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Exposure to ionizing radiation can result in delayed effects that can be detected in the progeny of an
irradiated cell multiple generations after the initial exposure. These effects are described under the rubric of
radiation-induced genomic instability and encompass multiple genotoxic endpoints. We have developed a green
fluorescence protein (GFP)-based assay and demonstrated that ionizing radiation induces genomic instability
in human RKO-derived cells and in human hamster hybrid GM10115 cells, manifested as increased homol-
ogous recombination (HR). Up to 10% of cells cultured after irradiation produce mixed GFP�/� colonies
indicative of delayed HR or, in the case of RKO-derived cells, mutation and deletion. Consistent with prior
studies, delayed chromosomal instability correlated with delayed reproductive cell death. In contrast, cells
displaying delayed HR showed no evidence of delayed reproductive cell death, and there was no correlation
between delayed chromosomal instability and delayed HR, indicating that these forms of genome instability
arise by distinct mechanisms. Because delayed hyperrecombination can be induced at doses of ionizing
radiation that are not associated with significantly reduced cell viability, these data may have important
implications for assessment of radiation risk and understanding the mechanisms of radiation carcinogenesis.

Ionizing radiation induces many forms of DNA damage di-
rectly by energy absorption and indirectly by producing highly
reactive free radicals, including base damage, DNA-protein
cross-links, single-strand breaks, and double-strand breaks
(40). Ionizing radiation can directly induce mutations (18),
chromosome aberrations (10), and homologous recombination
(HR) (2, 6). In recent years, it has become evident that radi-
ation also induces delayed genomic instability, defined as an
increased rate of genetic alterations in the genome of progeny
of irradiated cells multiple generations after the initial insult.
Delayed effects include chromosomal rearrangements and ab-
errations (chromosomal instability), micronuclei, gene muta-
tions, microsatellite instability, changes in ploidy, and de-
creased plating efficiency (PE) (32, 33). Prior studies have also
established an association between delayed chromosomal in-
stability and delayed reproductive cell death (23, 28).

Loss of genomic integrity has been proposed as a common
feature of cancer (9, 17). Understanding the mechanism of
radiation-induced instability is critical to radiation risk assess-
ment and for determining its potential role in carcinogenesis.
Of the many delayed effects of radiation, chromosomal insta-
bility is perhaps the best described. However, the cytogenetic
assays employed to measure chromosomal instability are time
and labor intensive, and they are not practical for investigating

potential detrimental effects over a range of doses of ionizing
radiation. Furthermore, a rapid and sensitive assay to measure
radiation-induced genomic instability would greatly facilitate
mechanistic studies.

Chromosomal aberrations induced in first-division meta-
phase cells after irradiation include classical breakage and re-
joining events that produce dicentric chromosomes and their
associated fragments (10). In contrast, radiation-induced de-
layed chromosomal instability frequently involves duplication
and insertion of genomic regions suggestive of recombination
(11, 14, 28). Little et al. (25) reported that most delayed mu-
tations after exposure to radiation were point mutations, but a
significant fraction (�20%) were associated with partial or
total gene deletions suggestive of delayed recombination.
However, cytogenetic analysis cannot distinguish between ho-
mologous and nonhomologous recombination, so it has been
unclear whether HR contributes to delayed genome instability.
Although HR is often characterized as a mechanism for accu-
rate repair of DNA damage, certain HR events can result in
deleterious chromosomal rearrangements. For example, gene
conversion produces local loss of heterozygosity (LOH), and
gene conversion is sometimes associated with crossovers that
can lead to large-scale LOH in the next cell division, as well as
deletions and inversions at linked repeats and translocations
(35).

To determine whether ionizing radiation induces delayed
genomic instability manifested as enhanced HR, we have de-
veloped two cell lines carrying a green fluorescence protein
(GFP)-based HR substrate. We show that radiation-induced
delayed HR is a sensitive measure of delayed radiation effects.
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Because HR can be measured rapidly and unambiguously, the
system is well suited for studies of delayed instability where
biological effects might be rare. We further show that delayed
HR is not associated with delayed chromosomal instability or
with delayed reproductive cell death, indicating that these de-
layed effects of radiation arise by at least two distinct mecha-
nisms. Because the majority of cells survive radiation exposure
at lower doses, delayed effects occurring in the progeny of
irradiated cells may have significant implications for evaluating
risks associated with radiation exposure and provide mecha-
nistic insights into radiation carcinogenesis.

MATERIALS AND METHODS

Plasmid DNAs. The XhoI and HindIII sites in pCMV-Script (Stratagene, La
Jolla, Calif.) were destroyed sequentially by cleavage, fill-in with T4 DNA poly-
merase, and ligation. A 700-bp BamHI/ApaI fragment carrying the EGFP gene
(hereafter referred to as GFP) was excised from pEGFP (Clonetech, Palo Alto,
Calif.) and inserted into the modified pCMV-Script vector, creating pCMV-
EGFP. A custom linker with BglII and HindIII sites was inserted into the DraIII
site, and a �5-bp XhoI frameshift insertion was introduced 310 bp downstream
of the GFP start codon by site-directed mutagenesis (12) using a 39-base primer
(5�-GCGGGTCTTGTAGTTGCCTCGAGGTCGTCCTTGAAGAAG-3�; inserted
bases are underlined, XhoI site is boldface), creating pCMV-EGFPXhoBglH3. GFP
plus the SV40 poly(A) signal sequence (An) was excised from pCMV-EGFP as a
1.2-kbp MluI/BamHI fragment (with the MluI site filled in) and inserted into the
HincII/BamHI sites of pUC19, creating pUC-EGFPAn. GFPAn was then trans-
ferred from this plasmid as a BamHI/HindIII fragment into the BglII/HindIII sites
in pCMV-EGFPXhoBglH3, creating pCMV-EGFP2Xho (Fig. 1A).

Cell culture and transfection. Two mammalian cell lines were used in this
study: RKO cells, because they have a wild-type functional p53 gene and a near
diploid karyotype, and GM10115 cells, which have a mutant p53 gene (21) and
have been used extensively for studies of radiation-induced genomic instability
(20–23, 28). The human colorectal carcinoma cell line, RKO, and its derivatives
were grown in monolayer cultures in Dulbecco’s modified Eagle’s medium sup-
plemented with 10% fetal bovine serum (HyClone, Logan, Utah) at 37°C in 5%
CO2 in air. The hamster human hybrid GM10115 cells (Human Genetic Mutant
Cell Repository, Camden, N.J.) contain one copy of human chromosome 4 in a
background of 20 to 24 Chinese hamster ovary chromosomes. GM10115 cells and
the derivatives were grown as monolayers in Dulbecco’s minimal essential me-
dium containing 10% fetal bovine serum, 2 mM L-glutamine, 100 U of penicillin/
ml, 100 �g of streptomycin/ml, and 0.2 mM L-proline and cultured at 34°C in
humidified incubators containing 5% CO2. Both cell lines were routinely mon-
itored for mycoplasma (MycoFluor mycoplasma detection kit; Molecular Probes,
Eugene, Oreg.) and showed no evidence of infection.

Cells were grown to 30 to �50% confluence in 100-mm-diameter dishes and
were transfected with 4 �g of pCMV-EGFP2Xho linearized with ApaLI (be-
tween neo and the cytomegalovirus [CMV] promoter) by using Lipofectamine
reagent (Life Technologies) according to the manufacturer’s protocol. G418 (1
mg/ml) was added 2 days after transfection, and 2 to 3 weeks later colonies were
isolated and expanded, and GFP expression was monitored by fluorescence
microscopy or reverse transcription (RT)-PCR as described below.

One clone from the RKO cell line (RKO36) and three clones from the
GM10115 cell line (TG9, GH1, and GH24) were selected for detailed analysis.
The RKO36 clone contained a mixture of GFP� and GFP� cells, whereas all
three of the GM10115 clones contained the pCMV-EGFP2Xho HR substrate
but were almost exclusively GFP� cells. These three cell lines were selected
because they showed a measurable spontaneous HR frequency, and it is possible
that exposure to a DNA-damaging agent might reduce this background level of
HR (30, 37).

Characterization of GFP gene structure and expression by PCR and RT-PCR.
Genomic DNA was extracted from clonally expanded cells using a GenElute
mammalian genomic DNA kit (Sigma, St. Louis, Mo.). The GFP gene was
amplified by PCR using primers targeted to the T3 sequence upstream of the
CMV promoter (5�-CTCGAAATTAACCCTCACTAAAGG-3�) and to the T7
sequence between the GFP coding sequence and the An signal sequence (5�-G
AATTGTAATACGACTCACTATAG-3�). The PCR conditions consisted of an
initial 2-min incubation at 95°C, followed by 40 cycles at 94°C for 30 s, 50°C for
30 s, 73°C for 1 min, and a final extension at 73°C for 2 min. The resulting 880-bp
PCR products were visualized on a 1% agarose gel with or without prior diges-
tion with XhoI to identify the frameshift mutation in the upstream copy of GFP.

Total RNA was isolated using an RNeasy mini kit (QIAGEN, Valencia, Calif.)
following the manufacturer’s protocol. Total RNA (2 �g) was reverse transcribed
into cDNA using the T7 primer and Moloney murine leukemia virus reverse
transcriptase (Promega, Madison, Wis.). The resultant GFP cDNA was amplified
by PCR using the T3 and T7 primers and characterized on agarose gel as
described above.

Measurement of p53 and p21 protein levels in RKO cells. RKO and its derived
RKO36 cells treated with X rays (0 or 8 Gy) were harvested 6 h after exposure.
Cells were washed once with cold phosphate-buffered saline, scraped, and col-
lected by centrifugation. Cell lysates were prepared in 250 �l of lysis buffer [50
mM Tris-HCl, pH 8.0, 500 mM NaCl, 1% (octylphenoxy)polyethoxyethanol
octylphenyl-polyethylene glycol, 10% glycerol, 20 mM �-mercaptoethanol, and
protease inhibitors]. After 15 min on ice, lysates were centrifuged and superna-
tants were transferred to new tubes. Protein concentrations were determined by
using the Bio-Rad protein assay (Bio-Rad Laboratories, Hercules, Calif.). Pro-
teins (50 �g) from each lysate were mixed with NuPAGE LDS sample buffer
(4�; Invitrogen, Carlsbad, Calif.) and dithiothreitol to a final concentration of 50
mM and denatured at 70°C for 10 min. Samples were electrophoresed on a
NuPAGE Novex bis-Tris gel (Invitrogen) and transferred to a polyvinylidene
difluoride membrane (Invitrogen). The membrane was incubated in 5% nonfat
dry milk in TBST (60 mM Tris-base, 120 mM NaCl, 0.2% Tween 20) for 1 h and
probed with mouse anti-p53 (Upstate Biotechnologies Inc., Lake Placid, N.Y.),
rabbit polyclonal anti-p21 (Santa Cruz Biotechnology, Santa Cruz, Calif.), or
mouse anti-�-actin (Sigma) for 1 h at dilutions of 1:1,000, 1:250, and 1:1,000,
respectively. Blots were washed three times in TBST and incubated for 30 min
with a 1:5,000 dilution of horseradish peroxidase-conjugated secondary antibody
(Santa Cruz Biotechnology) and then washed three times in TBST and devel-

FIG. 1. Experimental system. (A) The recombination substrate
consists of 1,137-bp direct repeats [700-bp GFP and 437-bp poly(A)
signal sequences] separated by 225 bp and SV40 promoter-driven neo.
The XhoI frameshift mutation (black bar) inactivates the upstream
GFP. HR includes gene conversion of the XhoI site without an asso-
ciated crossover or deletion of one GFP copy by crossover or single-
strand annealing. PCR primers targeted to T3 and T7 promoter se-
quences amplify GFP in both types of recombination products.
(B) RT-PCR analysis of recombination substrate in RKO derivatives.
RT-PCR products from RKO derivatives (with or without XhoI) are
indicated; control (nontransfected) RKO cells are shown in lane C,
and size markers (M) are �X-174/HaeIII. (C) Western analysis of p53
and p21 in RKO36 cells with or without 8-Gy X-ray exposure, with
�-actin loading controls below.
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oped using a LumiGlo chemiluminescent detection system (KPL Inc., Gaithers-
burg, Md.) and visualized by autoradiography.

It has previously been established that the GM10115 cell line has a mutant p53
gene that is not inducible by X-irradiation (21), and measurement of p53 was not
pursued further in these cells.

X-ray-induced delayed instability at the GFP locus. Cells carrying the pCMV-
EGFP2Xho HR substrate were irradiated at a dose rate of 2.4 Gy/min at ambient
temperature using a Pantak HF320 X-ray machine (250-kV peak, 13 mA; half-
value layer, 1.65-mm copper). Appropriate numbers of cells were seeded in
100-mm-diameter dishes to yield �50 surviving colonies per dish at each dose.
Unirradiated cells served as control. Ten to fourteen days after radiation, colo-
nies (	50 cells) were examined for GFP expression using an inverted Nikon
Eclipse TE200 fluorescence microscope. In the RKO36 clone that comprised a
mixture of GFP� and GFP� cells, preexisting GFP� or GFP� cells, if un-
changed, will produce uniform GFP� or GFP� colonies, respectively. Preexisting
GFP� cells can be converted to GFP� cells directly by a radiation-induced point
mutation and/or small or large deletions, and preexisting GFP� cells can be
converted to GFP� cells directly by radiation-induced HR. Both these events are
expected to be rare because of the small target of the GFP cassette and would
result in uniform GFP� or GFP� colonies, respectively. These uniform GFP� or
GFP� colonies reflect a stable GFP substrate. However, if radiation induces
delayed instability at the GFP substrate, this will be reflected as mixed GFP�/�

colonies. Such colonies can arise by delayed HR (GFP�3 GFP�/�) or delayed
mutation and deletion (GFP� 3 GFP�/�). On the other hand, the three
GM10115 clones were almost exclusively made up of GFP� cells, and only a
delayed HR event would produce a mixture of GFP�/� cells in a colony surviving
irradiation. Our criterion for radiation-induced genomic instability in surviving
colonies is defined as the presence of both GFP� cells and GFP� cells in a
colony, with 	4 cells of each type in each mixed colony.

X-ray-induced delayed chromosomal instability. Genomic instability was also
assessed cytogenetically by fluorescence in situ hybridization (FISH). One hun-
dred RKO36 colonies and at least 60 independent colonies from each of the
three GM10115 clones were selected 10 to 14 days after irradiation; 30 colonies
from nonirradiated transfected cells served as controls. Isolated colonies were
picked at random by using sterile Dacron swabs dipped in trypsin, transferred to
individual 25-cm2 tissue culture flasks, and grown to confluence. The total growth
time postirradiation was 5 to 6 weeks for each of these clonal isolates. Metaphase
cells were collected by mitotic shake-off after a 3-h incubation in the presence of
Colcemid (0.2 �M final concentration). Cells were treated with prewarmed
hypotonic solution (0.2% KCl, 0.2% sodium citrate, 1% fetal bovine serum) for
45 min at 37°C, dehydrated in 100% cold methanol, and then fixed in methanol-
acetic acid (5:1, vol/vol). The cell suspension was dropped onto precleaned glass
microscope slides and incubated at 68°C for 1 day before processing for FISH or
storage at �20°C.

To investigate chromosomal instability in RKO36 clones, human chromo-
some-specific probes for chromosomes 4, 13, and 16 were prepared from plas-
mids pBS4, pBS13, and pBS16, respectively (kindly provided by J. Gray and D.
Pinkel, University of California, San Francisco, San Francisco). pBS4 and pBS16
were labeled with biotin by using a BioNick labeling kit (Life Technologies).
pBS4 and pBS13 were labeled with digoxigenin-11-dUTP (digoxigenin) by using
a Nick translation kit (Life Technologies). Prior to FISH, slides were treated with
2� SSC (1� SSC is 0.15 M NaCl plus 0.015 M sodium citrate) for 30 min at 37°C
and then dehydrated in a cold ethanol series (70, 80, and 100%) for 2 min each.
After drying, slides were denatured for 4 min at 72°C in 70% formamide–2� SSC
and dehydrated in a cold ethanol series (70, 80, and 100% ethanol) for 2 min
each. Denatured slides were kept in a 50°C slide warmer after air drying. Each
slide was treated with 35 �l of hybridization mix containing 70% formamide–
15% dextran sulfate–2� SSC and 40 ng of each labeled probe (biotinylated pBS4
and pBS16, digoxigenin-labeled pBS4 and pBS13). The slides were then covered
with glass coverslips, sealed, and incubated for 2 days in a humidified chamber at
37°C. For simultaneous detection of biotinylated and digoxigenin-labeled probes,
slides were incubated sequentially for 20-min periods with fluorescein isothio-
cyanate-avidin plus mouse-antidigoxigenin antibody, anti-avidin plus digoxigenin
anti-mouse antibody, fluorescein isothiocyanate-avidin plus mouse antidigoxige-
nin antibody, and cyc3 anti-mouse antibody, interspersed with 2-min washes in
phosphate-buffered detergent; during these treatments, each slide was covered
with a plastic coverslip. Chromosomes were counterstained with 4�,6�-diamidino-
2-phenylindole hydrochloride (DAPI) in Antifade (Oncor Inc., Gaithersburg,
Md.). Slides were covered with glass coverslips and stored at 4°C. Slides were
coded, and two hundred metaphase spreads per clonal isolate were scored. A
clone was defined as unstable when �3 unique subpopulations of metaphase cells
were found showing rearrangements involving chromosome 4, 13, or 16, which
made up �9% of the total metaphases examined.

Chromosomal instability in surviving colonies from the three GM10115 clones
was examined by two-color FISH by using fluorescence-labeled probes targeted
to the single copy of human chromosome 4 and the telomeric T2AG3(n) se-
quence as previously described (20–22, 28). In these clones, our criterion for
instability was that a clone demonstrate �3 unique subpopulations of metaphase
cells showing rearrangements involving chromosome 4, which made up �5% of
the total metaphases examined (20).

Delayed reproductive cell death. Delayed reproductive cell death (7, 8) was
determined by measuring PE of clonal isolates of cells displaying delayed insta-
bility at the GFP substrate (GFP�/� colony), or delayed chromosomal instability
following irradiation, and unirradiated controls. For each determination, 200
RKO cells or 100 GM10115 cells per dish were seeded in five 60-mm-diameter
dishes, the dishes were incubated for 10 to 14 days, and the cells were stained
with a 2% crystal violet in 40% methanol. PE was calculated as the percentage
of surviving colonies containing more than 50 cells, and the values reported were
normalized to controls.

RESULTS

Experimental design. Radiation directly induces gene mu-
tation, chromosome aberrations, HR, and cell death. Radia-
tion also induces delayed effects, including gene mutation,
chromosomal instability, and delayed reproductive cell death
(reviewed in references 32 and 33). Given that HR can result
in deleterious genetic rearrangements (35), and given the pos-
sible involvement of HR in delayed chromosomal instability
and mutagenesis (11, 14, 25, 28), we asked whether radiation
induces delayed HR in mammalian cells. To address this ques-
tion, we constructed a plasmid carrying GFP direct repeats
linked to an SV40 promoter-driven neo gene. One copy of
GFP, driven by a CMV promoter, was inactivated by a �5
frameshift mutation that created an XhoI site; the second copy
had a wild-type coding sequence but lacked a promoter (Fig.
1A). This plasmid was transfected into two mammalian cell
lines, firstly, the human colon carcinoma RKO cell line, and
forty G418r transfectants were isolated. Of these, 37 were
GFP�, as they showed no evidence of green under fluores-
cence microscopy, and RT-PCR products were fully cleaved by
XhoI (e.g., RKO37 and RKO38; Fig. 1B). Two colonies were
uniformly green, and RT-PCR products were completely re-
sistant to XhoI digestion (e.g., RKO12; Fig. 1B), indicating
spontaneous gain of GFP function at the time of transfection.
One colony, RKO36, had both GFP� and GFP� cells, indi-
cating spontaneous gain of functional GFP during clonal ex-
pansion. This mixed phenotype was confirmed by RT-PCR
analysis, as only a fraction of the RT-PCR product was cleaved
by XhoI (Fig. 1B). However, when RKO36 cells were diluted
and plated, the colony from a single cell was usually either
homogeneously green or colorless; only 1% of RKO36 cells
yielded GFP�/� colonies, indicating a low but measurable
background of spontaneous HR in this cell line. We focused
our attention on RKO36 cells, as the appearance of both
GFP� cells and GFP� cells provided us with the opportunity
to assay radiation-induced delayed effects manifested as either
gain or loss of GFP function. In addition, the measurable
spontaneous frequency of induced HR provided a unique op-
portunity to evaluate exposures to DNA-damaging agents that
might result in a reduction in the spontaneously occurring HR
frequency (30, 37). Like the parent RKO cell line, RKO36 cells
express p53 and display normal p53 stabilization and p21 in-
duction after irradiation (Fig. 1C), indicating that the DNA
damage response network in RKO36 cells is intact and func-
tional.
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Fifty G418r GM10115 transfectants were isolated and
screened for the pCMV-EGFP2Xho HR substrate as de-
scribed above. None of those isolated showed evidence of a
high frequency of both GFP� and GFP� cells, and the majority
(48/50) were GFP� isolates. Three of these, TG9, GH1, and
GH24, were selected, as they showed evidence of a single GFP
integration site as determined by FISH with the fluorescence-
labeled pCMV-EGFP2Xho vector as a probe (Fig. 2, top left).
These clones grow well in culture and maintained the human
marker chromosome in a significant number of cells.

Our general strategy for detecting delayed instability at the
GFP locus is outlined in Fig. 3. In unirradiated cultures, the
majority of RKO36 parental cells were GFP� and will remain
GFP�. Similarly, preexisting GFP� cells will produce GFP�

colonies (Fig. 3A). For irradiated cultures, however, cells may
be directly converted from GFP� to GFP� by radiation-in-
duced HR, in which case all cells within a colony would be
GFP�, or GFP� cells may be directly converted by radiation to
GFP� by a variety of processes, including point mutagenesis
and induction of small- or large-scale deletions. Thus, all uni-
form GFP� or GFP� colonies reflect either a prior stable
phenotype or a new stable phenotype that was directly induced
by radiation. However, if radiation induces delayed instability
at the GFP locus, this will give rise to mixed GFP�/� colonies
(Fig. 3B). Such colonies can arise by delayed HR (GFP� 3
GFP�/�; Fig. 3C) or delayed mutation and deletion (GFP�3
GFP�/�; Fig. 3D). These GFP�/�colonies are scored as un-

stable based on our criterion. Note that for GM10115 clones,
only GFP� to mixed GFP�/� colonies were considered unsta-
ble.

Radiation-induced delayed effects manifested as enhanced
HR. Approximately 1% of RKO36 and 2 to 5% of the three
GM10115 derivative cells produce GFP�/� colonies when sub-
cloned. However, after exposure to ionizing radiation, there
was an increase in the numbers of surviving colonies that were
GFP�/� (Tables 1 and 2). Among these GFP�/� colonies, the
majority had 	4 GFP� cells in a background of GFP� cells
(Fig. 3C). These results indicate that radiation induces delayed
HR events. Some RKO36 GFP�/� colonies had 	4 GFP�

cells in colonies that were predominantly GFP� (Fig. 3D),
suggesting that the GFP gene was lost through delayed muta-
tion in cells arising from a single GFP� cell. Alternatively,
induced instability was an early event occurring soon after
radiation exposure. Thus, RKO36 cells allow the simultaneous
analysis of radiation-induced delayed instability reflected as
increased HR and increased mutation and deletion. It is likely

FIG. 2. Metaphase chromosomes from the GM10115-derived
clone GH24. (Top left) FISH with a biotinylated probe to the pCMV-
EGFP2Xho HR substrate. A single hybridization signal is arrowed.
(Top right, bottom left, and bottom right) FISH with fluorescence-
labeled probes to the T2AG3(n) interstitial telomeric-like repeat
(digoxigenin labeled, red) and human chromosome 4 (biotinylated
labeled, green). (Top right) Control unirradiated metaphase cell. (Bot-
tom left and right). Two metaphase cells from a clonally expanded cell
surviving 1 Gy of X-irradiation, illustrating instability of the human
chromosome and how it can recombine with the hamster chromosomes
at the interstitial telomeric sites.

FIG. 3. Strategy for detecting delayed instability at the GFP locus.
(A) Unirradiated cells are stable and give uniform GFP� or GFP�

colonies. (B) Irradiated cells showing delayed instability involving HR
(top) or delayed mutation (bottom). (C and D) Photomicrographs of
GFP�/� colonies presumably displaying delayed HR and delayed mu-
tation, respectively.

TABLE 1. Radiation-induced genomic instability as measured by
GFP-based assay in RKO36 cellsa

X-ray
dose (Gy)

No. of
expts

Total no. of
colonies scored

GFP�/�

colonies (%) SE (%) Surviving
fraction

0 4 1,286 0.97 0.11 1
1.0 2 951 3.68 0.22 0.68
2.5 3 1,427 4.59� 0.58 0.334
5.0 4 2,256 9.76� 1.43 0.028

10.0 3 2,458 7.69� 0.73 0.0009

a Surviving fraction is the percentage of RKO36 cells surviving the given dose
of radiation as determined by clonogenic survival. *, P 
 0.05.
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that most or all GFP�/� colonies that are largely GFP� result
from delayed HR rather than mutation and deletion (and vice
versa for GFP�/� colonies that are largely GFP�). However,
because of uncertainties regarding the timing of these pheno-
typic conversions, and potential differences in growth rates
owing to radiation exposure, all subsequent analyses were per-
formed by combining these GFP�/� classes.

The frequency of GFP�/� colonies in both RKO36 cells
(Table 1) and GM10115 cells (Table 2) increased after increas-
ing doses of X-irradiation. In RKO36 cells exposed to high
doses of radiation, 5 or 10 Gy, GFP�/� colonies were 4- to
10-fold more frequent than in unirradiated controls. There was
a significantly greater frequency of GFP�/� colonies with 5 and
10 Gy than with 1 Gy, suggesting that delayed instability in-
creases with dose. However, this was not a typical dose-re-
sponse profile consistent with other reports of delayed effects
in clonally expanded cells surviving irradiation (39). GFP�/�

colonies were not more frequent at 10 Gy than at 5 Gy, per-
haps reflecting saturation at higher doses or the relative lack of
survivors at the highest dose. At the radiation doses used, there
was no reduction in the spontaneous frequency of HR, but
there was a dose-dependent increase in GFP�/� colonies, with
the exception of clone TG9 exposed to 1 Gy of X rays, where
no change over background was observed.

Linear mixed-effects models were used to assess the impact
of X-irradiation on the percentage of unstable colonies. Logit
transformation was used to achieve approximate normality of
the response (percentage of GFP�/� colonies). The number of
cells seeded for each experiment had no statistically significant
effect on the percentage of GFP�/� colonies (P � 0.56) and
was excluded from the subsequent analyses. Dose of X-irradi-
ation was used as a continuous variable to estimate the rate of
change in the percentage of GFP�/� colonies per unit incre-
ment in the dose of irradiation. As the dose increased, so did
the percentage of GFP�/� colonies (P � 0.0008). We also
compared the percentage of unstable colonies in each dose
group versus the control group. The P values were adjusted for
multiple comparisons using Dunnett’s procedure (Tables 1 and
2).

We analyzed genomic DNA isolated from radiation-induced
GFP�/� colonies by using PCR with or without XhoI digestion
and found no size differences between the parental RKO36
and GFP�/� colonies or between parental GM10115 cells and
GFP�/� colonies (representative data are shown in Fig. 4).
These observations indicate that the delayed effect(s) of radi-
ation does not typically lead to large-scale deletions at the GFP
locus, a result consistent with data from Little and colleagues
(25). Thus, these results indicate that radiation can induce
delayed HR, and importantly, that delayed HR is a convenient
and reliable endpoint for studying the delayed effects of ion-
izing radiation. In both cell lines, an increase in hyperrecom-
bination could be observed at the lowest radiation dose used,
1 Gy. At this dose, 68 and 78% of the irradiated RKO36 and
GM10115 cells, respectively, survive relative to the unirradi-
ated controls. Furthermore, analysis of HR only requires cells
be cultured for 10 to 14 days for colony formation rather than
the 6 to 8 weeks required for cytogenetic analysis.

Radiation-induced delayed chromosomal instability.
RKO36 cells have a near-diploid chromosome complement.
FISH with probes for chromosomes 4, 13, and 16 in metaphase
spreads from 30 unirradiated colonies of RKO36 showed nor-
mal patterns in all cases. Of 100 colonies surviving a 10-Gy
X-ray dose, 8% showed �3 metaphase populations with a
rearranged chromosome 4, 13, or 16. The stringent �3 limit
eliminates clones with rearrangements formed by direct effects
of radiation, as well as possible accidental isolation of two
nearby colonies each having a single population of rearranged
chromosomes. These eight clones displaying delayed chromo-
somal instability had a wide range of cytogenetic phenotypes
(Table 3). For example, in clones B-4 and C-6, 91% of meta-
phase spreads were normal, with the remaining 9% distributed
among five unique populations with rearrangements in chro-
mosomes 4, 13, or 16. In clone C-32, only 60.5% of metaphase
spreads were normal (shown in Fig. 5a), and in the remainder
there were seven unique populations with different rearrange-
ments such as insertion and reciprocal and nonreciprocal
translocations; representative examples are shown in Fig. 5b to
f. The chromosome aberrations observed in these chromo-
somally unstable clones are similar to those seen previously in
GM10115 cells (Fig. 2, top right and bottom panels, and ref-
erences 11 and 28).

As delayed HR and delayed chromosomal instability are
both induced in �8% of colonies that survive 10-Gy doses, we

FIG. 4. Analysis of genomic DNA isolated from GFP�/� colonies.
The GFP locus was amplified from genomic DNA from parental
RKO36 cells and three radiation-induced GFP�/� colonies. PCR
products were separated on an agarose gel directly or following XhoI
digestion as indicated.

TABLE 2. Radiation-induced genomic instability as measured by
the GFP-based assay in three transfected clones of GM10115 cellsa

Clone and X-ray
dose (Gy)

Total no. of
colonies scored

GFP�/�

colonies (%) SE (%)

TG9
0 449 2.07 0.92
1.0 587 2.18 0.64
2.5 559 5.46� 0.88

GH1
0 485 5.32 0.81
1.0 432 9.53� 0.71
2.5 395 14.67� 1.86

GH24
0 646 2.45 1.10
1.0 727 6.30 1.10
2.5 690 9.09� 1.40

a Surviving fraction is the percentage of GM10115 cells surviving the given
dose of radiation as determined by clonogenic survival. *, P 
 0.05. Ten plates
were used at each dose.
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examined six RKO36 subclones that survived 10-Gy radiation
and displayed chromosomal instability to determine the rela-
tionship between these two endpoints. We found that GFP�/�

colonies were no more frequent than in unirradiated RKO36
cells. Similarly, 12 radiation-induced GFP�/� colonies were
expanded and assayed by FISH and none displayed chromo-
somal instability (data not shown).

The frequency of delayed hyperrecombination was very sim-
ilar to the frequency of radiation-induced chromosomal insta-
bility that has traditionally been observed in GM10115 cells,
i.e., �3% of clones surviving per gray of radiation were chro-
mosomally unstable (20). Analysis of a random sample of
GFP�/� colonies from each of the three independent
GM10115 transfectants clearly demonstrated no relationship
between genomic instability, as measured by our HR reporter
construct, and chromosomal instability (Table 4).

Delayed HR is not associated with delayed reproductive
death or delayed chromosomal instability. Radiation induces
delayed reproductive cell death, reflected as reduced PE (7, 8),
and this phenotype has been associated with delayed chromo-
somal instability (23, 28). We measured PEs of six subclones of
RKO36 that survived a 10-Gy radiation dose and exhibited
chromosomal instability. Each of these six subclones had mark-
edly reduced PE compared to that of parental RKO36 cells
(Fig. 6A). In contrast, among 12 radiation-induced GFP�/�

colonies of RKO36, only three clones, D-8, D-11, and D-15,
showed a reduced PE, while the others were indistinguishable
from parental cells (Fig. 6B).

A similar result was observed with the GM10115 clones.
Analysis of 50 radiation-induced GFP�/� colonies chosen at
random showed a PE that was not significantly different from
that of the nonirradiated control clones (data not shown). In
contrast, 14 of 20 clones (70%) showing chromosomal insta-
bility exhibited a PE that was significantly lower than that
observed in the nonirradiated controls. This observation is
consistent with but slightly lower than (81 versus 70%) that
which has been historically observed in GM10115 cells (22, 28).

Thus, while delayed chromosomal instability and delayed
reproductive cell death are strongly linked, delayed HR does
not correlate with either of these phenotypes. This observation
is consistent with our previous studies in GM10115 human-
hamster hybrid cells indicating differential manifestation of

radiation-induced genomic instability in clones surviving irra-
diation (23).

DISCUSSION

Radiation directly induces mutations, chromosome aberra-
tions, and recombination (2, 6, 10, 18), reflecting repair or
misrepair of DNA damage within or near the locus under
study. The delayed effects of radiation, on the other hand,
probably reflect dysregulation of genome-stabilizing factors
and would therefore be expected to have more global effects.
Prior studies of radiation-induced delayed genome instability
in mammalian cells have focused on genotoxic endpoints such
as delayed reproductive cell death, mutation, and chromo-
somal instability. Fabre and Roman (13) showed that irradi-
ated haploid yeast cells could induce HR competence when
mated with an unirradiated diploid, providing the first evi-
dence for radiation-induced delayed HR, and a recent study

FIG. 5. Representative examples of chromosomal instability on
metaphases from an unstable clone, C-32, surviving 10 Gy of X-radi-
ation. Metaphases were hybridized with labeled whole-chromosome
probes specific for chromosome 4 (biotinylated and digoxigenin la-
beled, yellow), chromosome 13 (digoxigenin labeled, red), or chromo-
some 16 (biotinylated labeled, green). (a) Subpopulation with normal
karyotype, containing two copies of chromosome 4, 13, and 16. (b to f)
Different subpopulations of metaphase chromosomes showing differ-
ent kinds of rearrangements (arrowhead).

TABLE 3. Metaphase populations with rearranged chromosome 4,
13, or 16 in 10-Gy-irradiated unstable colony isolates

Clone % of normal
metaphasesa

No. of populations
with rearrangementsb

B-2 64.0 8
B-4 91.0 5
C-6 91.0 5
C-17 14.0 4
C-18 57.0 4
C-32 60.5 7
C-41 33.0 3
C-89 87.0 6

a Percentage of metaphase cells showing no rearrangements of chromosome 4,
13, and 16. Two hundred metaphase cells from each clone were analyzed.

b Number of metaphase spreads showing unique rearrangements of chromo-
some 4, 13, or 16.
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demonstrated HR induction in the progeny of irradiated yeast
(3). Our study provides the first direct evidence of delayed HR
in irradiated human cells. Genomic instability, in any form, is
likely to be important in tumor initiation and/or progression (4,
9, 17), thus it is important to understand the various mecha-
nisms by which instability arises and is perpetuated.

A key finding in the present study is that, with the exception
of GM10115 clone TG9, delayed HR is induced at doses of
radiation (1 Gy) that produce relatively little cytotoxicity (Ta-
bles 1 and 2). This was the first hint that radiation-induced
delayed HR and chromosomal instability arise by distinct
mechanisms. Additional support for this idea comes from the
observation that cells displaying delayed HR are not chromo-
somally unstable, and vice versa. Moreover, chromosomal in-
stability is typically associated with delayed reproductive cell
death (this study and references 23 and 28), but almost all of
the clones displaying delayed HR show normal PE (Fig. 6).
This result also differentiates delayed HR in human cells from
that seen in yeast, as delayed HR in irradiated yeast is associ-
ated with reduced PE (3). There is evidence that DNA is the
target for at least a fraction of delayed chromosomal instability
(16, 20). However, because delayed chromosomal instability
can be induced at high frequencies (up to 8% of cells surviving
10-Gy X-rays in RKO cells [Table 3] and as high as 33 to 50%
in GM10115 cells [20, 24, 28]), it has been argued that the
target is quite large, perhaps the entire cell, and that for this
reason, it may reflect an epigenetic or nontargeted effect (38,
42). We note that delayed HR is induced at high frequencies in
both cell lines. However, in general, chromosomal instability
typically does not show classical dose dependence (39), similar
to that observed for delayed HR (Tables 1 and 2). Hence, the
target for delayed HR is also likely to be large and may reflect
epigenetic and/or nontargeted changes.

Prior studies have shown that most cell types are susceptible
to radiation-induced chromosomal instability, including nor-
mal human lymphocytes and human bone marrow cells, plus a
host of human and rodent cell lines in vitro (reviewed in ref-
erence 32). Radiation-induced genomic instability has also
been demonstrated in vivo, but because the genetic back-
ground can modulate induced instability (36, 41), the in vivo
literature is more confusing (reviewed in reference 33). Our
prior studies of radiation-induced chromosomal instability uti-

lized the GM10115 cell line with a single copy of human chro-
mosome 4 and mutant p53. As an in vitro model, cell lines
derived from human RKO cells are superior for mechanistic
studies. In particular, the GFP-based assay in RKO36 provides
a rapid and sensitive assay for genome instability, with both
HR and mutation and deletion events scored by direct visual
inspection of colonies within 2 weeks of irradiation. This con-
trasts with 5 to 6 weeks of postirradiation expansion of indi-
vidual colonies (to obtain sufficient numbers of cells) and the
far more labor-intensive cytogenetic analysis required to ana-
lyze chromosomal instability. Unfortunately, we were unable
to identify a comparable cell line in GM10115 cells. Neverthe-
less, it is noteworthy that in both RKO and GM10115 cells, the
frequency of induced instability as measured by either mixed
GFP�/� colonies or cytogenetic analysis was very similar, even
though they measure different endpoints.

RKO has wild-type p53 and displays normal radiation re-
sponses, including p53 stabilization and p21 induction. The
radiation-induced chromosomal instability and delayed HR
observed in irradiated p53� RKO36 cells are consistent with

FIG. 6. (A) PE of parental RKO36 cells and chromosomally un-
stable clones. (B) PE of parental RKO36 cells and clones expanded
from nonirradiated (D-1, D-2, and D-3) and radiation-induced
GFP�/� (D-4 to �D-15) colonies. These data have been normalized to
100% for control. Error bars, standard deviations based on five deter-
minations.

TABLE 4. Chromosomal instability in transfected GM10115 cells
showing GFP mosaicisma

Transfectant
clone

X-ray
dose
(Gy)

GFP
expression

No. of
subclones
analyzed

No. of stable
subclones

No. of
unstable

subclonesb

TG9 0 �/� 7 7 0
1.0 �/� 12 12 0
2.5 �/� 29 29 0

GH1 0 �/� 27 27 0
1.0 �/� 36 36 0
2.5 �/� 47 45 2

GH24 0 �/� 12 12 0
1.0 �/� 43 43 0
2.5 �/� 55 55 0

a Two hundred metaphase cells from each clone were analyzed.
b As defined by at least three unstable arrangements per 200 counted in each

subclone.
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prior studies showing that delayed instability is not restricted to
p53-defective cells (15, 29).

Our data indicate that ionizing radiation can disrupt one or
more systems that regulate HR, yet this effect is not necessarily
associated with significantly reduced cell viability. These results
are important for several reasons. First, genome instability
associated with hyperrecombination is, in effect, a mutator
phenotype, as it increases the probability of uncovering reces-
sive mutations via LOH. This is analogous to mutator pheno-
types associated with defects in mismatch repair. As such,
hyperrecombination may facilitate the accumulation of muta-
tions important for tumor initiation and/or progression. Sec-
ond, hyperrecombination can be induced by doses of radiation
that cause little cytotoxicity, and this increases the fraction of
surviving cells at risk. Third, because delayed hyperrecombi-
nation is not associated with reduced cell viability, as with
delayed chromosomal instability, the former might represent a
less severe instability phenotype, and such cells are hence more
likely to survive and accumulate mutations necessary for im-
mortalization and cellular transformation. In this regard, hy-
perrecombination may be an important determinant of sec-
ondary tumors in patients treated with radiation. Finally,
because HR is important for the repair of DNA double-strand
breaks, cells with a hyperrecombination phenotype may display
enhanced resistance to radiation or other agents that induce
strand breakage (19, 34). Thus, tumor cells with a hyperrecom-
bination phenotype may have enhanced resistance to killing by
ionizing radiation or chemotherapeutic agents, and such tu-
mors may thus be more difficult to treat.

There has been much speculation regarding the mecha-
nism(s) of radiation-induced genomic instability. A number of
recent reports suggest a role for nontargeted “bystander”-like
responses both in vitro (1, 26, 27, 31) and in vivo (5, 43).
Whatever the mechanism, our results showing that radiation
can elicit delayed responses in the progeny of irradiated cells
have important implications for radiation risk assessment and
support current perceptions of detrimental health risks asso-
ciated with exposure to low-dose ionizing radiation.
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