in this case, a nonpeptide hormone—utilized αvβ3
to initiate a biologic function. As noted above, αvβ3 had
already been extensively implicated in regulation of angiogen-
esis. The thyroid hormone studies showed that the novel recep-
tor could distinguish among T4, T3, and the deaminated deriv-
ative of T4, tetraiodothyroacetic acid (tetrac). The latter
inhibited the binding and pro-angiogenic actions of T4 and T3
initiated at the integrin. Agonist thyroid hormone moieties such
as T4 when covalently bound to agarose—and thus incapable
of cell entry—reproduced the angiogenic effect of the hor-
mones. This agarose-bound state of iodothyronines modeled
nanoparticulate formulations of the hormone discussed below.
The affinity of the receptor on αvβ3 was higher for T4 than for
T3. Diiodothyropropionic acid [15] and the non-iodinated ago-
nist thyroid hormone analogue, GC-1 [16], have also been
shown to induce angiogenesis at the integrin.

X-ray crystallographicmodeling of the interaction of thyroid
hormone and hormone analogues with αvβ3 placed the hor-
mone receptor at the base of the head of the integrin [17, 18]
and near the RGD recognition site. The binding site groove or
pocket is composed of contributions from both the αv and β3
monomers (Fig. 1), explaining failure to find binding of
radiolabeled hormone to integrin monomers internalized in
αvβ3-bearing cells [19]. Indeed, the integrin does not appear
to be a cell uptake mechanism for thyroid hormone. The fit of
T4, T3, and tetrac into the binding groove is by crystallographic
modeling distinctive for each molecule [17, 18].

The receptor site for thyroid hormone on αvβ3 has been
shown by us to contain two domains [20]. The S1 domain
binds T3 exclusively and when occupied by its ligand acti-
vates signal transducing phosphatidylinositol 3-kinase (PI3K)
via Src kinase. The S2 domain binds both T4 and T3 and
activates mitogen-activated protein kinase (specifically, extra-
cellular regulated kinase 1/2, ERK1/2). The specialization of
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the domains is remarkable [20]. For example, S1 occupancy
by T3 leads to enhanced expression of the hypoxia-inducible
factor-1α gene and results in importation by the nucleus of
cytoplsmic TRα1. S2 liganding of T4 and T3 results in the
complex process of cell proliferation and drives cytoplasmic
TRβ1 into the nucleus. RGD peptide blocks actions of T3 at
S1, but not at S2; the peptide inhibits effects of T4 at S2. Tetrac
has global inhibitory activity at S1 and S2 and, as will be

noted below, tetrac also has discrete actions at the receptor that
are unrelated to the absence or presence of T3 and T4. All of
the complex integrin-based actions of thyroid hormone and
analogues such as tetrac are blocked by antibody to αvβ3.

The binding of T4 and T3 to the integrin also provided
insight into nongenomic actions of thyroid action on a plasma
membrane ion transporter. The stimulatory effect of T3 on the
Na+/H+ exchanger (NHE1) inmyoblasts [21] was subsequently

Hormone Receptor Pockets near the RGD Recognition Site
on Integrin αvβ3 

Resveratrol pocket

Steroid pocket

Local membrane actions on 
vascular growth factor receptors

MAPK activation

Nuclear uptake of pMAPK

p53 Ser phosphorylation, 
activation

MAPK activation

Nuclear uptake of pMAPK

Specific gene transcription, e.g.,
HIF-1α

Estrogen receptor 
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Fig. 1 Fit of small molecule ligands into receptor pockets proximal to the
RGD (Arg–Asp–Gly) recognition site of integrin αvβ3, with diagrams of
downstream consequences of binding site occupancy. Upper panel, crys-
tallographic projection of hormone (thyroid hormone, steroids) and res-
veratrol ligands into specific receptor sites about the RGD recognition site.
This region of the “head” of heterodimeric αvβ3 is composed of contri-
butions from αv (left, yellow) and β3 (right, violet) monomers. The
ligands are T4 (red), trans-resveratrol (dark blue) and estradiol (green).
RGD cyclic peptide is light blue. The orienting integrin amino acid
residues identified are Asp150 (D150) and Asp218 (D218) from αv and
Tyr122 (Y22) and Asn215 (N215) from β3. The projections are drawn

primarily from ref. [73]. Lower panel, schematic drawing of small mole-
cule ligand pockets of heterodimeric αvβ3, showing selected functional
cellular consequences of binding of thyroid hormone (T4) [8], resveratrol
[47, 48, 53], and sex steroid (estradiol or, in certain tumor cells, DHT [31]).
The steroid and thyroid hormone pockets do not interact. The proximity of
the resveratrol and thyroid hormone pockets allows subtle interactions.
Thus, T4 blocks p53-dependent apoptosis in cancer cells, but
tetraiodothyroacetic acid (tetrac) does not affect resveratrol action; tetrac
does eliminate the ability of added T4 to inhibit resveratrol-dependent
apoptosis (see text)
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shown to be inhibited by triac—the deaminated analogue of
T3—and antibody to αvβ3 [22]. This thyroid hormone-
supported enzyme is an important component in the intracellu-
lar alkalinization of cancer cells and acidification of the micro-
environment of such cells [23, 24].

Thyroid hormone and hormone analogues such as tetrac that
bind to the receptor on αvβ3 and initiate nongenomic actions
also are taken up by cells. Intracellular T3 has genomic actions
within the nucleus that are distinct from integrin-initiated effects;
intracellular actions of T3 also increase translational activity of
endoplasmic reticulum and stimulate mitochondrial metabolism
[9]. T4 at the plasma membrane may also be converted by
deiodinase 2 into T3—which is accessible to the cell interior—
and T4, without prior deiodination, when taken up by cells
contributes to stabilization of the actin cytoskeleton [12]. Finally,
tetrac within the cell is a low-potency thyromimetic [25], rather
than an antagonist of T4 and T3 as it is at the integrin. These
observations caused us to reformulate tetrac and agonist thyroid
hormones as nanoparticles that cannot gain entry to the cell.
Hormone and hormone analogues are covalently bound via the
outer ring hydroxyl to the surface of the nanoparticle [26]. The
formulations are designed to cause the hormone or hormone
analogue to protrude sufficiently from the nanoparticle to act
reproducibly at the receptor on αvβ3. The nanoparticles, them-
selves, are biodegradable.

The ability of tetrac formulations to inhibit the pro-
angiogenic properties of T4 and T3 was initially understood only
in the context of inhibition of hormone binding. However,
subsequent angiogenic studies of tetrac conducted in the CAM
model in the absence of agonist T4 and T3 revealed that tetrac
blocked the angiogenic activity of basic fibroblast growth factor
(bFGF; FGF2) [27], vascular endothelial growth factor [27],
platelet-derived growth factor and epidermal growth factor
(SA Mousa, unpublished observations). The ability of tetrac to
disrupt actions of four or more growth factors is unique to-date.
It is attributed to the crosstalk that exists between integrin αvβ3
and the adjacent cell surface receptors for these factors. The anti-
angiogenic actions of tetrac formulations at the thyroid hormone
receptor on this integrin transcend crosstalk with vascular
growth factors, however, in that tetrac can also impair local
release of vascular growth factors, such as bFGF [14], and
impair transcription of bFGF [14]. Tetrac formulations also
impair endothelial cell migration toward a fibronectin cue in a
Boyden chamber apparatus (SA Mousa, unpublished observa-
tions). These multiple anti-angiogenic properties contribute to
the experimental anti-tumor effects of tetrac formulations (see
below) and are of potential value in settings of excessive angio-
genesis in the absence of cancer, e.g., erythematous skin diseases
or other noncancerous inflammatory states [10]. These multiple
actions also testify to the complex roles that integrinαvβ3 plays
in processes such as angiogenesis.

In the absence of tetrac, T4 and T3 have pro-angiogenic
properties initiated at αvβ3 that, in the noncancerous setting,

may be clinically desirable. Such applications may include
wound-healing—in which the original observations were attrib-
uted primarily to an effect on keratinocytes [28]—and rescue of
ischemic tissue [29]. Generous expression of αvβ3 by rapidly
dividing blood vessel cells suggested that tetrac formulations
would be effective in experimental cancer models as an anti-
angiogenesis agent. Tumor cells also exhibit increased expres-
sion of the integrin. Early testing of actions of tetrac formulations
against a variety of human cancer cells in vitro revealed anti-
proliferative effects that included induction of apoptosis by sev-
eral pathways and suppression of transcription of genes in mul-
tiple cell survival pathways [8, 30]. Among the genes whose
expression is affected by tetrac formulations that act at αvβ3 are
cyclins, caspases, catenin pathway components, thrombospondin
1 and epidermal growth factor receptor. The range of activities
testifies to the complex downstream signaling pathways that
originate at integrin αvβ3. Tetrac and nanoparticulate tetrac
significantly decreased tumor-associated vascularity and tumor
cell viability in a variety of xenografts. The agents have been
shown to be effective against xenografts of several human lung
cancer cell lines [31, 32], breast cancer [26], pancreatic cancer
cells [33], medullary thyroid carcinoma [34], follicular thyroid
cancer [35], and renal cell carcinoma [36].

Acting at the integrin, tetrac formulations are also capable
of disordering other defense mechanisms of cancer cells.
Tetrac and nanotetrac radiosensitize human cancer cells [37].
The mechanism is inhibition of cellular repair of double-
strand DNA breaks induced by radiation [38]. Tetrac has also
been shown by us to chemosensitize human breast cancer
(MCF7-Dx) cells that are resistant to doxorubicin [39]. In
addition to this action on cell response to doxorubicin, tetrac
can enhance sensitivity of cancer cells to etoposide and cis-
platin. The molecular basis of this αvβ3-mediated action is
not yet defined, but liganding of ECM osteopontin by the
integrin has been shown to enhance P-glycoprotein (P-gp)
(multidrug-resistance, MDR) pump activity that is essential
to enhanced efflux of chemotherapeutic agents from cancer
cells [40]. It is possible that tetrac interferes with this osteo-
pontin–integrin signaling process, resulting in the extended
intracellular residence time of anticancer drugs that we have
described for doxorubicin. If this were indeed the case, it
would be another example of the influence of the hormone
on the interaction of the integrin with a principal ECM ligand.
The initial example, cited above, is influence of thyroid hor-
mone on migration of αvβ3-bearing endothelial cells toward
an ECM protein cue. It should also be noted that agonist
thyroid hormone, T3, can affect the activity of P-gp and
expression of the gene for the pump [41].

Antibody to αvβ3 obscures the receptor site for thyroid
hormone and hormone analogues. Disabling the integrin with
antibody is to be distinguished from selective exploitation with
tetrac formulations of a small molecule receptor site for thyroid
hormone onαvβ3 fromwhich coherent up- and downregulation
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of selected genes relevant to cancer cell survival may be
achieved. Chemosensitization and radiosensitization are end-
points that to-date are not achieved with antibody disabling of
αvβ3.

Resveratrol Receptor Site on αvβ3

Resveratrol is a naturally occurring polyphenol with anti-
cancer properties that have been documented experimentally,
but not clinically [42], and the agent is the focus of a large
literature relating to other biologic effects [43]. Resveratrol
has limited oral bioavailability and is metabolized rapidly, has
multiple intracellular targets, including sirtuins [44, 45], and
has been reported to have estrogenic activities [46]. Where its
cellular actions are initiated has not been clear. In studying its
anti-cancer activity [47–50], we described a cell surface re-
ceptor pocket for this polyphenol on integrinαvβ3 [51] that is
linked to p53-dependent apoptosis in cancer cells (Fig. 1). The
receptor is largely situated on the β3 monomer and the down-
stream pathway to p53 activation from the integrin is via
ERK1/2. p53-dependent apoptosis may be induced by resver-
atrol in cancer cells with mutant p53 [48], as long as Ser-15 is
intact. Resveratrol causes phosphorylation of p53 at serines
15, 20, and 392 [49]. Several resveratrol analogues have been
shown to bind to the receptor [52]. Tetrac has no effect on
apoptosis induced by resveratrol at αvβ3 [53]. T4 [53] and
estrogen [49] both block activity of resveratrol-induced apo-
ptosis at the integrin; these hormones do not inhibit ERK 1/2
that is intrinsic to resveratrol action at the integrin and the
inhibitory actions of T4 and estradiol are initiated within the
cell and nucleus at p53. T4 blocks resveratrol-induced,
integrin-dependent Ser-15 phosphorylation of p53 that is re-
quired for apoptosis; estrogen blocks phosphorylation of
p53 at multiple serines that is resveratrol-induced and sup-
presses acetylation [49] promoted by the polyphenol.

Against this background, it may not be surprising that the
anti-cancer effects of resveratrol that were demonstrated in
cultured cells have not been reproduced in the limited clinical
trials that have been conducted [42]. That is, circulating levels
of endogenous thyroid hormone may be sufficient in study
patient populations to inhibit resveratrol-induced cancer cell
apoptosis. This antagonistic effect of thyroid hormone on
resveratrol action is eliminated by tetrac formulations which,
as noted above, act atαvβ3 to permit pro-apoptotic activity of
resveratrol to be expressed.

A second mechanism exists by which the anti-neoplastic
actions of resveratrol might be suppressed clinically. Consti-
tutive cyclooxygenase-2 (COX-2) expression in tumor cells is
a cancer biomarker [54]. However, a pool of inducible intra-
cellular COX-2 has recently been described in the cancer cell
nucleus [55] and this is pro-apoptotic via a p53-dependent
mechanism. Resveratrol is an inducer of this second pool of

COX-2 [55] via αvβ3. Thus, the use in the clinical sector of
medications such as nonsteroidal anti-inflammatory agents
which reduce COX-2 production may be desirable in the
setting of constitutive COX-2 production, but undesirable in
blocking induction of the pro-apoptotic nuclear pool of the
enzyme by resveratrol in anti-cancer trials of the polyphenol.
There are of course other possible explanations for the unfa-
vorable initial clinical trial experience with resveratrol, includ-
ing drug pharmacokinetics and pharmacodynamics that are
different in human subjects from the animal models in which
efficacy was established.

Monoclonal antibody to αvβ3 blocks the action of
resveratrol at its integrin receptor, as does RGD peptide
[51]. Hence, the use of anti-αvβ3 or of designed cyclic
RGD peptide derivatives as anti-cancer drugs may not
permit utilization of this small molecule receptor on the
integrin.

Sex Steroid Receptor Site(s) on αvβ3; Glucocorticoid
Action on αvβ3

In studies of human breast cancer (MDA-MB-231) cells, we
found that a non-aromatizable androgen, dihydrotestosterone
(DHT), stimulated cell proliferation in vitro [56]. Anti-αvβ3
and RGD peptide blocked the DHT effect, inferring the exis-
tence on the integrin of a receptor for the androgen that was
proximal to the RGD recognition site. This cell line lacks
estrogen receptor-α (ERα) gene. In separate experiments
involving ERα-expressing breast cancer (MCF-7) cells,
DHT also induced cell proliferation, but αvβ3 antibody did
not affect the action of DHT and the action of the latter was
found to require the presence of ER. That is, DHT action was
inhibited by the ER antagonist, ICI 182,780 (fulvestrant,
Faslodex®) and by siRNA knockdown of ERα [56]. The
possibility that nuclear androgen receptor (AR) mediated the
actions of DHT in either MDA-MB-231 or MCF-7 cells was
excluded in these studies. We can conclude that in MDA-MB-
231 breast cancer cells, the extracellular domain of integrin
αvβ3 exposes a receptor site that is capable of binding the
androgen, DHT, but that DHT may promote breast cancer cell
division by more than one mechanism and without participa-
tion of the classical AR.

X-ray crystallographic modeling of the “head” ofαvβ3 has
also revealed a pocket that is capable of binding estrogen [18].
However, binding studies have not been conducted to verify
the existence of a functional estrogen receptor onαvβ3 and an
extensive literature exists on the binding of estradiol by the
plasma membrane [57] that has been attributed to insertion of
functional ERα into the plasma membrane [57, 58].

While extranuclear effects of nuclear steroid receptors have
been described [59, 60], it should be noted that progesterone
[61] and dexamethasone [62] also have been reported to
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modulate the osteopontin–αvβ3 interaction. Such observa-
tions may indicate existence of binding of these steroids by
the integrin, but control of ECM protein-αvβ3 interactions
may exist on an “inside-out” basis by which a signal from an
intracellular steroid may be transduced into a conformational
change in the extracellular domain of the integrin. As noted
earlier in the thyroid hormone section, the osteopontin–αvβ3
interaction is a component of the control of function of the
plasma membrane MDR pump, P-gp.

Summary

That an important integrin such as αvβ3—a principal compo-
nent of cell-ECM matrix protein interactions—may participate
in a variety of plasma-membrane-initiated effects of nonpeptide
hormones has only recently been appreciated. It is clear that via
a specific and complex hormone receptor site,αvβ3mediates a
number of nongenomic effects of thyroid hormone that are
particularly relevant to cancer cells and to angiogenesis, wheth-
er or not the latter is cancer relevant. Remarkably, a thyroid
hormone derivative, tetrac and its formulations, not only blocks
the agonist actions of T4 and T3 at the cell membrane, but has
an important set of effects on cancer cells that do not require the
presence of agonist thyroid hormone. These effects include
disordering of multiple gene expression-based cancer cell sur-
vival pathways, inhibition of the spontaneous repair by cancer
cells of double-strand DNA breaks that occur naturally or
clinically are radiation-induced, and the crosstalk between the
integrin and nearby vascular growth factor receptors that are
critical to tumor-related angiogenesis.

Receptor sites for steroids have been described on αvβ3,
but with substantially less detail than is available for thyroid
hormone. Estrogen-resembling resveratrol has a receptor site
on αvβ3 that is one explanation for the p53-dependent pro-
apoptotic activity of this polyphenol demonstrated in cancer
cells. Much attention has previously been focused on actions
of resveratrol that require or are reduced in extent by cellular
uptake and metabolism of the agent. The existence of the
integrin αvβ3 receptor site provides a basis for understanding
a cancer-related, rapid action of resveratrol that is independent
of cellular uptake of the agent. Crystallographic modeling
evidence mentioned here suggests the existence of a receptor
site for traditional estrogens on the integrin, but no search for
functionality of this putative site has been conducted and, as
noted above, ERαmay be inserted in the plasmamembrane to
explain nongenomic effects of estrogen. On the other hand,
the existence of a receptor for DHT on αvβ3 has been sub-
stantiated in breast cancer cells. This receptor permits stimu-
lation of proliferation by DHT of certain cancer cells in the
absence of AR and ER. When ER is present in breast cancer
cells, DHT action on proliferation may be mediated by this
receptor. Progesterone and dexamethasone are other steroids

whose actions on the osteopontin–αvβ3 interaction warrant
studies of the possible existence of specific steroid-αvβ3
interactions.

The integrin receptor pockets for nonpeptide hormones or
hormone-like molecules are in the “head” of αvβ3 and near
the RGD recognition site (Fig. 1). A number of these small
molecule effects of thyroid hormone analogues—e.g., tetrac
formulations—and of resveratrol that have been described
experimentally may have clinical implications. Specifically
inactivating the RGD site with peptide analogues or general
blockade of the integrin with anti-αvβ3 may eliminate or
curtail the substantial panel of cancer and/or angiogenesis
management options at the integrin that small molecule re-
ceptor sites offer. These include pro-apoptotic and “anti-anti-
apoptotic” effects, p53-dependent apoptosis in the presence of
mutations of p53, disorganization of the cell cycle, inhibition
of activities of as many as four vascular growth factors, and
radiosensitization. Certainly, anti-cancer or anti-angiogenesis
strategies that are focused on RGD peptide and αvβ3 anti-
body require surveys of effects on molecular mechanisms of
actions of small molecules that receptors for these molecules
on αvβ3 offer.

A critical functional issue in studies of small molecule
ligands of αvβ3 is the types of cells that express the integrin.
Rapidly dividing blood vessel (endothelial) cells [5], tumor
cells [4] and osteoclasts [63, 64] generously express the
integrin. We have studied a variety of human tumor cell lines
and have found all to express sufficient αvβ3 to be tetrac-
and/or T4-responsive [8, 31, 34, 36]. Human dermal micro-
vascular endothelial cells in microtubular assays [27, 65] and
the rapidly dividing blood vessel cells of the chick chorioal-
lantoic membrane (CAM) [14, 16] express the integrin. Qui-
escent epithelial cells express little or no αvβ3 [4]. Dividing
osteoblasts may also contain accessible αvβ3 [66]. Smooth
muscle cells [67], skeletal muscle myoblasts [22] and platelets
express low-but-functional levels of the integrin [68] and
platelet function—agglutination—requires αvβ3 [69]. Acti-
vated macrophages contain the functional integrin [70] and
this observation, coupled with angiogenesis, may explain the
presence of the integrin in the area of cardiac repair after
experimental myocardial infarction [71]. Imaging agents that
target αvβ3 also indicate that normal colon, brain, salivary
glands, and thyroid gland contain very low-but-detectable
levels of the integrin [72], the significance of which is not
yet known. Thus, rapidly dividing cells—tumor cells or cer-
tain nonmalignant cells, particularly in blood vessels—ex-
press substantial amounts of the integrin, whereas quiescent
cells do not. These observations rationalize the interest in
αvβ3 as a chemotherapeutic target and tumor imaging target.
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