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ABSTRACT

Cell cycle checkpoints induced by DNA damage
play an integral role in preservation of genomic
stability by allowing cells to limit the propagation of
deleterious mutations. The retinoblastoma tumor
suppressor (RB) is crucial for the maintenance of
the DNA damage checkpoint function because it
elicits cell cycle arrest in response to a variety of
genotoxic stresses. Although sporadic loss of RB is
characteristic of most cancers and results in the
bypass of the DNA damage checkpoint, the conse-
quence of RB loss upon chemotherapeutic respon-
siveness has been largely uninvestigated. Here, we
employed a conditional knockout approach to
ablate RB in adult ®broblasts. This system enabled
us to examine the DNA damage response of adult
cells following acute RB deletion. Using this system,
we demonstrated that loss of RB disrupted the DNA
damage checkpoint elicited by either cisplatin or
camptothecin exposure. Strikingly, this bypass was
not associated with enhanced repair, but rather the
accumulation of phosphorylated H2AX (gH2AX) foci,
which indicate DNA double-strand breaks. The form-
ation of gH2AX foci was due to ongoing replication
following chemotherapeutic treatment in the RB-
de®cient cells. Additionally, peak gH2AX accumula-
tion occurred in S-phase cells undergoing DNA
replication in the presence of damage, and these
gH2AX foci co-localized with replication foci. These
results demonstrate that acute RB loss abrogates
DNA damage-induced cell cycle arrest to induce
gH2AX foci formation. Thus, secondary genetic
lesions induced by RB loss have implications for the
chemotherapeutic response and the development of
genetic instability.

INTRODUCTION

DNA damage checkpoints are elicited to ensure the mainten-
ance of genomic stability following genotoxic insult (1,2).

First observed in unicellular eukaryotes, it has subsequently
become clear that highly conserved checkpoint pathways are
present in virtually all organisms (3). It is believed that these
signaling pathways lead to transient inhibition of cell cycle
progression thereby ensuring repair of damaged DNA prior to
DNA replication and cellular division. Alternatively, severe
damage may lead to permanent cell cycle withdrawal or
apoptosis to prevent the proliferation of cells harboring
irreparable genetic lesions. As such, loss of critical checkpoint
pathways represents a means for cells to accumulate
deleterious mutations and is implicated in tumorigenesis
(4±6).

Several tumor suppressor proteins play key roles in the
maintenance of appropriate DNA damage response. For
example, the p53 tumor suppressor was observed to accumu-
late in cells treated with UV or ionizing radiation and is
required for G1/S cell cycle inhibition (7). Cells mutant for
p53 are defective in delaying cell cycle progression in
response to DNA damage (8). Similarly, ataxia telangiectasia
mutated (ATM) activity is stimulated immediately following
recognition of ionizing radiation-induced DNA damage.
ATM-de®cient cells have been found to undergo radioresistant
DNA synthesis, erroneous entry into mitosis, and to exhibit
extensive loss of the G1/S cell cycle checkpoint (9±11). In both
the case of ATM and p53, loss of checkpoint function
following DNA damage is associated with genomic instability
and tumor predisposition.

While the retinoblastoma tumor suppressor (RB) is a central
regulator of cell cycle progression, its role in checkpoint
processes and genomic stability is less well understood.
Initially, described as the gene mutated in retinoblastoma, it
has subsequently become clear that RB is inactivated at high
frequency in human cancers (5,12±17). RB functions to inhibit
cell cycle progression by assembling repressor complexes that
inhibit the expression of genes required for progression
through S-phase (18±20). Following mitogenic signaling,
RB is phosphorylated through the combined activities of
CDK4- and CDK2-associated complexes (21±25). These
phosphorylation events disrupt RB-mediated transcriptional
repression and enable progression through the cell cycle (26±
29). It has recently been shown that DNA damage acts
through RB to inhibit cell cycle progression (20). Speci®cally,
it was observed that DNA damage signals to prevent RB
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phosphorylation, thus activating RB-signaling pathways (30).
Cells de®cient in RB exhibit checkpoint deregulation in the
presence of DNA-damaging agents, however, the extent and
consequence of this genetic damage has not been speci®cally
investigated.

A high proportion of tumors that are treated with DNA-
damaging chemotherapeutic agents happen to be RB de®cient
(31±33). As such, understanding the interaction between RB
loss and the chemotherapeutic response to these drugs is
important for the improvement of existing therapeutics and the
development of novel treatments. In principal, RB loss could
have various effects on the processing of DNA lesions induced
by chemotherapeutics and several non-exclusive possibilities
exist. First, it has recently been demonstrated that RB
negatively regulates the expression of a wide range of DNA
repair factors (34±36); thus, in RB-de®cient cells these lesions
may be readily repaired due to the elevated levels of repair
factors. Secondly, loss of RB in cells could deregulate cell
cycle checkpoints permitting the propagation of deleterious
mutations as is postulated to promote tumor progression.
Thirdly, RB loss and subsequent checkpoint bypass could
compromise viability in a manner analogous to that observed
in checkpoint-de®cient yeast, wherein a failure to elicit
checkpoints leads to cell cycle catastrophe and death (37±
40). In order to probe these responses in RB mutant cells, here
we investigated the development of double-strand breaks
(DSBs) as a secondary event from cisplatin (CDDP) or
camptothecin (CPT) treatment.

MATERIALS AND METHODS

Isolation of primary RbloxP/loxP murine adult ®broblasts

Mice of the RbloxP/loxP genotype of mixed 129/FVBN back-
ground (41), at least 5 weeks of age, were killed by CO2

anesthetization, followed by cervical dislocation. Fibroblasts
were isolated from the peritoneal fascia by excision and
mincing of the peritoneum, followed by dissociation by
constant agitation for 40 min at 37°C in 0.2 mg/ml collagenase
(Type I, Sigma) supplemented with 100 U DNase I (Roche).
The dissociated tissue was washed with PBS and subsequently
incubated for 20 min at 37°C in 0.25% trypsin (Gibco) with
constant agitation. After washing twice, the isolated cells were
plated in tissue culture dishes.

Cell culture, recombinant adenoviral infections

RbloxP/loxP murine adult ®broblasts (MAFs) were subcultured in
DMEM containing 10% FBS supplemented with 100 U/ml
penicillin/streptomycin and 2 mM L-glutamine at 37°C in air
containing 5% CO2. Primary cells used in this study were
between passages 3 and 5. Replication-defective recombinant
adenovirus expressing green ¯uorescent protein (Ad-GFP) or
GFP in addition to Cre recombinase (Ad-GFP-Cre) were
obtained from G. Leone (Department of Molecular Genetics,
Ohio State University). The conditional RB knockout in
primary RbloxP/loxP MAFs was attained by infecting cells with
adenovirus at approximately 2 3 107 virus particles per dish to
achieve an infection ef®ciency of 90±95% as determined by
GFP immuno¯uoresence. Cells were cultured for at least
4 days post-adenoviral infection before use. The same passage

number and length of time post-infection of the Ad-GFP and
Ad-GFP-Cre infected MAFs were used in all experiments.

Immunoblotting

Cells infected with Ad-GFP or Ad-GFP-Cre were harvested by
trypsinization and lysed in RIPA buffer and equal amounts of
protein were resolved by SDS±PAGE. Speci®c proteins were
detected by standard immunoblotting procedures using the
following primary antibodies: PCNA (pc10) (Santa Cruz,
1:5000 dilution), cyclin E (HE12), cyclin A (C19), b-tubulin
(D10) and anti-RB (G3-245; Becton Dickinson, 1:1000
dilution).

RT±PCR analysis of recombination

RT±PCR analysis was performed to verify adenoviral-Cre-
mediated recombination in primary MAFs. Total RNA was
extracted using Trizol (Gibco) and cDNA was synthesized
from 1 mg of RNA with the SuperScript RT±PCR system
(Gibco) according to the manufacturer's protocol. cDNAs
were ampli®ed using PCR and the following primers: sense,
5¢-CTGGCCAGGCTTGAGTTTGAAG-3¢; and antisense,
5¢-CAGTAGATAACGCACTGCTG-3¢. PCR conditions con-
sisted of initial denaturation for 2 min at 94°C, followed by
30 cycles of 30 s at 94°C, 30 s at 51°C and 1 min at 72°C,
followed by a ®nal extension for 5 min at 72°C. Ten
microliters of PCR product was run on a 2% agarose gel and
visualized by ethidium bromide staining.

DNA damage, bromodeoxyuridine (BrdU) labeling,
gH2AX immuno¯uorescence

Primary MAFs infected with Ad-GFP or Ad-GFP-Cre were
seeded on coverslips in six-well dishes and allowed to attach.
Cells were then incubated with chemotherapeutic drugs at the
indicated concentrations for 16 h. Drugs were then removed
by washing cells for 3 3 5 min with tissue culture media
and labeled with BrdU (Amersham Pharmacia Biotech) to
detect DNA synthesis. Cells were labeled for 8 h, then
washed, ®xed in 3.7% formaldehyde, and processed to
detect BrdU incorporation as previously described (42).
CPT was purchased from Sigma while clinical grade cis-
diamminedichloroplatinum II (CDDP) was from Bristol
Oncology.

gH2AX staining was performed as described by the manu-
facturer using anti-phospho-H2AX ser 139 mouse primary
antibody (Upstate Biotechnology).

BrdU and gH2AX co-localization studies were performed
by BrdU labeling cells for 20 min, followed by methanol
®xation. Cells were stained for gH2AX as described above
using Alexa 488 secondary 1:100 (Molecular Probes). Cells
were then ®xed in 3.7% formaldehyde for 20 min, followed by
0.5% NP-40 for 5 min and washed with water. HCl (1.5 N)
was used to depurinate the cell nuclei for 30 min, followed by
washing for 3 3 5 min with water, permeabilization with 0.3%
Triton X-100 for 20 min, and BrdU staining as above, using
1:100 rat anti-BrdU primary antibody (McAb). Donkey anti-
rat IgG rhodamine-red X-conjugated secondary antibody
(Jackson Immunoresearch) was used at a 1:100 dilution and
counterstained with DAPI (Sigma).
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Flow cytometry for gH2AX

Cells (5 3 105) were harvested and ®xed in 70% ethanol. On
the day of analysis, cells were prepared and analyzed as
previously described (43). The cell cycle distribution was
determined using Mod-Fit software.

RESULTS

Ef®cient deletion of RB from adult cells

During the genesis of human cancer, RB is acutely lost in adult
cells. As most prior studies have used mouse embryo
®broblasts (MEFs) harboring loss of RB throughout develop-
ment or tumor lines which have been extensively cultured, a
speci®c role for RB loss has been dif®cult to ascertain. To
eliminate these complications, we utilized a novel system
involving mice harboring a conditional Rb allele (RbloxP/loxP

mice) in which loxP sites ¯ank Rb exon 3. Through adenoviral
expression of Cre recombinase, acute RB loss in cells that
contain a genetically stable primary cell background have
recently been reported (41).

To examine the role of RB in adult cells, we employed
MAFs infected with recombinant adenoviruses expressing
both GFP and Cre recombinase (Ad-GFP-Cre) or GFP alone
(Ad-GFP) as a control. Ef®cient infection was demonstrated
under previously described conditions such that >90% Ad-
GFP-Cre infected cells expressed high levels of GFP ¯uores-
cence 16±24 h post-infection (data not shown). To con®rm
Cre-mediated recombination, primers in exon 2 and exon 4 of
the Rb gene were utilized as described in Materials and
Methods. RNA was prepared from uninfected MAFs (0 h) or
those infected with Ad-GFP-Cre at 48 h post-infection.
Analysis of the Rb transcript using RT±PCR showed the
accumulation of the Dexon3-PCR product in the infected cells
relative to the control, con®rming ef®cient recombination at
this locus (Fig. 1A). Western blotting with anti-RB
monoclonal antibody revealed that the Cre-mediated recom-
bination resulted in acute downregulation of RB protein in
Ad-GFP-Cre infected MAFs 5 days post-infection (Fig. 1B).

To determine the biochemical effect of acute RB loss, we
evaluated the expression of downstream targets in the RB/E2F
signaling axis (30,35,44). MAFs infected with either Ad-GFP
or Ad-GFP-Cre were harvested 5 days post-infection and
levels of known RB target proteins were analyzed by
immunoblotting. Relative to control (lane 1), the Ad-GFP-
Cre infected MAFs exhibited increased levels of proteins
downstream of RB signaling including, PCNA, cyclin E and
cyclin A (Fig. 1C). No changes were detected in tubulin
protein levels, which served as a loading control. Thus, RB
can be conditionally ablated in primary adult cells and leads to
speci®c target gene deregulation.

RB loss in primary adult ®broblasts impairs the cell
cycle response to cisplatin and camptothecin damage

In order to evaluate the role of RB in the DNA damage
response of adult ®broblasts, asynchronously proliferating Ad-
GFP or Ad-GFP-Cre infected MAFs were treated with various
concentrations of CDDP for 16 h. Initially, we used an anti-
platinum (Pt) antibody that detects Pt-DNA adducts to
determine that both Ad-GFP and Ad-GFP-Cre infected
MAFs treated with CDDP produced similar amounts of

Pt-DNA adducts based on equal staining intensities (Fig. 2A,
left) (45). To quantify the amounts of anti-Pt staining present
in these MAFs, the average pixel intensity was compared
using Metamorph software and displayed graphically to
con®rm that there is no signi®cant difference in the levels of
initial Pt-adduct damage (Fig. 2A, right). In parallel experi-
ments, cells were treated with CDDP for 16 h, washed of
drug, and then processed in one of the three following ways: (i)
pulsed with BrdU for 8 h and subsequently ®xed, (ii) allowed
to proliferate to 40 h before BrdU labeling and ®xing, (iii)
allowed to proliferate to 64 h before BrdU labeling and ®xing
(Fig. 2B). The replicative fraction of treated cells was
determined with respect to untreated control cells by detecting
BrdU incorporation. MAFs containing functional RB exhibi-
ted a dose-dependent cell cycle inhibition, whereas cells
lacking RB exhibited signi®cantly reduced levels of arrest at
each time point (Fig. 2C). Analogous RB-mediated dose-
dependent checkpoint results were also observed when
treating infected MAFs with CPT (Fig. 2D). Together, these

Figure 1. Infection of primary RbloxP/loxP MAFs with adenoviral Cre yields
acute downregulation of RB protein and deregulation of RB repression
targets. (A) Asynchronously proliferating primary RbloxP/loxP MAFs were
infected with Ad-GFP or Ad-GFP-Cre adenovirus. RNA was isolated at 0
and 48 h post-infection and RT±PCR was performed employing primers
speci®c for regions ¯anking the loxP sites in the murine RB gene.
Recombination at the ¯oxed RB locus is evident by the appearance of the
smaller transcript post-infection. (B) Asynchronously proliferating primary
MAFs were infected with Ad-GFP or Ad-GFP-Cre and harvested in RIPA
buffer. Protein concentrations were normalized by Bio-Rad DC assay. Equal
amounts of protein were separated by electrophoresis and immunoblotted
with anti-RB monoclonal antibody. (C) Asynchronously proliferating MAFs
were infected with adenovirus, harvested, and protein concentrations were
quanti®ed as in (B). The effect of acute RB loss upon downstream targets
was determined by immunoblotting for PCNA, cyclin E and cyclin A.
Lysates were immunoblotted for b-tubulin to con®rm equal loading.
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data indicate that RB plays an instrumental role in the cell
cycle response to DNA damage, in that acute loss of RB in
adult cells uncouples this checkpoint.

Acute RB knockout in¯uences the accumulation of DNA
double-strand breaks

Since neither CDDP nor CPT act directly to elicit DNA DSBs
(46,47), we studied the impact of RB loss upon the accumu-
lation of these lesions. H2AX, a submember of the histone
H2A family is rapidly phosphorylated at its C-terminus
(gH2AX) in response to DSBs, and serves as an ef®cient

measure of DSB accumulation (46±48). Ad-GFP and Ad-
GFP-Cre infected primary MAFs were treated with CDDP for
16 h and examined for gH2AX focus formation using
immuno¯uorescence. Capturing images of these drug-treated
cells at equal exposures revealed that the number and
intensities of gH2AX foci increased with CDDP treatment in
both types of infected MAFs (Fig. 3A). Interestingly, cells
lacking RB, in fact, have a signi®cantly increased quantity and
intensity of gH2AX foci as compared with the Ad-GFP
infected MAFs after 16 h of treatment (Fig. 3A, top).
Analogous results were evident 48 h post-treatment

Figure 2. RB loss in primary adult ®broblasts impairs replication in response to DNA damage. (A) (Left) Immuno¯uorescence using an anti-Pt antibody was
performed on Ad-GFP and Ad-GFP-Cre infected RbloxP/loxP MAFs in order to con®rm that the cells incorporated similar amounts of Pt-DNA adducts after 16 h
of CDDP treatment. (Right) The average pixel intensities from the anti-Pt staining shown in the left panel are represented graphically to verify similar Pt-
DNA adduct incorporation after CDDP treatment. (B) The following studies incorporate the experimental format as outlined, such that asynchronously
proliferating primary RbloxP/loxP MAFs infected with Ad-GFP or Ad-GFP-Cre were treated with 0, 4 and 8 mM CDDP for 16 h. The drug was washed away
and a subset of the cells were allowed to proliferate to 40 and 64 h. (C) CDDP-treated cells from (B) were washed of drug and pulsed with BrdU for 8 h. The
proliferative fraction of treated cells was determined with respect to an untreated control through immuno¯uorescence. (D) The adenovirus infected primary
cells from (B) were treated with 0, 5 and 10 mM CPT for 16 h and the proliferative fraction of cells was determined by BrdU incorporation to show an
RB-mediated role in the dose-dependent cell cycle response to DNA damage.
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(T = 64 h) (Fig. 3A, bottom). In order to quantify the observed
intensity differences between the gH2AX foci in Ad-GFP- and
Ad-GFP-Cre infected MAFs, cells were imaged by confocal
microscopy and analyzed for signal intensity using
Metamorph software (Fig. 3B). These data show that the
cells containing functional RB accumulate lower levels of
DSBs that increase in proportion to CDDP concentrations
immediately after and 48 h post-treatment (T = 64 h) as
compared with MAFs lacking RB. RB-de®cient MAFs exhibit
a much higher intensity level of gH2AX staining that increases
with CDDP dose such that the staining level appeared to
saturate at the 4 mM dose (Fig. 3B). Cells containing wild-type
RB treated for 16 h with CDDP, washed free of drug, and
maintained in medium to 64 h contained similar levels of
staining as compared with the cells stained after 16 h of
treatment. We con®rmed these results by evaluating the
percentage of cells in the populations staining positive for
gH2AX (Fig. 3C). Similar results were evident after CPT
treatment for 16 h (Fig. 3D). These data demonstrate the
signi®cant differences in amount and intensity of nuclear

gH2AX foci present in cells with and without RB and attests to
the importance of RB in preventing the accumulation of DSBs
in response to chemotherapeutic treatment.

Replication-dependent DNA double-strand break
accumulation

There are two possible explanations for the observed increase
in accumulation of DNA damage in response to chemothera-
peutic drugs in RB mutant cells. First, loss of RB may
contribute to DSBs due to downstream target deregulation that
promotes breaks (e.g. enhanced repair or nuclease expression).
Secondly, replication across the primary lesion promotes
additional DSBs. We were able to address these possibilities
by uncoupling RB loss from checkpoint deregulation. As
shown in Figure 4A, serum starvation for 3 days inhibits both
RB-pro®cient and -de®cient cells from undergoing replica-
tion. Under these conditions no signi®cant difference in the
percentage of gH2AX-positive foci per cell was evident
between the Ad-GFP and Ad-GFP-Cre infected MAFs
following 16 h of CDDP treatment (Fig. 4B). These data

Figure 3. Acute RB loss in¯uences the accumulation of DNA DSBs. (A) (Top) Asynchronously proliferating primary RbloxP/loxP MAFs infected with Ad-GFP
or Ad-GFP-Cre were treated with 0, 4 and 8 mM CDDP for 16 h. MAFs were analyzed for gH2AX foci formation by immuno¯uorescence using an anti-
gH2AX monoclonal antibody. (Bottom) A subset of the CDDP treated cells from (A) was washed of drug and allowed to proliferate to 64 h. The gH2AX
positive foci were analyzed as above to show the effect of RB on the levels of DNA DSBs at longer periods after chemotherapeutic treatment. (B) The
difference in gH2AX staining intensity between the Ad-GFP and Ad-GFP-Cre infected MAFs treated with 0, 4 and 8 mM CDDP for 16 h from (A) was further
quanti®ed using Metamorph software to analyze average pixel intensities of each stained nucleus. These data are represented graphically as the relative
increase in gH2AX intensity. (C) In order to quantify the effect of RB loss upon levels of DNA damage, the Ad-GFP and Ad-GFP-Cre infected MAFs from
(A) were treated with 0, 1, 4 and 8 mM CDDP for 16 h and either ®xed or maintained in media to 64 h. These cells were then scored as being positive or
negative for gH2AX foci and the data were represented graphically. (D) Ad-GFP or Ad-GFP-Cre infected MAFs were treated with 0, 5 and 10 mM CPT for
16 h and immuno¯uorescence using an anti-gH2AX monoclonal antibody is performed. As in (B), the cells were scored for the presence of gH2AX-positive
foci and the data were represented graphically.
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indicate that most of the DSB damage acquired by the RB-
de®cient cells occurred during cell cycle progression, as is
demonstrated by comparing Figure 3C with Figure 4B.

To speci®cally consider the possibility that DSB damage is
replication dependent, ¯ow cytometric analysis was utilized to
examine cell cycle phase-speci®c accumulation of gH2AX-
positive foci. Asynchronous Ad-GFP-Cre infected MAFs were
analyzed following 16 h of CDDP treatment. By separating
cells stained for gH2AX and DNA content, peak gH2AX
staining was, in fact, speci®cally observed in cells with an
S-phase DNA content (Fig. 4C). This pro®le is consistent with
the idea that continued replication in the CDDP-treated
RB-de®cient cells drives the accumulation of gH2AX.

To directly associate gH2AX with ongoing replication, co-
labeling experiments were performed where DNA replication
and gH2AX foci were coordinately analyzed. Initially, as a
control to validate the speci®city of the antibodies utilized, we

demonstrated that the gH2AX background staining observed
in untreated cells did not co-localize with BrdU incorporation
(Fig. 5A). Ad-GFP and Ad-GFP-Cre infected MAFs treated
with CDDP for 16 h, were washed of drug and pulsed with
BrdU for 20 min, at which time they were ®xed.
Immuno¯uoresence was used to observe sites of BrdU
incorporation and gH2AX foci localization in untreated
control and CDDP-treated cells. No co-localization was
evident in cells containing functional RB due to lower
accumulation of gH2AX foci and a functional checkpoint
yielding inhibition of BrdU incorporation following 16 h of
4 mM CDDP treatment. Conversely, in RB-de®cient cells with
the same CDDP exposure, gH2AX foci co-localized with the
sites of ongoing BrdU incorporation (Fig. 5B). The BrdU- and
gH2AX-stained cells were analyzed in greater detail using
morphometric analysis to identify individual foci overlap
throughout the entire nucleus (Fig. 5C). As a control for

Figure 4. Replication-dependent DSB accumulation. (A) Primary RbloxP/loxP MAFs infected with Ad-GFP or Ad-GFP-Cre were serum starved for 3 days and
treated with 0, 4 and 8 mM CDDP for 16 h. The cells were washed of drug, labeled with BrdU for 8 h to con®rm that none of the cells were able to enter
S-phase. (B) CDDP-treated MAFs from (A) were analyzed for gH2AX foci formation by immuno¯uorescence using an anti-gH2AX monoclonal antibody.
(C) Asynchronously proliferating primary RbloxP/loxP MAFs infected with Ad-GFP-Cre were treated with 0 and 4 mM CDDP for 16 h. The cells were harvested
and processed for ¯ow cytometry by staining with gH2AX±FITC and propidium iodide. These data were analyzed using ModFit software.
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background staining, the pixel intensity thresholds for both the
red and green channels in these 8-bit images were held
constant at 133 and 50, respectively. Sites of BrdU incorpor-
ation were found to co-localize with ~7% of the gH2AX
background stained sites in untreated Ad-GFP infected MAFs
(data not shown). However, in Ad-GFP-Cre infected MAFs

that were treated with 4 mM CDDP for 16 h, sites of threshold
BrdU incorporation staining were found to co-localize with
69 6 8% of threshold gH2AX foci staining present in the
nuclei. These data demonstrate that sites of ongoing
replication and DSBs co-localize in RB-de®cient adult cells
following DNA damage.

Figure 5. BrdU and gH2AX foci co-localization. (A) Immuno¯uorescence analysis of BrdU and gH2AX foci co-labeling in untreated primary RbloxP/loxP

MAFs infected with Ad-GFP or Ad-GFP-Cre. (B) Cells from (A) were treated for 16 h with 4 mM CDDP and immuno¯uorescence was used to analyze BrdU
and gH2AX foci localization. (C) Co-labeled Ad-GFP-Cre infected cells treated with CDDP from (B) were imaged by confocal micoroscopy and examined
using morphometric analysis. As a control for background staining, the pixel intensity thresholds for both the red (BrdU) and green (gH2AX) channels in
these 8-bit images were held constant at 133 and 50, respectively. Throughout the entire nucleus, sites of BrdU incorporation were found to co-localize with
69 6 8% of gH2AX foci (n = 5).
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DISCUSSION

Since RB is functionally inactivated in the majority of human
cancers, understanding the role of RB in modifying the
cellular response to chemotherapeutics is critical for the
development of ef®cacious therapeutics. We and others have
shown that chronic RB loss in MEFs is suf®cient to inactivate
the DNA damage checkpoint and yield deregulated growth
(20,42). Here, we observed that primary MAFs with functional
RB were able to successfully inhibit replication following
treatment with CDDP, which forms Pt-DNA adducts, and with
CPT, which is an inhibitor of topoisomerase I. However, acute
RB loss in these same primary cells was suf®cient to impair
cell cycle arrest after exposure to both chemotherapeutic
agents. These results indicate that RB is also required to
mediate cell cycle checkpoints in adult cells, consistent with
what has been observed in MEFs (42,48).

It has become increasingly clear that DNA damage
functions to elicit cell cycle checkpoints via signaling
pathways. One of the critical determinants of the signaling
from DNA DSBs is the rapid phosphorylation of histone
H2AX at the site of the lesion (gH2AX) (49). In this study, we
utilize antibodies speci®c for gH2AX to probe for the
induction of DSBs (as described below). However, the data
from this study indicate that loss of RB does not compromise
the signaling to phosphorylate H2AX. These results are
consistent with the observation that RB function after DNA
damage signaling demonstrates delayed kinetics relative to the
rapid phosphorylation of H2AX by ATM that can occur within
minutes of a formed DSB (54). As such, these results position
RB downstream from the signaling pathways, giving rise to
gH2AX.

Among the most damaging lesions caused by chemothera-
peutic drugs are DSBs. Several potent anti-cancer agents
induce this lesion as the primary form of damage (e.g. ionizing
radiation or doxorubicin). However, a number of chemothera-
peutics do not generate DSBs as the primary lesion. For
example, CDDP or alkylating agents form DNA adducts that
do not spontaneously give rise to DSBs. Similarly, CPT and
other topoisomerase I inhibitors cause only single-strand
breaks. However, the processing of these types of lesions can
lead to the formation of DSBs (50±54). Here, we speci®cally
focused on determining the role of RB loss on the develop-
ment of DSBs following damage with CDDP and CPT.
Presumably, the loss of RB could have diverse effects on the
processing of these forms of damage. First, it has been found
that RB regulates the expression of a large number of repair
factors that are involved in the repair of adducts and DSBs
(e.g. RAD51, BRCA1, FEN1, RPA, MSH2) (34±36). The
upregulation of such factors could actually limit the amount of
damage and therefore lead to less DSBs. Alternatively, loss of
RB and the subsequent failure to halt DNA replication (30)
could facilitate replication across the lesion and give rise to
DSBs (50±53). Analysis of these lesions, arising both after
CPT and CDDP damage, indicated that loss of RB does in fact
lead to additional DSBs (Fig. 3). This occurred on a per cell
basis with low dose CDDP and CPT (data not shown) damage
capable of eliciting signi®cantly more breaks in RB-de®cient
cells. Additionally, this was valid for the entire population
of cultured cells, wherein RB-de®cient cells acquired
increased amounts of gH2AX foci at a given concentration

of DNA-damaging agent. This effect could be explained by
the ability of the cells lacking RB to replicate despite the
presence of DNA damage as we observed through BrdU
incorporation assays, so that failure to inhibit replication leads
to secondary lesions.

Because functional inactivation of the RB pathway is
characteristic of 90% of all tumors, understanding the
relationship between chemotherapeutic response and the
genetic status of a tumor has high clinical relevance and is
crucial for the development of effective treatments. Our data
suggest that CDDP and CPT may be particularly effective in
the treatment of RB-de®cient neoplasms because DSBs
represent a dif®cult lesion to repair and can fuel the
subsequent cell death elicited by the agents. Loss of RB
synergizes with the drug to make it more effective in inducing
damage. This observation may indicate why certain tumors
characterized by loss of RB have good response rates to
chemotherapeutics and why RB-de®cient cells are generally
more sensitive to cell death by such agents (42,55,56).
However, the generation of additional genetic lesions through
the loss of RB (in this case DSBs) can also have a deleterious
consequence, as such lesions could fuel tumor progression.
Such an idea is not without precedent as it has been reported
that 30% of heritable retinoblastoma patients present with
secondary primary nonocular neoplasms outside of the ®eld of
their initial radiation therapy by age 40 (57).

Our results provide a framework for elucidating the
consequence of RB loss on chemotherapeutic response. We
demonstrate that acute RB loss abrogates the DNA damage
checkpoint in adult cells. These cells acquired increased
amounts of DSBs as compared with RB-pro®cient cells
following CDDP or CPT treatment. Lastly, the accumulation
of DSBs in RB-de®cient cells was shown to be replication
dependent. Thus, loss of RB gives rise to secondary genetic
lesions that will impact the response to therapeutic agents.
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