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The inhibition of angiogenesis is a
promising avenue for cancer treatment.
Although some angiostatic compounds
are in the process of development and
testing, these often prove ineffective in
vivo or have unwanted side effects. We
have designed, synthesized, and evalu-
ated a small library of nonpeptidic,
calixarene-based protein surface topo-
mimetics that display chemical sub-
stituents to approximate the molecular
dimensions and amphipathic features
(hydrophobic and positively charged
residues) of the antiangiogenic peptide
anginex, which, like many antiangio-
genic proteins, consists primarily of an
antiparallel B-sheet structure as the
functional unit. Two of the topomimet-
ics (0118 and 1097) were potent angio-
genesis inhibitors in vitro, as determined
by endothelial cell proliferation, migra-
tion, and chick embryo chorioallan-
toic membrane assays. Moreover, both
compounds were highly effective at in-
hibiting tumor angiogenesis and growth
in two mouse models (MA148 human
ovarian carcinoma and B16 murine
melanoma). Our results demonstrate
the feasibility of designing nonpeptidic
protein surface topomimetics as novel
pharmaceutical agents for clinical in-
tervention against cancer through an-
giostatic or other mechanisms. [J Natl
Cancer Inst 2006;98:932—6]

Angiogenesis is fundamental to both
normal organ development and cancer
progression (1), and agents that can
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inhibit blood vessel development in
tumors have shown promise as thera-
peutics (2,3). Although anti-vascular
endothelial growth factor agents like
bevacizumab (Avastin) are perhaps the
most well known antiangiogenic com-
pounds (4), many other antiangiogenic
compounds have been identified and are
currently being tested in clinical trials.
The most promising are those that act
directly on endothelial cells to inhibit
tumor angiogenesis, thereby reducing
the risk that drug resistance will develop
and making the compounds more effec-
tive against a broad spectrum of tumors.
However, angiogenesis inhibitors are
often relatively ineffective in vivo or
cause unwanted biologic side effects (5),
underscoring the need for more and
better angiostatic agents.

Most antiangiogenic proteins and pep-
tides including endostatin, angiostatin,
platelet factor 4, thrombospondin, gamma
interferon-inducible protein 10, tumor
necrosis factor, bactericidal/permeability
increasing protein, thrombospondin type
1 repeat peptides, Flt-1 peptide (Fms-
like tyrosine kinase 1 vascular endothe-
lial growth factor receptor-derived
peptide), and anginex share an antiparal-
lel B-sheet structure and a preponderance
of positively charged and hydrophobic
residues (6). This compositional and
structural similarity may prove useful in
the design of additional antiangiogenesis
agents. With the goal of developing novel
and effective inhibitors of angiogenesis,
we used the antiangiogenic peptide ang-
inex as a model to design nonpeptidic
compounds that approximate the molec-
ular dimensions of the peptide, its hydro-
phobic and positively charged amino
acid composition, and the surface topol-
ogy of the functionally critical amphipa-
thic B-sheet conformation (7) (Fig. 1, A).
The structural unit encompassing key
residues in anginex covers approximately
the dimensions of a two-stranded B-sheet
that is only about four amino acid resi-
dues in length on each strand (8). These
overall backbone dimensions are similar
to those of the calix[4]arene scaffold
(Fig. 1, A). Adding hydrophobic and
basic chemical groups to calix[4]arene
can increase the molecular surface span
on each side of the scaffold from about
8 A to about 15 A, approximating the
maximum distance between side chains
on one side of anginex. Calix[4]arenes
can exist in four topological isomers (4-
up, 3-up/1-down, and two 2-up/2-down)

that can, in principle, interconvert by
rotation of the oxygenated “head” of
each ring through the core (9). However,
calix[4]arene derivatives bearing groups
larger than ethoxy on the lower, more
narrow rim (which includes all of those
studied here) are essentially inert with
respect to this topological change on
the laboratory/pharmacology time scale.
Moreover, even for derivatives unsubsti-
tuted para to the oxygenated carbon,
rotation of the larger “tail” of the ring
through the core is also too slow to be of
consequence (10).

We synthesized 23 calix[4]arene ana-
logs containing, in various combinations,
chemical substituents from among those
shown at right in Fig. 1, A. (Synthesis
of the compounds used in this study
is described in Supplemental Methods,
available at http://jncicancerspectrum.
oxfordjournals.org/jnci/content/vol98/
issuel3.) Most of these had four similar
(i.e., hydrophobic or hydrophilic) groups
on one rim (top or bottom) of the
calix[4]arene cylinder. The specific
structures of the three compounds dis-
cussed here are presented in Fig. 1, B.

For an initial assessment of the anti-
angiogenic potential of the compounds,
we used a [3H]-thymidine incorporation
assay, as described previously (71), that
measures the proliferation of basic fibro-
blast growth factor (bFGF)-stimulated
human umbilical vein—derived endothe-
lialcells(HUVEC)inculture. Compounds
0118 and 1097 were found to be highly
effective at inhibiting endothelial cell
proliferation (Fig. 1, C), with 0118 (ICsg
[i.e., the concentration required for
50% inhibition of proliferation] = 2 pM,
95% confidence interval [CI] = 1.8 uM
to 3.1 uM) being slightly more potent
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Fig. 1. Design of B-sheet topomimetics and in vitro
activities. A) Topological design features influenc-
ing the choice of the calix[4]arene scaffold for ar-
raying hydrophobic and hydrophilic substituents to
mimic the structural and compositional character-
istics of antiangiogenic proteins and peptides like
anginex. Left) In the folded structure of anginex,
hydrophobic and hydrophilic surfaces, as well as
specific amino acid residues in one letter code, are
indicated. Middle) The calix[4]arene scaffold is
shown to scale. Right) The hydrophobic and ba-
sic group chemical substituents that were used on
the two faces of the calix[4]arene scaffold. B) Two
structural representations of the tetra-amine com-
pound 0118 and two related analogs, diguanidine
1097 and tetraamine 1049. t-Bu = tert-butyl; Me =
methyl. C) Proliferation of basic fibroblast growth
factor (bFGF)-stimulated human umbilical vein-
derived endothelial cell (HUVEC) cultures treated
with various doses of calixarene-derived compounds
and anginex control relative to that observed with-
out treatment (//). Results, initially calculated
as mean counts per minute of three independent
experiments each from triplicate cultures, are
plotted as the percentage of proliferation relative
to control, along with 95% confidence intervals
(CI). D) Relative mean wound widths (= 95% CI)
in HUVEC monolayers after treatment with ca-
lixarene derivatives or anginex. Data points rep-
resent the means obtained in three independent
experiments, each using duplicate cultures. E) In
vivo angiogenesis inhibition in the chorioallantoic
membrane (CAM) assay caused by application of
the calixarene analogs at a concentration of 25 uM.
Scale bar = 0.5 mm.

than anginex (IC50 =5 uM, 95% CI=4.0
pM to 5.9 uM) and 1097 slightly less
potent (ICsp =8 uM, 95% CI=2.1 uM to
13.2 uM). Another analog, 1049, had no
effect on endothelial cell proliferation at
the highest dose tested (25 uM) and was
used further as a negative control.

We then measured the effect of the
compounds on endothelial cell migra-
tion, another indicator of angiogenesis,
using the wound healing assay (Fig. I,
D), as described previously (71). In brief,
a wound was made in a confluent mono-
layer of HUVEC using a blunt glass
pipette. The medium was replaced with
medium containing 10 ng/mL bFGF,
with or without 25 uM compound, and
after 0, 2, 4, 6, and 8 hours, wound width
was measured. In Fig. 1, D, wound
widths in the presence of a given com-
pound at particular time points are ex-
pressed in as a percentage of the initial
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wound width (relative wound width).
Wound healing (decrease in wound
width) in 0118-treated cultures was
substantially reduced relative to that in
control cultures with a wound width
after 8 hours of 68% (95% CI = 58% to
78%) compared to 56% (95% CI = 49%
to 63%) in untreated controls. Cul-
tures treated with 1097 and anginex
also showed a reduction in wound heal-
ing with relative wound widths after
8 hours of 80% (95% CI = 76% to 84%)
and 76% (95% CI = 68% to 84%),
respectively.

We also tested the angiostatic poten-
tial of these compounds using the cho-
rioallantoic membrane (CAM) assay in
fertilized chicken eggs (11) (Fig. 1, E).
Angiostatic compounds (25 uM in 3%
dimethyl sulfoxide [DMSO]—phosphate-
buffered saline [PBS]) were applied
daily to the membranes in aliquots of
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65 uL from day 10 to day 13 after fertil-
ization, and on day 14, the CAMs were
photographed. Angiogenesis was re-
duced in the CAMs treated with 0118
and 1097, but not with 1049, compared
with that in untreated controls. Although
some vessels were still visible in 0118-
and 1097-treated embryos, they appeared
shorter, finer, and less defined than those
in controls. Anginex had similar angio-
static effects in the CAM assay (12).

We next assessed the efficacy of 0118
and 1097 in two tumor growth models in
mice [MA148 human ovarian and B16
mouse melanoma (77,13,14)] following
protocols approved by the University of
Minnesota Research Animal Resources
Ethical Committee. Female athymic
nude mice (nu/nu, 5-6 weeks old, n =7
per group) or C57BL/6 male mice
(n = 10 per group) purchased from the
National Cancer Institute were inoculated
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Fig. 2. Inhibition of tumor growth and angiogenesis
in mice by calixarene derivatives in human ovar-
ian and mouse melanoma models of tumorigenesis.
(A—D) Tumor volumes (= 95% confidence intervals
[CI], with only the upper or lower part of the CI line
shown for clarity) in the human ovarian MA148
model (A and B) and the mouse melanoma B16F10
model (C and D) are plotted against days postinocu-
lation. Curves were projected through mean values
on growth curves by smooth spline fitting. In all
panels, symbols are defined as m = control, ® = an-
ginex (Ax; 10 mg/kg), A = 0118 (2.4 mg/kg), A =
0118 (10 mg/kg), V = 1097 (2.7 mg/kg), ¥ = 1097
(10 mg/kg). In panels A and B, an arrow indicates
the end of treatment. As an indirect measurement of
general toxicity, body weights of mice were moni-
tored twice weekly (inserts to panels A-D). E-L)
Reduced vessel density (red) and increased apop-
tosis (green) in mice treated with angiostatic com-
pounds. MA148 tumor section staining (E-H) and
B16F10 tumor section staining (I-L) are shown for
vehicle-treated (E and I), anginex-treated (F and J),
0118-treated (G and K), and 1097-treated (H and L)
mice. Images are representatives of the means for
the amount of staining for a 10-mg/kg dose. Original
magnification is 200%. Scale bar = 50 um. Digital
images were stored and processed using Adobe
Photoshop (Adobe Inc., Mountain View, CA).

in the right flank with 100 pL of expo-
nentially growing MA148 human ovar-
ian carcinoma cells (2x107 cells/mL) or
B16F10 murine melanoma cells (2x10°
cells/mL), respectively, as described
previously (11,13,14). Treatment with
calixarene-based topomimetics or ang-
inex was initiated when tumors reached
volumes of 70 mm?3 (MA148) or 80 mm?
(B16F10). All compounds were dis-
solved in PBS containing 15% v/v
DMSO (control mice were treated with
PBS containing an equivalent amount of
DMSO) and were delivered subcutane-
ously using implanted osmotic mini-
pumps (11,13,14). (For the experiments
using the B16 model depicted in Fig. 2,
D, compounds were administered by
twice-daily intraperitoneal injection.)
Anginex was administered at 10 mg/kg
per day, a dose previously shown to
inhibit tumor growth in the MA148
model by about 60% to 70% (11,13,14).
Compounds 0118 (Fig. 2, A) and 1097
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(Fig. 2, B) were given at two doses: the
pharmacologically equivalent dose of
10 mg/kg per day and the molar equiva-
lent dose in the pumps of 2.4 mg/kg per
day for 0118 and 2.7 mg/kg per day for
1097. In the MA148 model, treatment
was continued for 28 days and tumor
growth was monitored for an additional 2
weeks after treatment. In the B16 model,
treatment was given and tumor growth
was monitored for 7 or 8 days. Tumor
volumes were determined by measuring
the dimensions of tumors using calipers
and substituting the values into an equa-
tion for the volume of a spheroid:
(a*xbxm)/6, where a is the width and b
the length of the tumor. At the conclusion
of each experiment, tumors were excised
from mice killed by cervical dislocation
after being anesthetized (0.2 mL of 100
mg/kg ketamine and 10 mg/kg xylazine
mixture, administered via intraperitoneal
injection). Tumor weights correlated
well with the calculated tumor volumes
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(data not shown). Tumor growth was
analyzed using a mixed-effects growth
curve model by quadratic fitting of tumor
growth curves against time (75), with
treatment-specific coefficients for linear
and quadratic terms of time, as well as
within-subject random effects. To com-
pare differences in tumor growth between
any two treatment regimes, the log-
likelihood ratio test was used (75), either
with different or the same coefficients
for linear and quadratic terms.

Inthe MA 148 model (Fig. 2, A), ovar-
ian tumor growth for the three treated
groups as assessed at the end of the study
(after treatment and additional monitor-
ing) was reduced compared to that in
control mice (P<.001): by 62% for ang-
inex (95% CI = 23% to 100%), 58% for
0118 at 2.4 mg/kg (95% CI = 16% to
100%), and 79% for 0118 at 10 mg/kg
(95% CI=57% to 100%). Using 1097 in
the MA148 model (Fig. 2, B), tumor
growth in mice was also reduced relative
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to that in control-treated mice. At the
end of the study, 1097 inhibited MA 148
tumor growth on average by 53% at
2.4 mg/kg (95% CI = 2% to 100%) or
59% at 10 mg/kg (95% CI = 12% to
100%). After cessation of treatments,
the rate of tumor growth began to
increase, but even 2 weeks later, tumor
growth inhibition remained pronounced
(Fig. 2, A and B).

Against the more aggressive B16 mel-
anoma, a syngeneic model in immuno-
competent mice (7/), tumor growth
curves for all treated groups were also
different from those of tumors in control
mice (P<.001), whether administration
was by osmotic minipumps implanted
subcutaneously (Fig. 2, C) or by twice-
daily intraperitoneal injection (Fig. 2, D).
At the end of the study, 0118 had inhib-
ited growth on average by 77% (95%
CI = 63% to 92%) relative to control
treatment when administered via mini-
pumps and 42% (95% CI = 0% to 88%)
when administered by injection, whereas
1097 inhibited growth by 54% (95% CI =
18% to 91%) and 70% (95% CI = 48% to
93%), respectively. In comparison, ang-
inex inhibited tumor growth by 66%
(95% CI = 41% to 91%) when adminis-
tered subcutaneously by osmotic mini-
pump and 57% (95% CI = 30% to 85%)
when administered intraperitoneally.

Treatment with 0118, 1097, or ang-
inex did not cause observable toxicity,
as assessed by behavior, body weight
change, or hematocrit or creatinine lev-
els (both determined by blood drawing
on the last day of treatment). Overall,
body weights increased irrespective of
treatment, with the exception of a slight
decrease in body weights in B16 mice
injected with 1097 (inserts to Fig. 2,
A-D). Upon autopsy, we observed no
readily apparent abnormalities in inter-
nal organs.

Microvessel density in sections of
tumors removed at the end of the experi-
ment was analyzed histochemically
(Fig. 2, E-L) using a phycoerythrin-
labeled anti-CD31 antibody (PECAM-1;
Pharmingen, San Diego, CA) and quan-
tified as described previously (76).
Tumors of mice treated with anginex
(Fig. 2, F and J), 0118 (Fig. 2, G and K),
and 1097 (Fig. 2, H and L) showed
marked and statistically significant de-
creases in microvessel density relative
to tumors in control mice (Fig. 2, E and I),
as quantified in Supplemental Table 1
(available at http://jncicancerspectrum.

oxfordjournals.org/jnci/content/vol98/
issuel3). These compounds also had sta-
tistically significant effects on vessel
architecture, as evidenced by declines in
the number of vessels, vessel branch
points, and vessel length relative to con-
trol (Supplemental Table 2, available at
http://jncicancerspectrum.oxfordjournals.
org/jnci/content/vol98/issuel3).

We also investigated whether treat-
ment with the compounds increased the
rate of apoptosis of tumor cells by subjec-
ting tumor sections to the terminal deoxy-
ribonucleotidyl transferase-mediated
dUTP-nick-end fluorescein labeling assay
for DNA fragmentation according to the
manufacturer’s instructions (In Situ Cell
Death Detection Kit, Fluorescein; Roche,
Indianapolis, IN). After a 1-hour incuba-
tion with the enzyme at room tempera-
ture, slides were washed with PBS and
immediately imaged using an Olympus
BX-60 fluorescence microscope at 200%
magnification, as previously described
(16). Apoptosis was quantified as des-
cribed earlier (16), and values have been
provided in Supplemental Table 1 (avail-
able at http:/jncicancerspectrum.oxford
journals.org/jnci/content/vol98/issuel 3).

Although the concept of designing
protein surface mimetics has existed for
many years (17), the approach usually
was based on constrained or cyclized
peptides derived from a larger protein,
as exemplified by mimetics of a-helices
(18-20), B-strands (21), B-sheets (22,23),
B-turns (24-26), and loops (27-29).
There are only a few examples of
designed nonpeptidic topomimetic com-
pounds that mimic a surface of a protein
or peptide; one uses an oligosaccharide
(30) and the other uses a linear aromatic
template (7/9) to arrange chemical sub-
stituents with similar distances and ori-
entations like those found in helical
peptides. Here, we have reported the use
of the calix[4]arene scaffold to design
compounds that mimic the surface topol-
ogy of B-sheet peptides. Even though
these compounds do indeed have similar
overall molecular dimensions as a seg-
ment of 3-sheet-folded anginex and, like
anginex, are amphipathic, they do not
exactly match its surface topology, leav-
ing the question open as to whether they
are true mimetics of anginex. In fact,
because the positively charged, amphi-
pathic B-sheet structural motif is common
to most antiangiogenic proteins and
peptides (6), 0118 or 1097 could be
mimetics of any of them or target some
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as yet unidentified receptor. Never-
theless, we have apparently captured
elements of biological import in these
two topomimetics (0118 and 1097), both
of which are antiangiogenic and an-
titumor agents suitable for further pre-
clinical analysis.

Although anginex and some other
angiogenesis inhibitors including end-
ostatin, angiostatin, and Avastin are pro-
teins, nonpeptidic compounds generally
make for superior pharmaceutical drugs,
primarily because they often exhibit
greater in vivo exposure, can be admin-
istered orally, lack an immune response,
and/or are less expensive to produce. It
is for these reasons that protein surface
topomimetics 0118 and 1097 may stand
as the new generation of antiangiogenic
agents for use in the clinic against can-
cer. The next steps are to assess how
these agents behave pharmacokinetically
and pharmacodynamically and to pre-
pare a complete toxicology profile in
animals, prior to initiating a phase I clin-
ical trial in humans.
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