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Effect of p53 Status on Tumor
Response to Antiangiogenic
Therapy

Joanne L. Yu,? Janusz W. Rak,? Brenda L. Coomber,*
Daniel J. Hicklin,> Robert S. Kerbel'-*

The p53 tumor suppressor gene is inactivated in the majority of human cancers.
Tumor cells deficient in p53 display a diminished rate of apoptosis under
hypoxic conditions, a circumstance that might reduce their reliance on vascular
supply, and hence their responsiveness to antiangiogenic therapy. Here, we
report that mice bearing tumors derived from p53~/~ HCT116 human colo-
rectal cancer cells were less responsive to antiangiogenic combination therapy
than mice bearing isogenic p53*/* tumors. Thus, although antiangiogenic
therapy targets genetically stable endothelial cells in the tumor vasculature,
genetic alterations that decrease the vascular dependence of tumor cells can
influence the therapeutic response of tumors to this therapy.

Genetic instability, a defining hallmark of the
cancer cell, constitutes the major driving force
behind acquired drug resistance. Angiogenesis
inhibitors are new anticancer drugs considered
potentially capable of circumventing or signif-
icantly delaying acquired drug resistance, be-
cause they target the normal—and hence genet-
ically stable—host endothelial cell of a tumor’s
growing vasculature (1, 2). The lack of acquired
resistance has been reported in preclinical stud-
ies with certain direct-acting antiangiogenic
agents (3, 4) and when various angiogenesis
inhibitory drugs are used in certain combina-
tions (5), and likewise in the treatment of cer-
tain nonmalignant tumors in the clinic (6, 7).
However, there are examples of gradual loss of
response, and perhaps acquired resistance to
antiangiogenic drugs or treatment strategies, es-
pecially when the drugs are administered as
monotherapies (§).

Genetic mutations commonly detected in
cancer cells, such as those leading to inactiva-
tion of the wild-type p53 tumor suppressor gene
(9) can render cells less susceptible to apoptosis
induced by hypoxic stress (/0). Transformed
p537'~ cells have a survival advantage over
their p53*/* counterparts when cultured in vitro
under hypoxic conditions (/0). It is therefore
conceivable that the selection and overgrowth of
subpopulations with a reduced dependence on
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blood vessels could occur over time in the face
of antiangiogenic therapy (11, 12).

To investigate whether p53 loss confers on
tumor cells a resistance to hypoxia that might
reduce the efficacy of antiangiogenic therapy,
we compared the response of tumors derived
from paired isogenic p53*/* and p537/~
HCT116 colorectal carcinoma cells (/3). The
cells were injected subcutaneously into SCID
(severe combined immunodeficiency) mice,
and once the tumors reached 100 mm? in size,
treatment was initiated with DC101, an anti-
body directed against vascular endothelial

growth factor receptor-2 (VEGFR-2), in com-
bination with continuous low-dose vinblastine
chemotherapy (5, 14). Although the growth of
all tumors was inhibited by treatment, there was
a dramatic difference in response based on p53
status (Fig. 1A). At 42 days after the initiation
of treatment, the volume of the p53~/~ tumors
had increased sevenfold, compared with only a
twofold increase in the p53*'* tumors. Similar
results were obtained after treatment with
DCI101 alone, i.e., the results are not dependent
or due exclusively to the low-dose vinblastine
treatment (15).

The p53~/~ tumors were much slower to
respond to the DC101 and vinblastine therapy
from the onset of treatment (Fig. 1B). The
volume of treated p53*/* tumors decreased to
39.0 = 7.0% that of untreated controls after
only 7 days of therapy, whereas the volume of
treated p53~/~ tumors remained at 91.5 *
13.7% that of untreated controls. It was not
until after 21 days of therapy that the p53~'~
tumors reached a similar 60% reduction in tu-
mor volume as a percentage of controls.

Cancer cells that have lost p53 function are
thought to be selected for during tumor progres-
sion. To recapitulate this process, we estab-
lished tumors from 1:1 mixtures of p53*/* and
p537' cells, and treated them with DC101 and
vinblastine (Fig. 2A). The composition of
mixed tumors at the time of removal was as-
certained by Southern blotting of tumor genom-
ic DNA with a p53-specific probe (16). The
percentage of p53*'* and p53~/~ cells was
determined from a standard curve after densi-

Fig. 1. Disruption of p53 decreases sen-

A 20 sitivity of HCT116 tumors to antiangio-
18007 genic therapy. (A) Mice bearing tumors

o~ 1600 [ established by subcutaneous injection
E 1400 - ” " of 10° cells were treated with twice
= 12001 I g:: weekly intraperitoneal injections of the
£ ne DC101 VEGF receptor-2—specific (flk-1)
S 10007 > neutralizing antibody (800 pg per
S 800 o537 mouse) and low-dose vinblastine (0.5
5 6001 DC101/Vbl mg/kg), or an equal volume of saline
£ — (controls). Tumor volume (mm?3) was
2 400 A estimated from caliper measurements
200 ,% %—%—% ,r’)sc::owm using the standard formula: (length X
PO T L S width?)/2. For p53*/* (WT) tumors,

0 10 20 30 40 50 60 70 80 n = 15 (control), n = 17 (treatment);

Days post injection for p53~/~ (KO) tumors, n = 15 (con-

B trol), n = 16 (treatment). (B) p53~/~

| O~ p53-- |
|+ p53+

tumors are slower to respond to DC101
and vinblastine treatment from the
start, as demonstrated by plotting
treated tumor volumes as a percentage
of controls. All error bars represent SD.

Relative volume (%) of
treated vs. control tumors

0 5 10 15 20
Treatment day

25

22 FEBRUARY 2002 VOL 295 SCIENCE www.sciencemag.org



tometric analysis of bands corresponding to the
wild-type p53 allele and each disrupted p53~/~
allele (16) (Fig. 2B). We found that the propor-
tion of p53*/* cells decreased dramatically
after antiangiogenic therapy (Fig. 2C). Al-
though p53*/* cells made up 43.4 + 3.0% of
saline-treated tumors (slightly decreased from
the initial 50%), they made up only 19.0 =
11.0% (P < 0.001, ¢ test) of the tumors that had
received antiangiogenic treatment for 35 days
(Fig. 2D). In 2 of the 12 treated mixed tumors,
the band corresponding to the wild-type p53
allele could not even be detected. Thus p53~/~
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Fig. 2. Differential response of p53*/* and
p53~/~ tumors can be explained by decreased
survival of p53*/* cells during treatment with
antiangiogenic therapy. (A) Growth of mixed tu-
mors initially com)arised of a 1:1 mixture of
p53*/* and p53~/~ HCT116 colon carcinoma
cells, and inhibition by DC101 and vinblastine
treatment. Arrows indicate injections of DC101
and vinblastine or saline. (B) Southern blot of
genomic DNA extracted from mixtures of known
proportions of p53*/* and p53~/ cells, used to
establish a standard curve by which the percent-
age of p53*/* cells in a tumor could be calculat-
ed from the relative intensities of the bands (76).
(C) Southern blot of DNA extracted from tumors
after saline (control) or DC101-vinblastine treat-
ment, showing a marked decrease in intensity of
p53*/* bands in treated mixed tumors. (D) Per-
centage of p53+/* cells is diminished in mixed
tumors treated with antiangiogenic therapy (P <
0.001, t test). n = 12 for control and treated
groups. All error bars represent SD.
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cells showed a clear selective advantage during
therapy.

We next examined the distribution of
p53** and p53~'~ cells relative to the vascu-
lature within a heterogeneous tumor. If p53+/*
cells are more sensitive to hypoxia-induced
death, one would predict that these cells would
be localized predominantly in oxygen-rich
perivascular tumor regions. To test this hypoth-
esis, we established tumors from 1:1 mixtures
of p53*/* and p53~/~ cells, and labeled the
cells most proximal to perfused vessels by in-
travenous injection of Hoechst 33342 dye (12).
This procedure yields highly fluorescent cells
immediately surrounding the vasculature and
low fluorescence intensity in more distal, hy-
poxic areas. After enzymatic disaggregation of
each tumor into a single-cell suspension, sam-
ples were analyzed by fluorescence-activated
cell sorting (FACS), and the cells displaying the
5% highest and lowest Hoechst fluorescence
intensities were collected and assayed for p53
status (17). This analysis revealed that the pro-
portion of p53*/* cells was diminished in the
distal (Hoechst-dim) subpopulations (Fig. 3).
The average relative percentage of p53+/+
cells was 43.4 = 1.7% in the proximal (Ho-
echst-bright) tumor cell samples, but this val-
ue was reduced to 20.6 = 1.6% in cells
collected from the distal, more hypoxic tumor
regions (P < 0.05, ¢ test). Thus, within a
heterogeneous tumor, a greater proportion of
p53+/* cells are found immediately sur-
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Fig. 3. Differential perivascular distribution of
p53*/* and p53~/~ cells in mixed tumors. (A)
PCR analysis of p53 status in tumor cell popula-
tions (77). Genomic DNA amplified from p53*/*
but not p53~/~ cells contains exon 2, whereas
exon 6 is present in both. Both bands are present
after amplification of vessel-proximal and distal
cells sorted from mixed tumors, but the exon 2
band is diminished in distal cells isolated from
hypoxic tumor regions. Pr, proximal; D, distal. (B)
The relative intensity of the exon 2 PCR product
versus the exon 6 product for each DNA sample is
proportional to the relative percentage of p53*/*
cells and is decreased in cells "distal” to perfused
vasculature (n = 6).

rounding perfused vasculature and are selec-
tively lost from tumor regions distal to these
vessels, an observation consistent with the
possibility that p53*/* cells are more sensi-
tive to hypoxia-induced apoptosis.

To examine the extent of apoptosis in hy-
poxic regions of p53*/* or p53~/~ tumors, we
intravenously injected EF5, a 2-nitroimidazole
compound, into mice 3 hours before tumor ex-
cision. Under low-oxygen conditions, EFS5
forms adducts with cellular macromolecules
that are detectable by monoclonal antibodies
(18). To assess apoptosis, we stained cryosec-
tions of p53*/* and p53~/~ tumors first by
terminal deoxynucleotidyl transferase-mediated
deoxyuridine triphosphate nick-end labeling
(TUNEL) assay using fluorescein-labeled nu-
cleotides, and then with CyS5-labeled antibodies
against EFS to visualize hypoxic cells (14, 18).
As the TUNEL assay is not exclusive for apo-
ptotic cells, much of the positive TUNEL signal
occurred in necrotic, nonviable tumor regions.
However, EF5 binding only occurs in viable
cells (18). Thus, maximal EF5 binding occurred
at the boundary between necrotic and apoptotic
regions. We found that the frequency of apopto-
sis in hypoxic areas of p53*/* tumors was
greater than in hypoxic regions of p53-defi-
cient tumors, in agreement with previous
studies (10, 14).

We also found the above consequences of
P53 deletion to be unrelated to p53-dependent
effects mediated by p21, a cell-cycle inhibitor
that is essential for p53-mediated growth ar-
rest after DNA damage (19). By performing
similar Hoechst labeling experiments with
p21~'~ HCTI116 cells (parental cells are
p217'*) (19), we observed that disruption of
p21 did not have a significant effect on the
capacity of these cells to survive in hypoxic
or nutrient-deprived tumor regions (/4). In-
deed, the growth of both parental HCT116
(p53*'*, p21*'*) and p21~'~ tumors was
inhibited with similar kinetics after treatment
with the DCI101-vinblastine combination
therapy (14).

These experiments demonstrate that the ge-
netic background of a tumor cell, in this case the
presence or absence of wild-type p53, may be an
important determinant of response to antiangio-
genic therapy. This study examined only one
type of antiangiogenic therapy; however, one
might expect that this mechanism would simi-
larly influence the efficacy of other angiogenesis
antagonists that cause increases in hypoxia. Al-
though p53 inactivation, either by direct muta-
tion or by indirect alterations in p53-interacting
genes, is a common feature in human malignan-
cies, it is clear that alterations in p53 represent
only one example of the types of genetic lesion
that could affect the vascular dependence or
hypoxia-sensitivity of tumor cells. For example,
changes in the hypoxia-inducible factor-la
(HIF-1a) pathway (12, 20, 21), potentially as a
result of upstream oncogenic changes (e.g., ac-
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tivated ras, src, or HER-2) could also result in
altered cellular responses to hypoxia and could
enhance the survival capacity of tumor cells
under conditions of stress (22—-24). Hence, one
method of improving the efficacy of angio-
genesis inhibitors might be to combine them
with inhibitors of oncogene-mediated signal
transduction, with the goal of counteracting
such decreases in vascular dependence. A sec-
ond method would be to combine antiangio-
genic drugs with hypoxic cell cytotoxins, a
new class of drugs that can overcome resis-
tance of hypoxic cells to radiation and che-
motherapy and can induce cytotoxic effects
on their own (25-27). Combination bacterio-
lytic therapy (COBALT) could also be ex-
ploited in this manner (28). A third approach
would be to use drugs such as vascular tar-
geting agents, which can destroy existing tu-
mor blood vessels and/or acutely disrupt
blood flow (29, 30) in combination with an-
tiangiogenic drugs that block new blood ves-
sel formation. These various combinations
also highlight the possibility that, although
tumor cell variants may be able to survive
under certain conditions of hypoxia, they
could not do so in anoxic conditions (37).

In summary, although tumor growth and
progression are angiogenesis-dependent, our
results suggest that it is essential to consider
the possibility that the vascular dependence
of tumor cell populations may be heteroge-
neous, variable, and quantitative, rather than
absolute and qualitative in nature. These con-
siderations not only have important implica-
tions for the design, scheduling, and monitor-
ing of antiangiogenic therapies in future clin-
ical trials, but also for the interpretation of
results obtained from such trials.
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Transcriptional Regulation of
Cortical Neuron Migration by
POU Domain Factors

Robert . McEvilly,* Marcela Ortiz de Diaz, Marcus D. Schonemann,
Farideh Hooshmand, Michael G. Rosenfeld*

The identification of pathways mediated by the kinase Cdk5 and the ligand
reelin has provided a conceptual framework for exploring the molecular mech-
anisms underlying proper lamination of the developing mammalian cerebral
cortex. In this report, we identify a component of the regulation of Cdk5-
mediated cortical lamination by genetic analysis of the roles of the class Ill POU
domain transcription factors, Brn-1 and Brn-2, expressed during the develop-
ment of the forebrain and coexpressed in most layer -V cortical neurons. Brn-1
and Brn-2 appear to critically control the initiation of radial migration, redun-
dantly regulating the cell-autonomous expression of the p35 and p39 regulatory
subunits of Cdk5 in migrating cortical neurons, with Brn-1(~/—)/Brn-2(~/-)

mice exhibiting cortical inversion.

Development of the mammalian cerebral cortex
involves both radial migration of postmitotic
neurons arising from the dorsal telencephalon
and tangential migration of inhibitory interneu-
rons originating in the ganglionic eminence (/,
2). Analysis of murine mutations has partially
defined two signaling pathways regulating ra-
dial migration of cortical neurons, one involv-
ing reelin, expressed in marginal zone Cajal-
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Retzius cells, which binds the receptors for
reelin and activates the downstream effector
molecule mDabl in radially migrating neurons
(3-5), and the second mediated by CdkS5 and its
regulatory subunits, p35 and p39 (6, 7).

To assess the potential roles of the class 11
POU domain transcription factors Brn-1 and
Bmn-2 (8-10) in cortex development, we exam-
ined the consequences of the deletion of the
Brn-1 (Web fig. 1, A to D) (/1) and Brn-2 (10)
genomic loci, both separately and together.
Brn-1(*/—) heterozygous mice were phenotyp-
ically normal; Brn-1 gene—deleted mice were
present at expected Mendelian ratios at birth but
survived no longer than 36 hours postpartum,
probably reflecting a defect in renal develop-
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