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Abstract

Sunitinib (SU-11248, Sutent) inhibits at least eight receptor protein-tyrosine kinases including vascular endothelial growth factor
receptors 1–3 (VEGFR1–VEGFR3), platelet-derived growth factor receptors (PDGFRa and PDGFRb), stem cell factor receptor
(Kit), Flt-3, and colony-stimulating factor-1 receptor (CSF-1R). VEGFR1 and VEGFR2 play key roles in vasculogenesis and angiogen-
esis. PDGFRb, which is found in pericytes that surround capillary endothelial cells, plays a pivotal role in stabilizing the vascular endo-
thelium. Sunitinib inhibits angiogenesis by diminishing signaling through VEGFR1, VEGFR2, and PDGFRb. Renal cell cancers that
have metastasized, or spread from the primary tumor, exhibit extensive vascularity, and sunitinib is approved for the treatment of these
neoplasms. Activating Kit mutations occur in about 85% of gastrointestinal stromal tumors and activating PDGFRa mutations occur in
about 5% of these tumors. Sunitinib is approved for the treatment of those tumors that are resistant to imatinib (STI-571, Gleevec),
another Kit and PDGFRa protein-tyrosine kinase inhibitor. Both sunitinib and imatinib bind reversibly to the ATP binding site of their
target kinases and thereby inhibit their catalytic activity.
� 2007 Elsevier Inc. All rights reserved.
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Protein kinases are enzymes that play a key regulatory
role in nearly every aspect of cell biology. These enzymes
catalyze the following reaction:

MgATP1� þ protein-OH ! protein-OPO2�
3

þMgADPþHþ

Based upon the nature of the phosphorylated –OH
group, these enzymes are classified as protein-serine/threo-
nine kinases and protein-tyrosine kinases. The 58 human
receptor protein-tyrosine kinases are divided into about
20 families [1]. The PDGFR family includes the colony-
stimulating factor-1 receptor (CSF-1R, or Fms, where
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Fms refers to viral feline McDonough sarcoma virus),
Flt-3 (Fms-like tyrosyl kinase-3), Kit (the stem cell factor
receptor), and the platelet-derived growth factor receptors
(PDFGRa and PDFGRb). An extracellular segment con-
taining five immunoglobulin-like domains, a single trans-
membrane segment, a juxtamembrane domain, a
cytoplasmic kinase domain that contains an insert of about
70 amino acid residues, and a carboxyterminal tail charac-
terizes the PDGF receptor family. The VEGF receptor
family includes VEGFR1 (Flt-1), VEGFR2 (Flk-1/KDR,
Fetal liver kinase-1/kinase domain-containing receptor),
and VEGFR3 (Flt-4). The VEGF receptors, which have
seven immunoglobulin-like extracellular domains, have
an architecture that parallels that of the PDGF receptor
family.

Neovascularization, or new blood vessel formation, is
divided into two components: vasculogenesis and angio-
genesis. Embryonic or classical vasculogenesis is the pro-
cess of new blood vessel formation from hemangioblasts
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that differentiate into blood cells and mature endothelial
cells [2]. In contrast, angiogenesis is the process of new
blood vessel formation from pre-existing vascular networks
by capillary sprouting. During this process, mature endo-
thelial cells divide and are incorporated into new capillar-
ies. Angiogenesis, which is regulated by both endogenous
activators and inhibitors, is under stringent control [3].
The VEGF and PDGF family of ligands and receptors

The ligands for the VEGF and PDGF receptor families,
all of which are polypeptide dimers, and their respective
receptors are listed in Table 1. VEGFR2 is the predomi-
nant mediator of VEGF-stimulated endothelial cell migra-
tion, proliferation, survival, and enhanced vascular
permeability that occur during vasculogenesis and angio-
genesis. VEGF was originally described as a vascular per-
meability factor [2]. Although, many first messengers
including cytokines and growth factors participate in angi-
ogenesis and vasculogenesis, the VEGF family is of para-
mount importance.

The PDGF/PDGFR family plays a supporting role in
angiogenesis [4,5]. PDGF stimulates the proliferation of
many cells of mesenchymal origin such as fibroblasts and
vascular smooth muscle cells. Vascular endothelial cells
produce PDGF, and the surrounding mural cells, which
include pericytes and vascular smooth muscle cells, express
PDGFRb. PDGF-BB, a PDGF-B homodimer, regulates
Table 1
Functions of receptor targets of sunitinib

Receptor Polypeptide ligands Receptor functions and properties

VEGFR1 VEGF, VEGF-B, PlGF Vasculogenesis, angiogenesis, and m
macrophage motility

VEGFR2 VEGF, VEGF-C,
VEGF-D, VEGF-E

Vasculogenesis, angiogenesis, and en
motility

VEGFR3 VEGF-C, VEGF-D Vascular and lymphatic developmen
maintenance

PDGFRa PDGF-AA, PDGF-AB,
PDGF-BB, PDGF-CC

Proliferation, chemotaxis

PDGFRb PDGF-BB, PDGF-DD Expressed in pericytes and smooth m
developing and mature vasculatur
proliferation, chemotaxis

Kit Stem cell factor (SCF) Gametogenesis, hematopoiesis, mas
development and function, and m

Flt-3 Flt ligand (FL) Proliferation and development of he
stem cells; expressed in myeloid a
progenitor cells, dendritic cells, an
killer cells

CSF-1R Colony-stimulating
factor-1

Differentiation, proliferation, surviv
function of macrophages. Stimula
tumor-associated macrophages th
angiogenesis, extracellular-matrix
and metastasis
pericyte and fibroblast functions in the supporting matrix
of tumors. Thus, inhibition of both PDGF and VEGF sig-
naling promises to be more effective in blocking tumor
angiogenesis than targeting either system alone [4,5].

FLT3 mutations occur in humans with acute myeloge-
nous leukemia (15–35% of patients), myelodysplasia (5–
10%), and acute lymphoblastic leukemia (1–3%), thereby
making FLT3 one of the most frequently mutated genes
in hematological malignancies [8]. Many cancers of the
breast and female reproductive tract express CSF-1R,
which may be stimulated by CSF-1 produced by tumor
cells, the tumor-supporting matrix, or tumor-associated
macrophages.
Therapeutic inhibition of VEGF action

When experimental tumors reach a size of 0.2–2.0 mm in
diameter, they become hypoxic and limited in size in the
absence of angiogenesis [2]. There are more than two dozen
endogenous pro-angiogenic factors and more than two
dozen endogenous anti-angiogenic factors. In order to
increase in size, tumors undergo an angiogenic switch
where the action of pro-angiogenic factors predominates,
resulting in angiogenesis and tumor progression [3]. Neo-
plastic growth thus requires new blood vessel formation,
and Folkman proposed in a ground-breaking paper in
1971 that inhibiting angiogenesis might be an effective
anti-tumor treatment [10]. Strategies for restraining tumor
Actual and potential therapeutic targets Citations

onocyte/ Vascular endothelial cells/monocytes [2]

dothelial cell Vascular endothelial cells [2]

t and Vascular and lymphatic endothelial cells [2]

Lung, prostate, renal cell carcinomas; chronic
myelomonocytic leukemia; glioblastoma

[4,5]

uscle cells of
e;

Pericytes; lung, prostate, renal cell carcinomas;
chronic myelomonocytic leukemia;
glioblastoma

[4,5]

t cell
elanogenesis

Acute myelogenous leukemia; gastrointestinal
stromal tumors; mastocytomas; small cell
lung cancer; seminoma/dysgerminoma;
T-cell lymphoma

[6,7]

matopoietic
nd lymphoid
d natural

Acute myelogenous leukemia, myelodysplasia,
acute lymphocytic leukemia

[8]

al, and
tes
at facilitate
breakdown,

Breast and other carcinomas [9]
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growth and progression include curbing VEGF signaling
by using antibodies directed against VEGF or by using
small molecule inhibitors directed against VEGFR kinases
[2,11].
Bevacizumab

In a pioneering study, Kim and co-workers found that
injection of a mouse monoclonal antibody (Mab A.4.6.1)
directed against human VEGF suppresses the growth of
several human tumor implants (xenografts) in athymic
hairless, or nude, mice in vivo [12]. These observations pro-
vided a direct demonstration that inhibition of an endoge-
nous endothelial cell growth factor suppresses tumor
growth in vivo. Mab A.4.6.1 was humanized, or engineered
into a human antibody mimetic, to form bevacizumab
(Avastin). In human clinical studies that compared the effi-
cacy of standard metastatic colorectal chemotherapy (iri-
notecan, 5-fluorouracil, and leucovorin) with and without
bevacizumab, median patient survival with bevacizumab
increased from 15.6 months in to 20.3 months [13] and
the U.S. Food and Drug Administration approved bev-
acizumab (February 2004) as a part of the first-line treat-
ment along with the cytotoxic agents for metastatic
colorectal cancer.
SU-5416, an oxindole VEGF receptor inhibitor

The next sections describe the development of sunitinib,
a multi-targeted protein-tyrosine kinase inhibitor that is
the product of a therapeutic anti-angiogenesis program at
Sugen, Inc. (now part of Pfizer, Inc.). Using a random-
screening approach with 2-oxindoles (indolin-2-ones), Sun
and colleagues found that several derivatives, including
SU-5416 (Fig. 1) inhibited VEGFR2 kinase activity [14].
Manley and co-workers reported that SU-5416 inhibited
VEGFR1, VEGFR2, VEGFR3, PDGFRb, CSF-1R, and
Flt-3 whereas it was a less potent inhibitor of Kit (Table
Fig. 1. Structures of selected 2-oxindole (indoli
2) [15]. SU-5416, which is given by injection, was effective
in inhibiting the growth of several human tumor cell lines
(breast, colon, glioblastoma, lung, melanoma, and pros-
tate) injected subcutaneously into athymic nude mice [21].
SU-6668

Laird and co-workers determined the kinase inhibitory
profile of SU-6668 (Fig. 1) [22], which is a more water sol-
uble 2-oxindole derivative than SU-5416. Using steady-
state enzyme kinetics with purified recombinant VEGFR2,
they reported that this compound is a competitive inhibitor
with respect to ATP. SU-6668 has a protein kinase inhibi-
tory profile similar to but more potent than that of SU-
5416 (Table 2) [15]. SU-6668, which is given by mouth,
inhibited the growth of the same xenografts in nude mice
noted above.
SU-10944

Patel and co-workers determined the kinase inhibitory
profile of SU-10944 [20], which is another 2-oxindole deriv-
ative (Fig. 1). Using steady-state kinetic analysis, they
found that this compound is an ATP-competitive inhibitor
of VEGFR2 in vitro with an IC50 value of 96 nM and a Ki

value (a dissociation constant) of 21 nM. They found that
SU-10944 is a more potent inhibitor of VEGFR1 when
compared with VEGFR2. However, the compound is
not an effective inhibitor of PDGFRb, Kit or FGF-R1
(Table 2).

The interrelationships of an IC50, a Ki for a competitive
inhibitor, a Km for the corresponding substrate, and the
substrate concentration is given by the following equation:
IC50 = Ki (1 + [S]/Km) [23]. Patel and colleagues reported a
value of 5 lM for the Km of ATP for VEGFR2, 21 nM for
the Ki of a competitive inhibitor (SU-10944) with respect to
ATP, and a cellular IC50 of 227 nM for SU-10944 [20]. The
solution of the above equation (227 nM = 21 nM
n-2-one) protein-tyrosine kinase inhibitors.



Table 2
IC50 values of 2-oxindole compounds for several protein kinasesa

Kinase SU-5416 (nM) SU-6668 (nM) SU-11248 (nM) SU-10944 (nM)g

VEGFR1 43 ± 11 15 ± 3 15 ± 1 6 ± 1
VEGFR2 220 ± 34 200 ± 15 38 ± 11 96 ± 20
VEGFR3 54 ± 4 10 ± 2 30 ± 6 ND
PDGFRa ND ND 69 ± 15e ND
PDGFRb 68 ± 2 39 ± 1 55 ± 1 1000 ± 80
CSF-1R 84 ± 4 45 ± 2 35 ± 6 ND
Flt-3 35 ± 4 26 ± 7 21 ± 5 ND
Kit 660 ± 165 750 ± 120 1–10f 1580 ± 270
Ret 944c 562c 224c ND
FGF-R1 4200 ± 800d 3800 ± 120d 675 ± 69 1600 ± 870
Src ND ND 1000 >20,000
Abl ND ND 610 ND
CDK1b ND ND 2600 ND

a In vitro biochemical data from Ref. [15] unless otherwise noted; ND, not determined.
b Cyclin-dependent kinase-1, a serine/threonine protein kinase.
c Data from Ref. [16].
d Data from Ref. [17].
e Cellular IC50 from Ref. [18].
f Data from Ref. [19].
g Data in this column from Ref. [20].
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(1 + [ATP]/5 lM)) yields a cellular ATP concentration of
about 1 mM, which is consistent with the ATP content of
cells and tissues.

SU-11248 (sunitinib)

Mendel and co-workers determined the inhibitory pro-
file of sunitinib, a fourth oxindole derivative (Fig. 1), by
steady-state enzyme kinetic analysis [18]. They reported
the Ki values of this compound for VEGFR2 (Ki = 9 nM)
or PDGFRb (Ki = 8 nM). They also measured the IC50

of sunitinib for cells expressing VEGFR2 (IC50 = 10 nM)
and PDGFRb (IC50 = 10 nM). These values are similar
to the cellular IC50 required to inhibit VEGF-stimulated
proliferation of human umbilical vein endothelial cells
and PDGF-stimulated proliferation of NIH 3T3 cells over-
expressing PDGFRb. Based upon the analysis in the previ-
ous paragraph, it is surprising that the Ki and IC50 are
nearly identical; the IC50 is usually larger.

Mendel and colleagues reported that oral administration
of sunitinib to athymic nude mice inhibited the growth of
several human tumor xenografts [18]. These investigators
reported that a single oral dose (40 mg/kg) of sunitinib
inhibited (i) VEGFR2 phosphorylation in mice in vivo
bearing the A375 melanoma or (ii) PDGFRb phosphoryla-
tion in mice bearing the SF767T glioma. This schedule
effectively blocked receptor phosphorylation for more than
12 but less than 24 h. Despite the lack of continuous inhi-
bition of receptor phosphorylation, this regimen effectively
decreased mean vascular density (a measure of anti-angio-
genesis) and restrained tumor growth. They reported that
plasma levels of 125–250 nM sunitinib were sufficient to
inhibit the phosphorylation of these two cellular receptors.
They also reported that 95% of the drug was bound to
albumin; the concentration of free drug (6–12 nM) corre-
lates with the biochemical Ki and cellular IC50 values.
The authors concluded that maintaining plasma sunitinib
concentrations above 125 nM (50 ng/mL) for 12 h on a
once daily oral regimen represented an initial therapeutic
goal in human clinical trials.
Sunitinib disease targets

Primary and metastatic renal cell cancers are vascular
neoplasms that are resistant to traditional cytotoxic
chemotherapy and radiation therapy [24]. Motzer and co-
workers studied the response of patients with renal cell can-
cer that had metastasized to other organs and that failed to
respond to interleukin-2 treatment [24]. These patients were
treated in 6-week cycles with sunitinib (50 mg/day by
mouth) for 4 weeks and no drug for 2 weeks. During the
treatment phase, they found that the minimum, or trough,
plasma concentrations of sunitinib and SU-12662, its active
metabolite (Fig. 1), were 215 nM (84 ng/mL), which is
above the minimum concentration (125 nM) that was effec-
tive in pre-clinical animal studies [18]. This on–off treat-
ment cycle was designed to attenuate the side effect of
fatigue experienced by a substantial fraction of subjects.
The median time to progression of disease in this study
was 8.7 months compared with a median time of 2.5
months for placebo (a historical comparison and not part
of this study).

During the 2-week drug-free period, it is likely that angi-
ogenesis in humans resumes. Mancuso et al. have shown
that considerable revascularization occurs in mice within
1 week after cessation of VEGFR inhibition [25]. However,
the regrown vasculature regressed as much during a second
course of treatment as it did during the first. In an attempt
to circumvent the drug-free periods, human clinical trials
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using continuous treatment with 37.5 mg/day of sunitinib
are underway [26].

Results on the treatment of people who had gastrointes-
tinal stromal tumors with disease progression despite imati-
nib treatment or who were intolerant of imatinib showed
that the median time for progression-free survival in the
sunitinib group was 6.3 months versus 1.5 months for the
placebo group [27]. As a result of the U.S. Food and Drug
Administration approval of sunitinib for the treatment of
metastatic renal cell cancer and gastrointestinal stromal
tumors (January 2006), more people will be treated with
the drug and considerably more information on its effec-
tiveness in these and other neoplasms will be forthcoming.

That experimental solid tumors require angiogenesis to
grow to a size with a diameter exceeding 0.2–2.0 mm [2]
strongly supports the rationale for treating solid tumors
with angiogenesis inhibitors. Sunitinib is in clinical trials
for the treatment of breast, colorectal, gastric, non-small-
cell lung, and prostate cancer (see [http://www.cancer.
gov/clinicaltrials/developments/anti-angio-table] for a
complete listing of anti-angiogenic clinical trials).

Oral bioavailability of sunitinib

Sunitinib satisfies Lipinski’s four ‘‘rules of five’’ as crite-
ria for oral bioavailability [28]. The four properties are
common characteristics found in most orally effective drugs
that are in use today. The rules derive their name because
the relevant limitations are multiples of 5. The first crite-
rion is that a compound should have no more that five
hydrogen bond donors (OH and NH groups); sunitinib
has three. The second criterion is that the drug should have
no more than 10 hydrogen bond acceptors (notably N and
O); the compound has 2. The third criterion is that the
molecular weight should be less than 500 while that of sun-
itinib (C22H27N4FO2) is 390. The fourth rule is that the log
of the partition coefficient (log P), or the log of the ratio of
the solubility of the drug in octanol/water, should be less
than 5; that for sunitinib is 5.2.

The log of the partition coefficient, which is a measure of
the lipophilicity of a compound, is an important parameter
for oral absorption because it influences the ability of a
compound to pass through cell membranes including those
of the intestine [28]. Compounds that are too hydrophilic
(negative logP) are unable to pass through membranes.
Compounds that are too lipophilic (log P greater than 5)
are too insoluble in physiological solutions to be trans-
ported to the target cells.

Epilogue

Imatinib and sunitinib target selective protein kinases.
For example, imatinib inhibits Abl (a non-receptor pro-
tein-tyrosine kinase), Arg (Abl-related gene), Kit (the stem
cell factor receptor), and PDGFR (a and b) [6]. Sunitinib,
which is a potent inhibitor of eight protein-tyrosine kinases
(Table 2), is also a multi-targeted drug. A perceived advan-
tage of targeting protein kinases over traditional cytotoxic
therapy is greater specificity toward the tumor cells with
fewer side effects. This strategy is the incarnation of the
‘‘magic bullet’’ concept promulgated by Paul Ehrlich
[http://nobelprize.org/medicine/laureates/1908/ehrlich-bio.
html].

Folkman hypothesized in 1971 that inhibiting angiogen-
esis might be an effective anti-cancer therapy [10]. It was not
until 1990 that the work of several groups converged to
characterize the nature of VEGF/VPF [2]. A mouse mono-
clonal antibody against VEGF was developed in 1993 [12],
and the U.S. Food and Drug Administration approved a
humanized version of the antibody, bevacizumab, for the
treatment of metastatic colorectal cancer along with stan-
dard cytotoxic therapy in 2004 [13]. The first report of a
2-oxyindole targeting the VEGF receptors appeared in
1998 [14] and sunitinib monotherapy was approved for
the treatment of metastatic renal cancer and gastrointesti-
nal stromal tumors in 2006, a remarkably short time.
Although slow in developing, this area of research has
attracted considerable attention as evidenced by the publi-
cation of about 95 papers per week in 2006 on angiogenesis
compared with a total of about 200 papers in all of 1990.
Carmeliet [29] emphasized the significance of this work by
stating ‘‘Angiogenesis research will probably change the
face of medicine within the next decades, with more than
500 million people worldwide predicted to benefit from
pro- or anti-angiogenesis treatments.’’ Pro-angiogenesis
therapies, which are less well developed than anti-angiogen-
esis therapies, may be useful in the prevention and treat-
ment of disorders characterized by inadequate blood flow
such as atherosclerosis and coronary artery disease.
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