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ABSTRACT Inhibition of cell growth and transformation
can be achieved in transformed glial cells by disabling erbB
receptor signaling. However, recent evidence indicates that the
induction of apoptosis may underlie successful therapy of
human cancers. In these studies, we examined whether dis-
abling oncoproteins of the erbB receptor family would sensi-
tize transformed human glial cells to the induction of genomic
damage by g-irradiation. Radioresistant human glioblastoma
cells in which erbB receptor signaling was inhibited exhibited
increased growth arrest and apoptosis in response to DNA
damage. Apoptosis was observed after radiation in human
glioma cells containing either a wild-type or mutated p53 gene
product and suggested that both p53-dependent and -inde-
pendent mechanisms may be responsible for the more radio-
sensitive phenotype. Because cells exhibiting increased radi-
ation-induced apoptosis were also capable of growth arrest in
serum-deprived conditions and in response to DNA damage,
apoptotic cell death was not induced simply as a result of
impaired growth arrest pathways. Notably, inhibition of erbB
signaling was a more potent stimulus for the induction of
apoptosis than prolonged serum deprivation. Proximal recep-
tor interactions between erbB receptor members thus inf lu-
ence cell cycle checkpoint pathways activated in response to
DNA damage. Disabling erbB receptors may improve the
response to g-irradiation and other cytotoxic therapies, and
this approach suggests that present anticancer strategies
could be optimized.

The molecular parameters that determine how a cell becomes
more or less sensitive to DNA damage induced by radiation or
chemotherapeutic agents are poorly understood. Status of cell
cycle checkpoint-signaling pathways has been argued to be an
important determinant of the response to DNA damage, and
mutations in checkpoint components are prevalent in human
cancers (reviewed in refs. 1 and 2). A recently introduced
paradigm suggests that tumor cells exhibit growth arrest or
apoptosis in response to cytotoxic therapies depending on the
functional state of checkpoint pathways and that radiation-
induced apoptosis may result from impaired growth arrest
pathways (3). Similarly, in other systems using nontransformed
cells, incomplete mechanisms of DNA repair, occurring during
checkpoint phase delay, increase the tendency to apoptosis (4).

Human glioblastomas exhibit many genetic alterations, in-
cluding amplification andyor mutation of the gene encoding
the epidermal growth factor receptor (EGFR) (reviewed in
refs. 5 and 6) in some cases resulting in expression of a
constitutively activated EGF receptor kinase (7–9). We have

shown that expression of a trans-receptor inhibitor of the
EGFR, derived from the ectodomain of the p185neu oncogene
(T691stop neu), forms heterodimers with both full-length
EGFR and a constitutively activated extracellular-deleted
mutant EGFR form (DEGFR) commonly observed in human
glial tumors, particularly those of higher pathologic grade (9,
10). Cell growth and transformation of EGFR-positive or
EGFRyDEGFR-coexpressing human glioma cells is inhibited
by kinase-deficient deletion mutants of p185neu (9, 10). The
surface-localized T691stop neu mutantyEGFR heterodimeric
receptor complex has decreased affinity for the EGF ligand,
impaired internalization kinetics, reduced phosphotyrosine
content, and diminished enzymatic kinase activity relative to
full-length EGFR and DEGFR homodimeric complexes (9,
10).

The specific pathways mediating oncogenic transformation
in EGFR positive-transformed human cells have not been
characterized completely. Naturally occurring DEGFR onco-
proteins may increase constitutive activity of a Grb2yShcyRas
pathway (11) and signaling through phosphatidyl inositol-3
(PI-3) kinases (12), presumably by binding to distinct adaptor
proteins (13). Particular mitogen-activated protein kinases,
such as those of the c-jun amino terminal kinase family, may
be constitutively activated by ligand-independent oncogenic
DEGF receptors (14). Although holo-EGFRs have been found
to be weakly transforming only in a ligand-dependent manner
at high levels of receptor expression in fibroblasts, many
human tumors exhibit elevated levels of EGFR and this may
contribute to unregulated kinase activity in transformed cells
(15, 16).

We sought to address whether specific inhibition of signaling
through the overexpressed EGFR in radioresistant human
glioma cells would alter the physiologic response of these cells
to the induction of genomic damage. g-irradiation combined
with erbB receptor inhibition resulted in a greater degree of
radiation-induced growth arrest and apoptosis in cancer cells
normally resistant to ionizing radiation. These results have
implication for the design of receptor-specific agents capable
of sensitizing cells to cytotoxic therapies and suggest that erbB
receptor-specific inhibition combined with cytotoxic treat-
ments may improve the response to anticancer regimens.

MATERIALS AND METHODS

Vector Construction. The derivation of the T691stop neu
mutant receptor construct has been detailed previously (10).
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Maintenance of Cells and Development of Stably Trans-
fected Cell Lines. The U87MG human glioblastoma cell line
was obtained from Webster Cavenee (Ludwig Cancer Insti-
tute, San Diego). U373MG human glioma cells, originally
isolated from a human anaplastic astrocytoma, were obtained
through the American Type Tissue Collection (ATCC; Rock-
ville, MD). Maintenance of cells lines, methods for deriving
subclones expressing p185neu-derived proteins and transfec-
tion procedures have been described previously (9, 10).

Flow Cytometric Analysis of Cell Cycle Distribution. Cells
were stained for flow cytometry by sequential treatment with
0.003% trypsin solution, followed by 0.05% trypsin inhibitor,
0.01% RNase A solution, and then 0.0416% propidium iodide
and 5 mM spermine tetrachloride solution. Each treatment
was performed for 10 min with continuous shaking at room
temperature. All reagents were ordered from Sigma. Cell cycle
analysis was performed within 2 h of staining on a Becton
Dickinson FACScan flow cytometer. Ten thousand events
were collected for each sample and the data analyzed by using
the MODFIT cell cycle analysis program (Becton Dickinson,
version 2.0).

Nuclei Staining and Morphologic Analysis of Apoptosis.
Cells were plated onto coverslips for at least 12 h before
irradiation. Irradiation was performed in conditions identical
to the colony formation assays. Coverslips were then washed
twice with PBS at the indicated times and fixed in 50:50 mix of
ice-cold methanolyacetone for 1 min. Coverslips were subse-
quently stained with 49,6-diamidino-2-phenylindole dihydro-
chloride hydrate (DAPI) (Sigma) at a concentration of 0.1–.25
mgyml in PBS. Inter-observer consistency in apoptosis counts
was confirmed with terminal deoxynucleotidyl transferase-
mediated dUTP nick end labeling-staining and by three inde-
pendent observers.

Cell counts were performed within 30 min of staining, and
photographs were taken on a Zeiss Axioplan epifluorescence
microscope. At least three independent fields of 100 cells were
counted for each sample.

Colony Formation Assay. Cell survival after irradiation was
assessed by the colony formation assay. The number of cells to
be plated was calculated to form 20–200 colonies per dish at
each radiation dose and plated into 10-cm culture dishes
(Fisher Scientific). By using a J. L. Shepherd (San Fernando,
CA) model 30 Mark I Cesium-137 irradiator, 12.8 Gyymin of
irradiation was delivered to the cells on a rotating platform to
ensure uniform dosing. Cells were incubated after irradiation
at 37°C with 5% CO2 for 7–10 days and then stained with
crystal violet. Colonies containing .50 cells were counted
under a dissecting microscope. The surviving fraction is the
ratio of the number of colonies formed to the number of cells
plated and was corrected for plating efficiency. At least three
cell concentrations were used for each radiation dose.

Western Blotting. For each time point, 105 cells per 6-cm
plate were harvested by lysis in 400 ml of sample buffer (10%
glyceroly2% SDSy100 mM DTTy50 mM Tris, pH 6.8). Thirty
microliters of each lysate was loaded per lane and separated by
electrophoresis on a 15% SDS-polyacrylamide gel before
overnight transfer to a nitrocellulose membrane (Bio-Rad).
Membranes were probed with mouse anti-human p53 mAb
(NeoMarkers, Fremont, CA), followed by goat anti-mouse Ig
secondary antibody coupled to horseradish peroxidase (Am-
ersham). To reduce background antibody binding, incubation
with secondary antibody in 2.5% powdered milk in PBS was
performed. Detection was performed by enhanced chemilu-
minescence (ECL, Amersham). Relative levels of p53 expres-
sion were determined by scanning the blots using a scanning
densitometer (Molecular Dynamics).

Antibodies. The mAb 7.16.4 reactive against the p185neu
ectodomain has been described (10). Polyclonal antibodies
reactive with p53 and p21 were obtained from NeoMarkers.

Antibodies reactive with bcl-2, bax, and bcl-xL were obtained
from Oncogene Science.

RESULTS

Cell Cycle Distribution of Cycling Human Glioblastoma
Cells Treated with g-Irradiation: Effects of Disabling erbB
Signaling on Growth Arrest. For both U87MG and U87yT691
cells, prolonged serum starvation alone (72–100 h) led to
increased accumulation of cells in G0yG1, with modest reduc-
tions in both the S and G2yM populations. U87yT691 cells
exhibited a higher G0yG1 fraction than parental U87MG cells
either in the presence of serum (Fig. 1 A and C) or after
prolonged serum deprivation (data not shown). The relative
increase in growth arrest induced by expression of the
T691stop neu mutant receptor in U87MG cells was thus not
overcome by growth in full serum.

Induction of growth arrest by exposure of asynchronously
cycling transformed human glial cell populations to g-irradi-
ation was greater than that induced by prolonged serum
deprivation alone. In both U87MG and U87yT691 cells,
irradiation of cells grown under full serum growth conditions
caused robust increases in G0yG1 and G2yM, and a decrease
in the percentage of cells in S phase, as determined by flow
cytometric staining for DNA content (Fig. 1 B and D).
Reduction of the S phase fraction and accumulation of cells in
G2 is characteristic of cells sustaining DNA damage (4, 17).
The data in Fig. 1 depict a representative experiment of cells
analyzed 72 h after g-irradiation. Earlier time points indicated
similar trends, but analysis 72 h after irradiation was chosen to
be consistent with subsequent experiments (see below). An
analysis of three independent experiments revealed the fol-
lowing changes in cell cycle distribution [mean percent of
cells 6 SEM; 6 radiation treatment (RT)]: (i) U87MG
parental cells: G0yG1: 26 6 2.8, 1RT 51.5 6 2.1; S: 66 6 4.2,
1RT 21 6 2.8; G2yM: 8 6 1.4, 1RT 28.5 6 0.7; (ii) U87yT691
cells: G0yG1: 34.5 6 4.9, 1RT 71 6 7.1; S: 57.5 6 4.9, 1RT
16 6 4.2; G2yM: 7.5 6 0.7, 1RT 12.5 6 3.5. U87yT691 cells
exhibited a higher G0yG1 fraction and reduced S and G2yM

FIG. 1. Cell cycle distribution of human glioblastoma cells with or
without radiation treatment in 10% serum. Parental U87MG cells (A
and B) and U87yT691 transfectants (C and D) were studied. Cells were
plated in 60-mm dishes and allowed to attach before either being
g-irradiated (10 Gy) (B and D) or mock-irradiated (A and C). After
72 h, cells were than analyzed by flow cytometry after propidium
iodide staining. The distributions of cells according to DNA content
are indicated in each panel. The data shown in this experiment are
representative of four independent experiments.
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populations when compared with parental glioblastoma cells
when grown asynchronously in culture either with or without
radiation treatment, and the largest difference was in the
G0yG1 population. Radiation-induced increases in the G2yM
fraction were seen in both U87MG and U87yT691 cells,
although to a greater degree in parental U87MG cells. Serum
deprivation and radiation treatment in these cell populations
was not additive and did not appreciably alter the cell cycle
distributions in either cell line from that observed with radi-
ation treatment in full serum (data not shown). Thus, disabling
EGFR-mediated signaling appears to induce a growth arrest
by a mechanism distinct from that observed with prolonged
serum deprivation.

Trans-Receptor Inhibition Sensitizes Human Glioblastoma
Cells to Radiation-Induced Apoptosis. Human glioblastoma
cells have been shown to be especially resistant to radiation
treatment both experimentally and clinically. EGFR overex-
pression andyor mutation has been correlated with particularly
aggressive human glial tumors and oncogenicity was suggested
to be caused by reduced apoptosis in vitro and in vivo (18). We
examined whether inhibition of EGFR-mediated signaling in
human glioblastoma cells by the T691stop neu mutant receptor
could sensitize cells to apoptotic cell death.

With prolonged serum deprivation, we observed only 0–1%
apoptosis in U87MG parental cells by either 49-6-diamidino-
2-phenylindole (DAPI) staining or terminal deoxynucleotidyl
transferase-mediated dUTP nick end-labeling staining, which
was less than that observed in other studies (18). We found that
U87MG-derived cells do not exhibit a sub-G0 peak by flow
cytometric analysis after propidium iodide staining under
conditions causing apoptosis, which is in agreement with
others (19). Expression of the T691stop neu inhibitor in
U87MG cells resulted in only 0–2% apoptosis with prolonged
serum deprivation as determined by immunohistochemical
identification of apoptotic nuclei with DAPI.

Apoptosis was maximal in repeated studies at 72 h, and this
time point was selected for all additional experiments. Expres-
sion of the T691stop neu protein in the U87MG cell back-
ground increased the level of radiation-induced apoptosis to
23 6 7.9% (mean 6 SEM) at 72 h in four independent
experiments in full growth media (Fig. 2A). Prolonged serum
deprivation combined with radiation resulted in 33 6 10.6%
apoptosis in U87yT691 cells and in 11 6 1.5% apoptosis in
parental U87MG cells, a comparable increase in both popu-
lations above that observed with radiation of cells in full
growth media. These data indicate that T691stop neu expres-
sion induced greater apoptosis than prolonged serum depri-
vation in U87MG cells. The morphological changes of nuclear
blebbing and fragmentation characteristic of apoptosis are
shown by immunohistochemical analysis of U87MG-derived
cultured cells stained with DAPI (Fig. 3A–D). The apoptotic
indices represent an underrepresentation of total cell death
after radiation in U87yT691 cells because we were unable to
examine floating cells immunohistochemically.

Clonogenic Survival of Irradiated Human Glioblastoma
Cells. We measured the number of cells that escape growth
arrest or death and are able to go on to form a colony, an assay
commonly used to determine radiosensitivity. In certain cases,
clonogenic growth assays have not correlated with sensitivity
to radiation or chemotherapy (3), presumably because the fate
of the dead or stably arrested cells is not determined in this
assay (20). As shown in Fig. 4, U87yT691 cells exhibited
increased sensitivity to radiation across a range of radiation
concentrations (2–10 Gy). U87yT691 cells were approximately
one-half log more sensitive to radiation than their untrans-
fected parental counterparts at all radiation doses tested.
These data suggest a correlation between increases in growth
arrest and apoptosis and increased radiosensitivity after inhi-
bition of erbB signaling in irradiated human glioma cells. We

confirmed these results by analysis of additional T691stop
neu-expressing subclones.

Relationship of Radiation Sensitivity of Human Glioblas-
toma Cells to p53 Status. U87MG cells and their derivatives
contain wild-type p53 and p21 proteins. p53 status has been
shown to influence the response to ionizing radiation in a
number of transformed and nontransformed cell types (21–
23). Western analysis of cell lysates obtained at distinct time
points after radiation treatment indicated persistent increases
in p53 protein levels detected at all times between 6 and 72 h
after radiation in both U87MG and their T691stop neu-
transfected derivatives (Fig. 5). The zero time point indicates
cells which were g-irradiated and immediately lysed for anal-
ysis. p53 densities were comparable at this time point to
mock-irradiated, cycling cells (data not shown). We observed
a 10-fold increase in p53 density 12 h after radiation in
U87yT691 cells, as compared with only 1.5- to 3-fold increases
in both U87MG cells and U87yT691 cells at all other time
points examined. This trend was consistently observed (four
experiments), and was seen in U87yT691 cells as early as 6 h
after radiation in some experiments, and suggests that p53-
dependent signaling pathways may be more efficiently acti-
vated by disabling the EGFR in the presence of genomic
damage. Alterations in p53-regulated checkpoint proteins
have been observed 12 h after the induction of genomic
damage by g-irradiation (24) Growth inhibition and differen-
tiation of human breast cancer cells after ligation of erbB
receptors has been associated with activation of a p53-
dependent pathway (25).

p21 was induced in both U87MG and U87yT691 cells after
radiation treatment, with highest levels seen 24 h after radi-
ation exposure in both cell lines. In both U87MG cells and
U87yT691 cells, p21 protein density 6–24 h after radiation was
comparable (data not shown). Although others (18) have
suggested that up-regulation of bcl-xL is associated with re-
duced apoptosis in human glioma cells, we detected no changes
in bcl-xL protein expression after radiation in either U87MG
or U87yT691 cells. Both constitutive and radiation-induced
bcl-xL levels were comparable in U87MG and U87yT691 cells

FIG. 2. Determination of apoptosis and clonogenic survival after
g-irradiation of human glioblastoma cells. (A) Cells were plated and
allowed to attach before being exposed to g-irradiation (10 Gy) in 10%
serum or serum-free media. After 72 h, quantitation of apoptosis was
conducted by two independent observers. The apoptotic index is the
percentage of apoptotic cells with morphologic evidence of apoptosis
as determined by staining of nuclei with DAPI. Results presented are
mean 6 SEM of four independent experiments, and the mean is
indicated in parentheses. U87MG cells were grown in 10% serum (h)
or serum-free media (p) and U87yT691 cells were grown in 10%
serum (s) or serum-free media (■). (B) U87MG and U373MG human
glioma cells and derivatives were stained with DAPI and analyzed for
apoptotic morphology 72 h after g-irradiation. The mean is indicated
in parentheses, and the index shown in this representative experiment
is mean 6 SD. These results are representative of two additional
experiments. Apoptotic indices were felt to be an underestimate
because floating cells could not be assayed by this technique.
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(data not shown). Examination of bax and bcl-2 protein levels
did not reveal differences between glioblastoma cells and their
inhibited subclones.

Apoptosis in p53-Mutated Human Glioblastoma Cells.
U373MG human glioma cells contain a mutated p53 gene
product, have undetectable levels of the p21 protein (26, 27),
and display a comparable elevation of surface EGFR to
U87MG cells by flow cytometric analysis. These cells were
used to determine whether the observed apoptosis after
inhibition of EGFR-mediated signaling and g-irradiation was
dependent on a wild-type p53 protein. U373MG cells exhibited
increases in levels of a mutated p53 protein after g-irradiation
but do not express p21 constitutively or after radiation treat-
ment (data not shown, ref. 27).

We expressed the truncated T691stop neu protein in
U373MG glioma cells and confirmed expression at levels
comparable with U87yT691 cells in four U373yT691 subclones
by metabolic labeling and flow cytometic analysis (data not
shown). Surface levels for the T691stop neu mutant receptor
was equivalent in U87yT691, U373yT691 cl 1 and U373yT691
cl 12 subclones, and two additional T691stop neu-expressing
U373MG derivatives. U373yT691 subclones were capable of
growth arrest in low serum and displayed a lawn of confluent
cells without the development of morphologically transformed
foci in vitro (data not shown), indicating that wild-type p53 and
p21 proteins were not required to arrest growth or inhibit
transformation of glioma cells in which erbB signaling was
disabled.

U373yT691 cl 1 and U373yT691 cl 12 subclones exhibited
increased levels of apoptosis over parental U373MG cells after
radiation (Figs. 2B and 3E-G). In the representative experi-
ment shown, two U373yT691 subclones exhibited 32% and
59% apoptosis, respectively, 72 h after g-irradiation, compared
with 2% apoptosis in parental U373MG cells and 20% apo-
ptosis in U87yT691 cells. Disabling EGFR signaling by ex-
pression of T691stop neu in two distinct human glioma cell
lines containing differences in p53 and p21 status resulted in
increased radiation-induced apoptosis in each case. Sensitiza-
tion of human glioblastoma cells to genomic damage can thus
occur in the absence of wild-type p53 and p21 proteins. Taken
together, these data suggest that both p53-dependent (Fig. 5)
and p53-independent pathways may mediate sensitization to
cell death induced by a combination of trans-receptor inhibi-
tion and genomic damage. Of note, human glioblastoma cells
in which EGFR signaling is disabled do not appear to be more
sensitive to either prolonged serum deprivation or tumor
necrosis factor a-mediated cell death than parental cells (data
not shown).

DISCUSSION

Specific inhibition of EGFR signaling inhibits cell growth and
transformation and also sensitizes radioresistant human gli-
oma cells to radiation-induced genomic damage. Glioblastoma
cells expressing a trans-dominant p185neu-derived mutant
receptor exhibit a greater G1 phase arrest and higher levels of
apoptosis after radiation than their parental counterparts. In

FIG. 3. Morphologic assessment of apoptosis in human glioma cells
after g-irradiation. All cells were stained with DAPI 72 h after being
exposed to g-irradiation. Parental U87MG cells (a and c) and U87y
T691 clonal derivatives (b and d) are depicted at two magnifications.
Nuclei exhibiting apoptotic morphology are indicated by the arrows.
Parental U373MG cells (e) and U373yT691 subclones 1 (g) and 12 ( f)
are shown after staining with DAPI.

FIG. 4. Clonogenic survival after irradiation. Cells were plated and
g-irradiated with varying doses of radiation followed by incubation for
7–10 days at 37°C with 5% CO2. Colonies were then stained and those
with .50 cells were counted under a dissecting microscope. The log
survival was then determined by calculating the ratio of the number of
colonies formed to the number of cells plated, after correcting for
plating efficiency. Similar experiments were performed three times.

FIG. 5. Analysis of p53 induction in human glioblastoma cells after
g-irradiation. 105 U87MG and U87yT691 cells containing a wild-type
p53 gene product were plated and g-irradiated (10 Gy) after attach-
ment overnight. Lysates were then taken at the indicated times after
radiation, subjected to SDSyPAGE and immunoblotted with an
antibody reactive with p53. Control (C) cells were MCF-7 breast
cancer cells containing immunoreactive p53 protein. We consistently
demonstrated more robust induction of the p53 protein at 12 h after
g-irradiation in U87yT691 subclones on four independent occasions.
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mammalian fibroblasts (28) and in specialized neuronal cells
(29, 30), serum or growth factor deprivation can lead to
apoptosis under particular conditions. Prolonged serum de-
privation alone did not induce apoptosis in human glioblas-
toma cells in these studies. DNA damage combined with either
disabling of erbB receptor signaling or serum deprivation was
required to induce apoptosis. Apoptosis was induced by radi-
ation in 23% of U87MG derivatives and in 32–59% of
U373MG-derived subclones in which EGFR was disabled
(compared with only 1–2% in parental cells) in full growth
media, indicating that inhibition of EGFR signaling by trans-
receptor inhibition could not be overcome by growth in serum.
Serum deprivation combined with radiation damage increased
observed levels of apoptosis in both parental U87MG cells and
T691stop neu-expressing human glioblastoma derivatives to
the same degree. Notably, after DNA damage, the apoptosis
observed by disabling erbB receptor signaling at the cell
surface was greater than that seen with serum deprivation.
Counterintuitively, these data also reveal that growth-inhibited
glioma cells are more sensitive to radiation-induced cell death.
Induction of an inhibitory pathway occurring as a result of
EGFR inhibition may thus sensitize cancer cells to radiation-
induced growth arrest andyor cell death.

Resistance of g-irradiated cells is affected by the functional
state of distinct oncogenes. Expression of oncogenic Ras or
Raf diminishes radiosensitivity in NIH 3T3 cells (31–34) and
expression of the RasH plus either c- or v-myc oncogenes
conferred resistance to rat embryo fibroblasts exposed to
g-irradiation (35). It is also true that expression of various
oncogenes can sensitize cells to apoptosis, upon exposure to
low serum (28) or to anticancer agents (21, 36). Division delay
occurring in both the G1 and G2 phases of the cell cycle is
influenced by the expression of dominant oncoproteins such as
H-ras (17). Expression of a wild-type p53 protein has been
associated with decreased survival after g-irradiation, due to
the induction of a higher fraction of apoptosis over cells
containing a mutated p53 protein (21, 22). However, tumor
cells containing a mutated p53 protein (37) and proliferating
lymphoid cells derived from p532/2 mice (38) have been shown
to undergo apoptosis after radiation, suggesting p53-
independent mechanisms of cell death following genomic
damage.

We have shown that p53-dependent mechanisms may influ-
ence the response of inhibited glioma cells to undergo relative
growth arrest andyor apoptosis. Our results in U373MG-
derived cells also indicate that apoptotic cell death occurring
after genomic damage in transformed human cells in which
EGFR signaling is inhibited involves mechanisms that do not
require wild-type p53 and p21 proteins. p212/2 mice develop
normally and do not appear to have defects in programmed cell
death required for normal organ development, indicating that
p21 is not likely to be required for apoptosis (39). p532/2 mice
display genetic instability and contain elevated c-myc levels
(40). These mice undergo significant levels of apoptosis in vivo,
indicating that p53-independent mechanisms of apoptosis are
functional in both normal tissues (40) and transformed cells
(37).

Interestingly, recent work demonstrates that the absence of
p21 in isogenically matched colorectal carcinoma cells resulted
in reduced growth arrest when compared with p21-positive
derivatives of the same cell line and this was correlated to more
inhibited tumor growth in vivo (3). These observations were
ascribed to increased apoptosis due to defects in p21-mediated
checkpoint growth arrest, though the increased tendency to
apoptose by p212/2 cells was not directly shown in this work.
Induction of apoptosis was suggested to be preferable to
growth arrest as a response to anticancer therapy in vivo (3).
In our studies, unlike those of Waldmann et al. (3), there was
a correlation between apoptosis, increased growth arrest, and
reduction in clonogenic survival after radiation. Pathways

distal to the specific inhibitory interaction between the
T691stop mutant neu protein and the EGF receptor determine
tumor responsiveness to genomic damage and these pathways
can be modulated by proximal erbB receptor associations.
Specific inhibitory pathways initiated at the level of the cell
membrane and associated with growth arrest andyor apoptosis
may modulate subsequent checkpoint outcomes in response to
DNA damage.

Under certain circumstances, particularly in cancer cells,
apoptosis may be favored after genomic damage if defects in
pathways mediating growth arrest are present (3). Addition-
ally, when cells are capable of undergoing both growth arrest
and apoptosis, as in the case of p21-containing and -deficient
human glioma cells in which EGFR signaling was disabled in
these studies, apoptosis may be induced after certain signals,
such as radiation. The ability or inability to induce growth
arrest per se does not appear to be a major determinant of
radiosensitivity because both radioresistant parental human
glioblastoma cell lines and more radiosensitive derivatives
exhibited growth arrest with prolonged serum deprivation or
exposure to radiation, and radiosensitive subclones displayed
a greater degree of growth arrest.

Our data indicate that the relative proportion of growth
arrest or apoptosis induced by genomic damage is influenced
by both the integrity of specific checkpoints and alterations in
erbB-signaling pathways. Notably, modulating receptor ty-
rosine kinase signaling pathways may influence checkpoint
outcomes after DNA damage in transformed cells. Others (41)
have shown that activation of erbB-signaling pathways in
breast cancer cells contributes to radioresistance, suggesting
that erbB family-signaling pathways influence the response to
DNA damage in many tumor types. By combining biologic
inhibition of signaling with agents capable of specifically
inhibiting receptor oncoproteins of the tyrosine kinase family,
we may be able to influence the kinetics of tumor cell response
to standard cytotoxic agents. The timing of administration of
cytotoxic therapies may be optimized in such combination
therapies ,and these data suggest that selective antitumor
effects of presently available anticancer regimens could be
improved, even in the treatment of advanced human malig-
nancies containing alterations in multiple checkpoint signal
transduction pathways.
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