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Effects of Angiogenesis
Inhibitors on Multistage
Carcinogenesis in Mice
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Solid tumors depend on angiogenesis for their growth. In a transgenic mouse
model of pancreatic islet cell carcinogenesis (RIP1-Tag2), an angiogenic switch
occurs in premalignant lesions, and angiogenesis persists during progression to
expansive solid tumors and invasive carcinomas. RIP1-Tag2 mice were treated
so as to compare the effects of four angiogenesis inhibitors at three distinct
stages of disease progression. AGM-1470, angiostatin, BB-94, and endostatin
each produced distinct efficacy profiles in trials aimed at preventing the an-
giogenic switch in premalignant lesions, intervening in the rapid expansion of
small tumors, or inducing the regression of large end-stage cancers. Thus,
anti-angiogenic drugs may prove most efficacious when they are targeted to

specific stages of cancer.

Over the past decade, genetically engineered
mouse models of cancer have increasingly been
used in studies on mechanisms of carcinogen-
esis. One strength of these models is that can-
cers arise from normal cells in their natural
tissue microenvironments and progress through
multiple stages, as does human cancer (/). Such
models of organ-specific cancer also present
opportunities for development not only of can-
cer therapies but also of preventative strategies
that block the progression of premalignant le-
sions into tumors.

The RIP1-Tag2 transgenic mouse model
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of pancreatic islet carcinogenesis serves as a
general prototype of the pathways, parame-
ters, and molecular mechanisms of multistage
tumorigenesis. The pathway through which
normal insulin-producing B cells of the pan-
creatic islets are converted into islet cell car-
cinomas under the influence of the SV40 T
antigen (Tag) is increasingly well understood
(2, 3). Briefly, in the RIP1-Tag2 line, the
following stages arise sequentially over the
13.5-week average lifetime of these mice.
Normal islets (initially 100% of the ~400
islets per pancreas) express the Tag oncogene
and yet are morphologically asymptomatic
until 3 to 4 weeks of age. Hyperplastic islets
then begin to appear stochastically (increas-
ing to 50% of the islets by 10 weeks), dis-
playing B-cell hyperproliferation and features
of dysplasia and carcinoma in situ. Angio-
genic islets (8 to 12%) arise from hyperplas-
tic/dysplastic islets by switching on angio-
genesis in the normally quiescent islet capil-
laries (3). This switch is characterized by
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endothelial proliferation, vascular dilation,
and microhemorrhaging. Solid tumors (~3%
of the islets) emerge at 10 weeks as small
encapsulated tumors (adenomas) that
progress by 12 to 13 weeks into large adeno-
mas and (less frequently) invasive carcino-
mas, both of which are intensely vascularized
by dilated hemorrhagic vessels.

In earlier work, we showed that a mixture
of three angiogenesis inhibitors (AGM-1470,
minocycline, and alpha interferon) could in-
hibit tumor growth in the RIP-Tag model (4).
These data supported other preclinical data
from subcutaneous transplant models (5-7).
Encouraged by the result, we designed the
present study to assess the effects of four
diverse angiogenesis inhibitors when applied
to RIP1-Tag2 mice at three distinct stages of
pancreatic islet carcinogenesis. Figure 1 illus-
trates the experimental design, which had
three branches: (i) early treatment at the hy-
perplastic stage to block the angiogenic
switch before the initial formation of solid
tumors (prevention trial), (ii) treatment of
mice bearing small (asymptomatic) solid tu-
mors to determine whether their expansive
growth and progression to deleterious stages
could be stopped (intervention trial), and (iii)
treatment of mice with substantial tumor bur-
den and near death to ascertain whether these
agents could induce tumor regression (regres-
sion trial). We evaluated four angiogenesis
inhibitors (8) (Tables 1 and 2): AGM-1470
(TNP470), BB-94 (batimastat), angiostatin,
and endostatin, as well as the combina-
tion of angiostatin and endostatin. AGM-1470
(TNP470) is a small molecule inhibitor of
endothelial cell proliferation (9) that is
thought to act by inhibiting an intracellu-
lar enzyme, methionylaminopeptidase-2 (9).
BB-94 (batimastat) is a broad-spectrum in-
hibitor of matrix metalloproteinases (/0),
which are involved in the remodeling of ex-
tracellular matrix and capillary basement
membranes during angiogenesis (//). An-
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giostatin and endostatin are cleavage prod-
ucts of larger cellular proteins. Angiostatin is
an internal fragment of plasminogen, whereas
endostatin is a COOH-terminal fragment of
collagen XVIII, itself a component of the
blood vessel wall (6, 7). In this study, we
used murine versions of angiostatin and en-
dostatin that were produced as fusions to the
Fc fragment of the murine immunoglobulin
heavy chain (Tables 1 and 2) (12).

In the prevention trial, 5-week-old trans-
genic mice harboring only hyperplastic nonan-
giogenic islets were treated for 5.5 weeks, to the
point at which tumors first began to appear in
sham-treated controls (Table 1) (13). At this age
(10.5 weeks), 20 to 25% of the hyperplastic
islet nodules (~45 islets) had become angio-
genic (3), which allowed the frequency of the
angiogenic switch to be quantitated before tu-
mor burden grossly disrupted the pancreatic
architecture. AGM-1470 had no statistically
significant effect, and angiostatin had only a
modest impact on the number of angiogenic
islets, as compared to saline treatment. In con-
trast, BB94 reduced the incidence of angiogenic
switching by ~50%, whereas endostatin alone
and the combination of endostatin plus an-
giostatin resulted in 61 and 63% reductions,
respectively.

In the intervention trial, treatment of the
RIP1-Tag2 mice began at 10 weeks of age,
when every mouse had a few small but highly
vascularized solid tumors, and ended at 13.5
weeks, when sham-treated mice had end-
stage disease (/3). We assessed tumor burden
rather than life-span extension, in order to
fully evaluate the tumor size and histological
characteristics such as apoptotic index and
vessel density. As shown in Table 2, all four
compounds were efficacious. Fc-angiostatin
was least effective, reducing tumor burden by
~60%. AGM-1470, BB-94, and Fc-endosta-
tin reduced tumor growth by 82, 83, and 88%,
respectively. The Fc-angiostatin plus Fc-en-

Fig. 1. Anti-angiogenic
trials designed to tar-
get discrete stages
of carcinogenesis. The
RIP1-Tag2 mice devel-
op pancreatic insuli-
nomas and islet cell
carcinomas in a multi-
step pathway that in-
cludes an angiogenic
switch before solid tu-
mor formation. In the
prevention trials, in-
hibitors were tested

Pre-Angiogenic
Hyperplasia/
Dysplasia/CIS

REPORTS

dostatin combination was not tested here be-
cause of a limited supply of Fc-angiostatin.
In the regression trial, we treated cohorts of
12-week-old tumor-bearing mice that had a life
expectancy of <2 weeks. We assessed life-span

extension as well as tumor burden. The control
mice were moribund by 13.5 weeks and were
killed. All of the angiogenesis inhibitors ex-
tended life-span by at least 2 weeks. Because a
subset of mice in some of the treatment groups

CD31/TUNEL CD31/TUNEL (2x)

AGM-1470

Endostatin

+
Angiostatin

T4 } ' g ; 1 oy i

Fig. 2. Illustrative histopathology of the regression trial. Morphology [hematoxylin and eosin (H/E)
staining] and combined endothelial and apoptotic cell labeling (anti-CD31+TUNEL) of tumors are
shown. Tumor-bearing pancreases were collected from 13.5-week-old control RIP1-Tag2 mice and
from 16-week-old transgenic mice treated with AGM-1470 or a combination of Fc-angiostatin and
Fc-endostatin. Pancreases were then fixed, paraffin-embedded, and sectioned at 5 um. Yellow
arrows indicate the invasive fronts of carcinomas, and yellow arrowheads indicate apoptotic cells
proximal to blood vessels. Scale bar indicates 44.6 wm in the H/E and CD31/TUNEL panels and 22.3
wm in the CD31/TUNEL (2X) panels.

Angiogenic Small Tumor

Dysplasia/CIS

Large Tumor/
Invasive Carcinoma

for their ability to !
block a hallmark of tu-
mor development: the
onset of angiogenesis.

Thus, 5-week-old transgenic mice, whose islets had not yet activated the
angiogenic switch, were treated until the first tumors appeared in control
mice at 10.5 weeks of age. For intervention studies, designed to address
whether angiogenesis inhibitors can slow or stop tumor growth, 10-
week-old transgenics bearing small tumors were treated until end-stage

Prevention
5-10.5week treatment

Intervention Regression

10-13.5week treatment 12-7week treatment

disease (13.5 weeks of age). In the regression trials, inhibitors were tested
for their ability to extend life-span by inducing regression of large
tumors. Thus, treatment was initiated in 12-week-old transgenics har-
boring substantial tumor burden and with a life expectancy of less than
2 weeks. Cross at right indicates the death of the animal.
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were moribund at 16 weeks, the trial was termi-
nated at that time to allow comparison of tumor
burden and histological characteristics (Table 2
and Fig. 2). Both AGM1470 and the combina-
tion of Fc-angiostatin plus Fc-endostatin caused
significant regression of tumor burden. In con-
trast, Fc-endostatin alone, Fc-angiostatin alone,
and BB-94 alone only slowed tumor growth. At
16 weeks, the tumor burden of mice treated with
these compounds was similar to that of sham-

REPORTS

treated mice at 13.5 weeks and was increased
from the 12-week starting point. Thus, in the
regression trial, significant differences in effica-
cy were observed among the tested compounds.

In all three trials, we performed histological
analyses (/4) to compare either premalignant
lesions or tumors from treated and control mice.
In the prevention trial, the angiogenic islets in
treated mice did not show obvious histological
differences from those in control mice, in terms

Table 1. Prevention trial. The average number *SD of angiogenic islets of control (PBS) and treated mice
and the reduction in the number of angiogenic islets (%) are shown. The reduction in angiogenic islet
incidence in treated (T) versus control (C) mice was calculated by the formula (1 -T/C) X 100. Statistical
analysis was done with a two-tailed, unpaired Mann-Whitney test comparing experimental groups to
(phosphate-buffered saline (PBS)-injected control mice. P values less than 0.1 are considered statistically
significant. "N start” indicates the number of animals at the beginning of the trial; "N stop” indicates the
number of animals at the end of the trial; and “N trials” indicates the number of independent
experiments. The endostatin fragment of collagen XVIII and the angiostatin fragment of plasminogen
were each fused at their respective NH,-termini to the constant region of immunoglobulin G (Fc), the
hybrid genes were expressed in murine myeloma cells, and the fusion proteins were isolated as described
(72). BB-94 was homogenized in 0.02% Triton and PBS (pH 7.0) and given as an emulsion. AGM-1470 was
dissolved in 5% dextrose water. Mice were treated with 25 mg per kilogram of body weight (25 mg/kg)
of AGM-1470 s.c. every other day; or with 30 mg/kg of BB-94 i.p. every day; or with 15 mg/kg of
Fc-endostatin s.c. every day, and/or with 20 mg/kg Fc-angiostatin s.c. every day. The dose of 15 mg/kg
of Fc-endostatin was the maximal tolerable dose because of an inflammatory side effect produced by the
fusion protein, which resulted in swollen faces and hair loss (or white hair on the head) but did not
provoke an evident specific immune response in the form of T and B cell infiltration in the pancreas (75).
Neither the Fc fragment alone nor endostatin without the Fc fragment elicited such allergic reactions.

of vessel density, hemorrhage formation, apo-
ptotic index, or morphological appearance (15).
The treated tumors in the intervention and re-
gression trials had several common character-
istics, as noted previously (4, 16). Angiogenesis
inhibitor treatment did not induce a significant
change in the number of proliferating tumor
cells, it caused only a slight reduction in vessel
density, and it increased the number of apopto-
tic cells by a factor of 2 to 3. The histopathol-
ogy of the regression trial is shown for AGM-
1470 and the Fc-endostatin plus Fc-angiostatin
combination (Fig. 2). The observation that
blood vessel density was not decreased (Fig. 2)
supports the notion that some tumor vessels can
grow, or at least remain intact, in the face of
treatment with angiogenesis inhibitors; these
vessels apparently dictate the number of tumor
cells that can survive, thus governing tumor size
while maintaining a similar density of tumor
vessels. Although it was not surprising that
apoptosis was induced in endothelial cells treat-
ed with the anti-angiogenic compounds, it was
intriguing that tumor cells in close apposition to
capillaries were also frequently apoptotic. One
might have expected the opposite: that oxygen
and nutrient deprivation resulting from an im-
paired vasculature would preferentially affect

Average Reduction hypoxic tumor cells most distal to capillaries;
number of N N N . ) . th iendothelial toti t £
Treatment group . X are " trial P value in angiogenic © periendothelial apoptotic patiern Suggests
is?:tgs'cgergg) start - stop rats islets (%) that the apoptotic induction mechanism in-
— volves signals distinct from hypoxia.

PBS control 460+ 67 55 55 2 - 0 There was an appreciable incidence (35
AGM-1470 40.6 +10.1 55 55 2 0.3641 1.7 to 52%) of invasive islet cell carcinomas
BB-94 ) 235+ 47 44 33 2 0.0014 489 among the small tumors present at 16
Fc-endpstatlp 18.0 = 4.8 4,5 3,4 2 0.0008 60.9 weeks in all treatment groups (Flg 2); they
Fc-angiostatin 338 % 52 6 6 1 0.0057 26.5 were most pronounced (52%) in mice treat-

Fc-angiostatin + Fc-endostatin 170+ 46 5 5 1 0.0027 63.0 p °

ed with Fc-endostatin or Fc-angiostatin

Table 2. The average tumor burden +SD of control (PBS) and treated
animals and the reduction in tumor burden (%) in the treated animals are
reported in the intervention and regression trial. The percent reduction in
tumor burden was calculated from the average tumor burden of the
treated groups (T) and the average tumor burden of the 13.5-week-old
PBS-treated RIP1-Tag2 group by applying the formula (1 — T/C) X 100.
Statistical analysis was performed with a two-tailed, unpaired Mann-

Whitney test comparing experimental groups to PBS-injected control
mice. P values less than 0.1 are considered statistically significant. Tumor
burdens of experimental groups in the regression trial were compared to
the tumor burden of 12-week-old Rip1-Tag2 animals. "N start” indicates
the number of animals at the beginning of the trial; "N stop” indicates the
number of animals at the end of the trial; and “N trials” indicates the
number of independent experiments.

Average N N N Reduction in
Treatment group tumor burden ) P value tumor burden
3 start stop trials o
(mm?) (%)
Intervention trial
10-week Rip1-Tag2 starting point 42+ 054 5 - - - 0
13.5-week Rip1-Tag2 PBS control 1154 £ 43.0 4,55 3,43 3 - 0
AGM-1470 206+ 75 4,5 3,4 2 0.0008 82.2
BB-94 196+ 89 4,5 3,4 2 0.0008 83.0
Fc-endostatin 14.1 £ 149 4,4 3,3 2 0.0014 87.8
Fc-angiostatin 46.5+218 3,4 2,3 2 0.0040 59.7
Regression trial
12-week Rip1-Tag2 starting point 773 £36.2 7 - - - 0
13.5-week Rip1-Tag2 control endpoint 115.4 £ 43.0 - 10 - - 0
AGM-1470 (16 weeks) 323 %191 56 4,2* 2 0.0350 58.8
BB-94 (16 weeks) 114.3 = 53.9 5 4 1 0.4121 None
Fc-endostatin (16 weeks) 106.2 £ 37.5 5 3 1 0.3833 None
Fc-angiostatin (16 weeks) 1111 + 47.4 5 3 1 0.3833 None
Fc-angiostatin + Fc-endostatin (16 weeks) 318+ 115 7,6 5t 2 0.0177 58.9

*Four mice were left in trial; three mice died at 17.7, 19.5, and 19.8 weeks of age; one mouse is still alive (20.2 weeks at 16 April 1999).

at 18, 19.5, and 20 weeks of age.

1Three mice were left in trial and died
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plus Fc-endostatin. In contrast, multiple
large encapsulated adenomas predominated
at the 12-week starting point of the regres-
sion trial, where only ~20% of tumors
were invasive carcinomas. Thus, these an-
giogenesis inhibitors did not prevent histo-
logical progression to the invasive carcino-
ma stage. Metastases were not observed in
the 16-week-old treated mice with preva-
lent carcinomas; however, metastasis is
rare in control RIP1-Tag2 mice (2, 16).
Our data reveal that the four angiogen-
esis inhibitors tested had different effica-
cies depending on the stage of carcinogen-
esis being targeted (Fig. 3). BB-94, Fc-
endostatin, the Fc-angiostatin plus Fc-en-
dostatin combination, and to a lesser extent
Fc-angiostatin, but not AGM-1470, pre-
vented activation of the angiogenic switch
in up to 63% in the hyperplastic islets that
otherwise would have switched. Treatment
of RIP1-Tag2 mice bearing substantial tu-
mors with AGM-1470 or Fc-endostatin
plus Fc-angiostatin produced significant tu-
mor regression, in contrast to Fc-endostatin,
Fc-angiostatin, or BB-94 alone. The former
agents reduced tumor volume by ~60% (as
compared to tumor volume at the 12-week
starting point) and by ~72% (as compared to
tumor burden in untreated mice near end stage

REPORTS

at 13.5 weeks). Given that the time course of
each trial was limited, none of the agents tested
completely prevented the angiogenic switch,
blocked the growth of small tumors, or com-
pletely resolved lethal tumor burden. However,
it is important to recognize that the RIPI-Tag
transgene targets oncogene expression to ev-
ery one of the ~500,000 pancreatic B cells in
these transgenic mice, resulting in a temporal
spectrum of developing neoplastic foci and
thus rendering this a very stringent system for
assaying pharmacological interventions. Al-
though multifocal disease may present a
tough standard in comparison to standard tu-
mor transplant models, such stringency is
likely to prove of considerable value, given
the biological and clinical resilience of hu-
man cancers.

This study strengthens the proposition that
angiogenesis inhibitors will become impor-
tant components of anticancer treatment strat-
egies, by using compounds and dosing regi-
mens fine-tuned to target specific stages of
disease progression. A number of future ap-
plications for this model system can be envi-
sioned: identifying the most potent formula-
tions, dosing regimens, and combinations of
the current compounds as well as of new
angiogenesis inhibitors, both for prevention
and for therapeutics; exploring broader com-

Prevention trial
I 5-10.5 weeks

Fig. 3. Summary of stage-specif- 60—
ic efficacy differences among an- g
giogenic inhibitors. The relative 2
effects of particular angiogenesis g 40—
inhibitor treatments in the three g
distinct stages of carcinogenesis g 30
are compared here. IT stands for & 29
initial tumor burden and reflects s
the mean tumor burden at the £ 10
beginning of the intervention tri-
al (10 weeks; IT10w) or regres- ¢
sion trial (12 weeks; IT12w). The 200 —
prevention trial was started at 5 _
weeks of age, when only hy- &
perplastic/dysplastic islet nod- B
ules are present (c in the top -
panel stands for the number of =
angiogenic islets in the control 2
animals). g

g

=

Tumor burden (mm?*)
2
|
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binatorial possibilities involving other classes
of anticancer drugs; and elucidating the phar-
macogenetic mechanisms of the stage-specif-
ic efficacy differences. The challenge will be
to validate the results from this and other
mouse models of organ-specific carcinogen-
esis as instructive in the design of clinical
trials to identify drugs and delivery strategies
that are effective for the treatment and pre-
vention of human cancers.
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Unexpected Modes of PDZ
Domain Scaffolding Revealed by
Structure of nNOS-Syntrophin
Complex
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The PDZ protein interaction domain of neuronal nitric oxide synthase (nNOS)
can heterodimerize with the PDZ domains of postsynaptic density protein 95
and syntrophin through interactions that are not mediated by recognition of
a typical carboxyl-terminal motif. The nNOS-syntrophin PDZ complex structure
revealed that the domains interact in an unusual linear head-to-tail arrange-
ment. The nNOS PDZ domain has two opposite interaction surfaces—one face
has the canonical peptide binding groove, whereas the other has a $-hairpin
“finger.” This nNOS B finger docks in the syntrophin peptide binding groove,
mimicking a peptide ligand, except that a sharp B turn replaces the normally
required carboxyl terminus. This structure explains how PDZ domains can
participate in diverse interaction modes to assemble protein networks.

PDZ protein interaction domains (/) play a
central role in organizing diverse signaling
pathways (2-7). The scaffolding protein InaD
(inactivation no after potential), which compris-
es five PDZ domains, tethers multiple proteins
of the Drosophila phototransduction cascade
(6). The postsynaptic density protein PSD-95,
which has three PDZ domains, clusters and
localizes N-methyl-D-aspartic acid (NMDA)-
type glutamate receptors at synapses (2). By
organizing such protein networks, PDZ scaf-
folding proteins increase the efficiency and
specificity of signal transduction.

Most known PDZ-mediated interactions
occur through recognition of short COOH-
terminal peptide motifs (2). Peptide interac-
tion screens indicate that the terminal carbox-
ylate of these ligands is required for binding
(8). This canonical mode of PDZ recognition
is well characterized: structures of PDZ-pep-
tide complexes reveal that recognition is
achieved through an extended binding groove
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that terminates in a conserved carboxylate
binding loop (9, 10).

Nonetheless, an increasing number of PDZ-
mediated interactions occur through modes that
are not dependent on recognition of a COOH-
terminal motif. A well-characterized example is
the PDZ domain of neuronal nitric oxide syn-
thase (nNOS), the neuron- and muscle-specific
isoform of the enzyme that produces the second
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messenger nitric oxide (NO). The PDZ domain
of nNOS specifically heterodimerizes with
PDZ domains from PSD-95 and syntrophin in
neurons and muscle cells, respectively (5).
These interactions allow the integration of
nNOS into specific signaling pathways. Asso-
ciation with PSD-95 in neurons is thought to
couple NO production to NMDA receptor ac-
tivation (11). Association with syntrophin in
muscle cells localizes nNOS to the dystrophin
complex (12), coupling NO production to mus-
cle contraction. The resulting NO exerts a pro-
tective effect by increasing blood flow to match
the heightened metabolic load of contracting
muscle. Loss of this response in Duchenne
muscular dystrophy may contribute to muscle
degeneration (13).

These PDZ-PDZ interactions are distinct
from canonical PDZ-peptide interactions in that
they do not involve recognition of a COOH-
terminal sequence on either partner protein.
Moreover, the full tertiary structures of both
PDZ partners are required, including 30 amino
acids in nNOS that extend beyond the canonical
PDZ region (5). These interactions are repre-
sentative of an alternative class of PDZ domain
interactions: the recognition of internal motifs.
Such internal interactions have also been re-
ported for PDZ domains from the scaffolding
proteins GRIP and InaD (7, 14).

We determined the crystal structures of
the nNOS PDZ domain alone and in complex
with the syntrophin PDZ domain to 1.25 and
1.9 A resolution, respectively (15) (Table 1).
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Fig. 1. Linear head-to-tail heterodimer of nNOS-syntrophin PDZ domains. (A) The nNOS PDZ domain
(orange) has a polarized structure with distinct receptor (peptide binding groove) and ligand (B-finger)
faces. The nNOS ligand face docks against the syntrophin PDZ domain (purple) peptide binding groove.
(B) Structure of the syntrophin PDZ domain (purple) in complex with a COOH-terminal peptide
(orange) (70). The figure was generated with the program MOLSCRIPT (25).
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