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The receptor for insulin-like growth factor I (IGF-IR) controls normal and pathological growth of cells. DNA
repair pathways represent an unexplored target through which the IGF-IR signaling system might support
pathological growth leading to cellular transformation. However, this study demonstrates that IGF-I stimu-
lation supports homologous recombination-directed DNA repair (HRR). This effect involves an interaction
between Rad51 and the major IGF-IR signaling molecule, insulin receptor substrate 1 (IRS-1). The binding
occurs within the cytoplasm, engages the N-terminal domain of IRS-1, and is attenuated by IGF-I-mediated
IRS-1 tyrosine phosphorylation. In the absence of IGF-I stimulation, or if mutated IGF-IR fails to phosphor-
ylate IRS-1, localization of Rad51 to the sites of damaged DNA is diminished. These results point to a direct
role of IRS-1 in HRR and suggest a novel role for the IGF-IR/IRS-1 axis in supporting the stability of the
genome.

The receptor for insulin-like growth factor I (IGF-IR) is a
multifunctional, membrane-associated tyrosine kinase. The li-
gand-activated receptor sends strong antiapoptotic and mito-
genic signals supporting both normal and pathological growth
of the cell (4, 24, 35). During transformation, an increase in the
cell’s propensity to accumulate mutations may develop as a
result of the deregulation of normal mechanisms controlling
faithful and unfaithful DNA repair. Scattered reports indicate
that the IGF-IR may have functions affecting DNA repair.
These include enhanced radioresistance proportional to the
IGF-IR protein level in both mouse embryo fibroblasts and
breast tumor cells (51), enhanced DNA repair via the IGF-I-
activated p38 signaling pathway in response to UV-mediated
DNA damage (16), and delayed UVB-induced apoptosis via
IGF-I-mediated activation of Akt, resulting in enhanced repair
of DNA cyclobutane thymidine dimers in keratinocytes (11). In
contrast, one report notes a delay in DNA repair of potentially
lethal radiation damage observed following IGF-I and insulin
treatments of A549 cells (19). Although these few reports
suggest the role of IGF-I in drug resistance and possibly in
DNA repair, it remains unclear whether the receptor affects
DNA repair directly, or whether its strong antiapoptotic prop-
erties (9, 42, 53) simply increase the resistance to genotoxic
agents.

Here we investigate the effect of the IGF-IR signaling sys-
tem on DNA repair of double-strand breaks (DSBs). DSBs,
which are usually lethal, arise from ionizing radiation, from a

variety of genotoxic chemicals including cisplatin, and also
when replication forks encounter single-strand DNA breaks
(17, 20). Early cellular events in the detection of DSBs include
activation of the protein kinases ATM (ataxia telangiectasia
mutated), ATR, and DNA protein kinase (DNA-PK), which in
turn phosphorylate histone H2AX (�-H2AX) within megabase
pair regions surrounding DSBs, which “attracts” DNA repair
machinery (6, 28). To support cell survival after DSBs, at least
one of the two major DNA repair mechanisms has to be acti-
vated: (i) homologous recombination-directed DNA repair
(HRR), which is usually error free, or (ii) nonhomologous end
joining (NHEJ), which is error prone. In proliferating cells
HRR seems to predominate, while quiescent cells favor NHEJ
(17). The choice between DNA repair mechanisms is con-
trolled, at least partially, by the availability of a DNA template.
Proliferating cells utilize the newly synthesized template sup-
plied by the process of DNA replication. Cells arrested in G1

face the more difficult task of searching for a template on the
homologous chromosome. Alternatively, quiescent cells may
simply link the ends of a DSB without any template by using
the end binding Ku70/Ku80 complex and DNA-PK, followed
by DNA ligation with XRCC4-ligase 4 (26, 32). This rapid
repair of DNA by NHEJ, however, may cost the cell a gain or
loss of base pairs (17).

Rad51 is a structural and functional eukaryotic homologue
of the bacterial RecA recombinase, which is considered the key
enzyme for HRR (5, 48, 55). Following detection of DSBs, the
breast cancer susceptibility gene (BRCA2) is suspected to me-
diate translocation of Rad51 to the damaged DNA (10). In
parallel, the ATM-activated 5�–3� endonuclease complex
(Rad50–MRE11–NBS1) exposes both 3� ends of DNA at the
DSB (31, 59). The ends are initially protected by the single-
stranded DNA (ssDNA) binding protein replication protein A,
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which is subsequently replaced by Rad51 in a process that
involves initial binding of Rad52 into the ssDNA-RPA com-
plex (7, 13). As a result, newly formed Rad51 nucleoprotein
filaments are directly involved in homology searching and
strand invasion, which in eukaryotic cells require additional
cooperation (ATPase activity) from Rad54 (43, 48, 49).

Our results indicate that the signal from activated IGF-IR
enhances HRR by a mechanism that controls the translocation
of Rad51 to the sites of damaged DNA (nuclear foci). This
effect involves a direct interaction between Rad51 and the
major IGF-IR signaling molecule, insulin receptor substrate 1
(IRS-1). The binding is direct, occurs within the perinuclear
region of the cell, involves the N-terminal portion of IRS-1,
and is negatively regulated by IGF-I-mediated IRS-1 tyrosine
phosphorylation. Importantly, cells with low levels of the IGF-
IR, or cells expressing an IGF-IR mutant that fails to phos-
phorylate IRS-1, retain Rad51 within the perinuclear compart-
ment and show significantly less DNA repair by HRR. These
results suggest a novel function for the IGF-IR/IRS-1 pathway
that involves regulation of the intracellular trafficking of Rad51
to the site of damaged DNA—a crucial step in the process of
DNA repair by homologous recombination.

MATERIALS AND METHODS

Cell lines. The cell lines used are derived from 3T3-like fibroblasts isolated
from mouse embryos with a targeted disruption of the IGF-IR gene (R� cells)
(2). Following stable transfection with the human IGF-IR cDNA under control
of the rat (�2350 to �1640) IGF-IR promoter, several clones expressing differ-
ent levels of the IGF-IR, ranging from 3,000 to 30,000 IGF-IR molecules/cell,
were selected and characterized (37, 41). R12 expresses 3,000, R508 expresses
15,000, and R600 expresses 30,000 molecules of IGF-IR/cell, as evaluated by
Scatchard analysis (37). In addition, R�GR96 cells express an IGF-IR double
mutant (Y950F � �1245) in the absence of the wild-type (wt) IGF-IR. The
R�GR96 cells fail to phosphorylate IRS-1 following IGF-I stimulation. We have
also generated a new cell line (R600/GR171) by transducing R600 fibroblasts
with the pGR171 retroviral vector containing the PH/PTB domain of IRS-1 (39).
All R� derivatives, with the exception of R�GR96 and R600/PH/PTB, were
selected in G418 (1 mg/ml). R600/GR171 cells were selected in puromycin (2
�g/ml), and R�GR96 cells were routinely cultured in Dulbecco’s modified Eagle
medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and hy-
gromycin (250 �g/ml).

HRR. Plasmid pDR-GFP (generously provided by M. Jasin, Sloan-Kettering
Cancer Center, New York, N.Y.) (33) was stably introduced, by using a calcium
phosphate reagent (Promega, Madison, Wis.), into R12, R508, and R600 fibro-
blasts. Stable clones were selected in puromycin (2 �g/ml) and characterized by
PCR and Southern blotting to estimate DR-GFP copy numbers (see below).
pDRGFP contains a nonactive green fluorescent protein (GFP) gene (SceGFP)
as a recombination reporter and a fragment of the GFP gene as a donor for
homologous repair. The SceGFP cassette has an inactivating insertion, which
consists of two stop codons and a restriction site for the rare-cutting endonucle-
ase I-SceI. When I-SceI is expressed in DR-GFP-expressing clones, it inflicts
DSBs within the SceGFP fragment, providing a signal for homologous recom-
bination and the reconstruction of functional GFP. To analyze the effectiveness
of HRR, cells were transiently transfected with 3 �g of pC�A-Sce and 1 �g of
pDsRed1-Mito (Clontech, Palo Alto, Calif.) by utilizing the Fugene 6 reagent
(Roche, Indianapolis, Ind.). pC�A-Sce contains I-Sce I cDNA to generate DSBs
in SceGFP cDNA (33), and pDsRed1-Mito contains red fluorescent protein with
a mitochondrial localization signal to control for the efficiency of transfection.
DNA repair by HRR was evaluated by counting cells with both green nuclear
fluorescence and red mitochondrial fluorescence versus all positively transfected
cells (red and green cells versus only red cells) at 72 h after transfection. Cells
showing green nuclear fluorescence only were sporadically detected; however,
these cells were not considered in the calculations.

PCR and Southern blotting. PCR and Southern blotting were utilized to
screen for DR-GFP and to determine DR-GFP copy numbers in selected clones
of R�-derived cell lines. Genomic DNA was extracted with a Puregene DNA
isolation kit (Gentra Systems, Minneapolis, Minn.) according to the manufac-

turer’s recommendations. Southern blotting was carried out according to meth-
odologies described previously (25). The GFP probe (800 bp) was obtained from
pDR-GFP by SalI/HindIII digestion. To amplify GFP cDNA from cell lines
stably transfected with the DR-GFP expression vector, 1 �g of genomic DNA
and GFP-specific primers (right primer, 5�-CCTTCGGGCATGGCGGACTTG-
3�; left primer, 5�-AGGGCGTTCGGCTTCTGG-3�) were utilized in a typical
PCR (36).

NHEJ. The cell-free NHEJ assay was used (21) with some modifications. An
aliquot of 107 mouse embryonic fibroblasts was washed three times with ice-cold
phosphate-buffered saline (PBS) and lysed in hypotonic buffer A (10 mM
HEPES, 1.5 mM MgCl2, 10 mM KCl [pH 7.5], 2 �g of aprotinin/ml, 2 �g of
leupeptin/ml, 0.5 mM phenylmethylsulfonyl fluoride, 0.5 mM dithiothreitol, 25
mM NaF, and 0.2 mM NaVO3) for 10 min on ice. Following centrifugation at
6,000 � g for 3 min, nuclear pellets were resuspended in buffer B (20 mM
HEPES, 25% glycerol, 500 mM NaCl, 1.5 mM MgCl2, 0.2 mM EDTA [pH 7.5],
and protease inhibitors as in buffer A), and the samples were repeatedly frozen
in liquid nitrogen. Following centrifugation (at 30,000 � g for 30 min), super-
natants were dialyzed overnight against buffer C (25 mM Tris-HCl [pH 7.5], 1
mM EDTA, 10% glycerol, and proteinase inhibitors as in buffer A), and aliquots
were stored at �70°C. NHEJ reactions were performed under the following
conditions: 10 �g of nuclear lysate, 1 mM ATP, 0.25 mM deoxynucleoside
triphosphates, 25 mM Tris acetate (pH 7.5), 100 mM potassium acetate, 10 mM
magnesium acetate, and 1 mM dithiothreitol. After 5 min of preincubation at
37°C, the reaction mixture was supplemented with the substrate [200 ng of
XhoI-XbaI-linearized pBluescript KS(�)]. The reaction mixture was incubated
for 1 h at 37°C to ligate the plasmid and was treated with proteinase K (1 �g per
reaction at 65°C for 30 min) to digest DNA-bound proteins. Products of NHEJ
reactions were resolved in a 0.5% agarose gel containing 0.5 �g of ethidium
bromide/ml. For each experiment, the sensitivity of the assay was additionally
evaluated by running control samples in which increasing amounts of the sub-
strate (ranging from 0 to 500 ng), and increasing amounts of the nuclear extract
(ranging from 0 to 20 �g) were evaluated.

Western blotting and immunoprecipitation. For IRS-1 immunoprecipitation
and Western blotting, we used a polyclonal rabbit anti IRS-1 antibody that
recognizes the C-terminal portion of IRS-1 (Upstate Biotechnology Inc. [UBI],
Lake Placid, N.Y.). To detect the PH/PTB domain of IRS-1, we employed a
rabbit antibody that recognizes an epitope at the amino terminus of IRS-1 (A-19;
Santa Cruz Biotechnology, Santa Cruz, Calif.). To determine the tyrosine phos-
phorylation of IRS-1, quiescent cells (48 h in serum-free medium [SFM]) were
stimulated with IGF-I (50 ng/ml) or were left without stimulation, and total
proteins were extracted 15 min later. IRS-1 was immunoprecipitated from 500 �g
of protein extract with a rabbit anti-IRS-1 antibody (Transduction Laboratories,
Lexington, Ky.) and agarose-conjugated protein A (Calbiochem, San Diego,
Calif.). Corresponding blots were first developed with an anti-phosphotyrosine
antibody (PY20; Transduction Laboratories) and then reprobed with an anti-
IRS-1 antibody against the N-terminal portion of IRS-1 (A-19; Santa Cruz). To
evaluate levels of selected DNA repair proteins, monolayer cultures were lysed
on ice with 400 �l of lysis buffer (50 mM HEPES [pH 7.5], 150 mM NaCl, 1.5 mM
MgCl2, 1 mM EGTA, 10% glycerol, 1% Triton X-100, 1 mM phenylmethylsul-
fonyl fluoride, 0.2 mM sodium orthovanadate, and 10 �g of aprotinin/ml). To
improve recovery of DNA-bound proteins, DNase was added to the lysis buffer.
Aliquots (50 �g) were separated on a 4 to 15% gradient sodium dodecyl sulfate-
polyacrylamide gel electrophoresis gel (Bio-Rad) and transferred to nitrocellu-
lose membranes. The resulting blots were probed with the following rabbit
polyclonal antibodies: anti-Rad51 (Ab-1; Oncogene), anti-Rad52 (H-300; Santa
Cruz), anti-Rad54 (H-152; Santa Cruz), anti-Ku70 (Serotec, Oxford, United
Kingdom), and anti-Ku80 (Serotec). An anti Grb-2 antibody (Transduction Lab-
oratories) was used as a control to monitor equal loading conditions (12).

Glutathione S-transferase (GST) pulldown assay. Previously described proto-
cols for in vitro translation and pulldown reactions were followed (22). Five
overlapping IRS-1 truncation mutants (54) and in vitro-translated, [35S]methi-
onine-labeled, full-length RAD51 were used. Fusion proteins were generated on
the basis of the pGEX-5x-1 vector expressed in isopropyl-�-D-thiogalactopyrano-
side (IPTG)-induced bacterial cultures and were purified on glutathione-agarose
beads. RAD51 cDNA in the pcDNA3 expression vector was in vitro translated by
utilizing the Promega protocol based on wheat germ extract and T7 RNA
polymerase.

Immunofluorescence. All cells were cultured on poly-D-lysine-coated Lab-Tek
chamber slides (Nalge Nunc International). Before immunostaining, cells were
differentially treated: (i) quiescent cells were obtained by a 48-h incubation in
SFM, (ii) exponentially growing cells were cultured in the presence of 10% FBS,
and (iii) IGF-I (50 ng/ml) was applied either to cells cultured in 10% FBS or to
cells in SFM. Finally, cisplatin (1 �g/ml) treatment was applied to exponentially
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growing or quiescent cultures in the presence or absence of IGF-I stimulation, at
different time points ranging from 6 to 24 h. For immunostaining, cells were fixed
and permeabilized with a buffer containing 0.02% Triton X-100 and 4% form-
aldehyde in PBS. Fixed cells were washed three times in PBS and blocked in 1%
bovine serum albumin (BSA) for 30 min at 37°C. RAD51 was detected by a
mouse anti-RAD51 monoclonal antibody (UBI) followed by a fluorescein iso-
thiocyanate (FITC)-conjugated goat anti-mouse secondary antibody (Molecular
Probes, Eugene, Oreg.). IRS-1 was detected with a rabbit anti-IRS-1 antibody
(UBI), which recognizes the C-terminal portion of the IRS-1 protein, and a
rhodamine-conjugated goat anti-rabbit secondary antibody (Molecular Probes).
Finally, phospho-histone H2AX was detected by a mouse monoclonal antibody
which recognizes phosphorylated serine within the amino acid (aa) 134-to-142
fragment of human histone H2A.X (UBI) and a rhodamine-conjugated goat
anti-mouse secondary antibody (Molecular Probes). Negative controls were per-
formed in the presence of irrelevant, anti-bromodeoxyuridine antibody instead of
the primary antibodies. In all cases DNA was counterstained with 4�,6�-dia-
midino-2-phenylindole (DAPI). Specific staining was visualized with an inverted
Olympus 1X70 fluorescence microscope equipped with a Cook Sensicom ER
camera (Olympus America, Inc., Melville, N.Y.). In some cases, a series of
three-dimensional images of each individual picture were deconvoluted to one
two-dimensional image and resolved by adjusting the signal cutoff to near-
maximal intensity to increase resolution. Final images were prepared with Adobe
Photoshop to demonstrate subcellular localization and colocalization of detected
proteins.

Cell cycle analysis. Aliquots of cells (106/ml) were fixed in 70% ethanol for 30
min at 4°C, cells were centrifuged at 390 � g for 5 min, and the resulting pellets
were resuspended in 1 ml of freshly prepared propidium iodide-RNase A solu-
tion for 30 min at 37°C. Cell cycle distribution was analyzed by FACScalibur
(Becton Dickinson, Franklin Lakes, N.J.) using the CellQuest program (44).

Clonogenic assay. Cells were plated at 5 � 102 on 12-well culture plates
(Costar) in DMEM supplemented with 10% FBS with or without IGF-I (50
ng/ml). Following attachment, cells were treated with cisplatin at 0, 0.2, 0.5, and
1.0 �g/ml. Colonogenic potential was evaluated at 10 days after treatment by
counting stained colonies (0.25% Coomassie brilliant blue in methanol).

RESULTS

IGF-I protects against cisplatin-induced cytotoxicity. Our
initial experiments indicate that exponentially growing fibro-
blasts are more resistant to the genotoxic agents cisplatin and
mitomycin when the culture medium that already contains
10% FBS is additionally supplemented with IGF-I (50 ng/ml).
We further analyzed this observation by use of mouse embry-
onic fibroblasts, in which the magnitude of the response to
IGF-I depends on the number of IGF-IR molecules (37, 41).
Originally developed in R. Baserga’s laboratory, R12 and R600
fibroblasts express 3,000 and 30,000 IGF-IR molecules/cell,
respectively (37, 41). Independently of the different levels of
IGF-IR, these two cell lines show a very similar sensitivity to
cisplatin when cultured in 10% FBS without IGF-I supplemen-
tation (Fig. 1A). Following addition of IGF-I, exponentially
growing R12 cells, which are essentially not responsive to
IGF-I (37), were still sensitive to cisplatin. R600 cells, which
are IGF-I responsive, became significantly more resistant (Fig.
1A). Starting from the lowest concentration examined, 0.2 �g/
ml, cisplatin caused a dramatic 44% 	 12% decrease in the
survival of R12 fibroblasts at 48 h after treatment, and the
survival rate did not change in the presence of IGF-I (Fig. 1A;
compare R12/FBS and R12/FBS/IGF). In contrast, after IGF-I
stimulation, R600 fibroblasts showed significant 2.4-, 1.4-, and
1.5-fold decreases in cell loss at 0.2, 0.5, and 1.0 �g of cisplatin/
ml, respectively.

It is noteworthy that quiescent R12 or R600 cells, cultured in
SFM, are much more resistant to cisplatin than cells growing in
the presence of serum. At the concentration of 1 �g/ml, which
eliminated more than 70% of R12 and R600 cells growing in

FBS (Fig. 1A), only about 15% cell loss was observed in SFM
(Fig. 1B). Addition of IGF-I to quiescent cultures of R600 cells
(Fig. 1B, R600/SFM/IGF) triggered an effect opposite that
observed in serum-stimulated cultures (Fig. 1; compare panels
A and B). In SFM, IGF-I triggered massive loss of R600
fibroblasts (R600/SFM/IGF) and had practically no effect on
R12 fibroblasts (R12/SFM/IGF). Note, however, that R12 cells
do not replicate DNA following IGF-I stimulation (37). DNA
replication is required for cisplatin to generate lethal DSBs;
therefore, it is not surprising that quiescent cultures survive the
treatment. On the other hand, IGF-I-mediated cell prolifera-
tion and subsequent generation of DSBs, when replication
forks encounter cisplatin-mediated primary DNA lesions, may
cause cell death independently of the fact that IGF-I may also
improve DNA repair. Therefore, the conditions under which
IGF-I effects on DNA repair could actually be seen require
similar rates of DNA replication and similar rates of initial
DNA damage.

The effectiveness of cisplatin-mediated formation of DSBs
was measured indirectly by immunocytochemical detection of
phosphorylated �-H2AX (6, 40). The insets below each histo-
gram in Fig. 1A and B show representative images indicating
the extent of DNA damage observed in R12 and R600 cells
under different culture conditions. Proliferating R12 and R600
fibroblasts showed comparable levels of �-H2AX immunola-
beling at 6 h after cisplatin treatment, suggesting that the
IGF-I-mediated resistance to cisplatin observed in R600 fibro-
blasts (Fig. 1A) does not depend on different sensitivities of
R12 and R600 cells to cisplatin treatment. In SFM, quiescent
R12 and R600 cells showed very low levels of �H2AX, and the
addition of IGF-I to serum-free cultures activated �-H2AX in
R600 fibroblasts but not in R12 fibroblasts.

IGF-I-mediated improvement in short-term survival in the
presence of cisplatin was additionally evaluated by the clono-
genic assay. In the absence of IGF-I, proliferating cultures of
R600 (R600/FBS) and R12 (R12/FBS) fibroblasts showed
quite similar clonogenic survival after cisplatin treatment (Fig.
1C). Supplementation of the medium with IGF-I (FBS/IGF)
significantly improved the clonogenic growth of R600 cells but
did not affect this parameter in R12 cells (Fig. 1C; compare
R12/FBS/IGF and R600/FBS/IGF).

In addition, we measured the clonogenic survival of two new
cell lines (R�GR96 and R600/PH/PTB) which express mu-
tated variants of IGF-IR and IRS-1, respectively. The sensitiv-
ities to cisplatin of these two new cell lines were similar to that
observed in R12 fibroblasts (data not shown), indicating that
interference with the IGF-IR signaling system either at the
level of IRS-1 tyrosine phosphorylation (GR96 mutant) or by
a dominant-negative action of the PH/PTB domain (GR171
mutant) (see Materials and Methods) attenuated IGF-I-
mediated protection against cisplatin in this experimental set-
ting.

Effects of IGF-I on DNA repair of DSBs. Because DSBs are
the most lethal of DNA lesions caused by cisplatin, we asked
whether molecular mechanisms involved in the repair of DSBs
contribute to IGF-I-mediated drug resistance. NHEJ is con-
sidered the most effective way to quickly ligate DSBs, support-
ing cell survival. We have examined the potential effects of
IGF-I on NHEJ by utilizing a cell-free NHEJ assay (21). The
results in Fig. 2A show almost identical levels of in vitro liga-
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FIG. 1. Effects of IGF-I on cell survival. (A and B) Exponentially growing and quiescent cultures of R12 fibroblasts, which express 3,000 IGF-IR
molecules/cell, and R600 fibroblasts, which express 30,000 IGF-IR molecules/cell, were treated with cisplatin at 0.2 (blue bars) 0.5 (red bars), and
1.0 (yellow bars) �g/ml. SFM consisting of DMEM with 0.1% BSA and 2 mM glutamine was additionally supplemented either with 10% FBS or
IGF-I (50 ng/ml), or both. Cell losses were evaluated at 48 h following cisplatin treatment. Data are expressed as percentages of decrease in the
number of cells in comparison to the number of cells in untreated cultures and were collected from three separate experiments in which two
cultures were used for each experimental point (n 
 6). (Insets) �-H2AX immunolabeling in R12 and R600 fibroblasts at 6 h following cisplatin
treatment (1 �g/ml). (C) Clonogenic growth evaluated under the culture conditions described for panel A. Cells were plated at 5 � 102/35-mm
culture dish, allowed to attach, and subsequently treated with the indicated concentrations of cisplatin. The percentages of decrease in colony
formation at 0.2, 0.5, and 1.0 �g of cisplatin/ml were calculated from the number of colonies formed in the absence of cisplatin. Data are averages
from three experiments performed in duplicate (n 
 6). Asterisks indicate values that are statistically significant (P � 0.05).
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FIG. 2. Effects of IGF-I on DNA repair. (A) Evaluation of NHEJ by a cell-free system. Exponentially growing R600 and R12 fibroblasts in the
presence of 10% FBS were stimulated (�) or not stimulated (�) with IGF-I (50 ng/ml). Corresponding nuclear extracts were utilized to ligate
linear pBluscript KS(�) (see Materials and Methods). The DNA bands are visualized on a 0.5% agarose gel containing ethidium bromide. The
control reaction represents linear plasmid DNA not treated with nuclear extracts. Arrows indicate positions of the linear plasmid and the dimer.
(B) R12, R508, and R600 fibroblasts (37) were stably transfected with the pDR-GFP plasmid and analyzed for reconstitution of functional GFP.
Cells cultured in 10% FBS with or without IGF-I (50 ng/ml) were transiently transfected with two expression vectors; the first containing SceI
cDNA, to generate DSBs in GFP cDNA, and the second containing red fluorescent protein with a mitochondrial localization signal to control for
the efficiency of transfection. DNA repair by HRR was evaluated by counting cells with both green nuclear fluorescence and red mitochondrial
fluorescence versus all positively transfected cells (cells with red fluorescence only) (see inset). The histogram shows the percentage of cells capable
of repairing GFP cDNA. The results were collected from three separate experiments, in duplicate, in which 500 positively transfected cells were
counted in at least 10 randomly selected microscopic fields (n 
 6). The asterisk indicates a value that is statistically significant (P � 0.05).
(C) Growth curves of R12 and R600 fibroblasts. Cells were plated at 2 � 104/35-mm culture dish either in 10% FBS alone or 10% FBS plus IGF-I
(50 ng/ml). Cells were counted at time zero (T0) (after attachment) and at 24, 48, and 72 h after plating. Results are averages from two experiments
performed in duplicate (n 
 4). (D) The two cell lines described in the legend to panel C were labeled with propidium iodide and analyzed for
cell cycle distribution by flow cytometry. Note that very similar patterns of cell cycle distribution were detected in the presence (FBS � IGF) and
absence (FBS) of IGF-I stimulation.
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tion of linear pBluscript KS(�) measured in the presence of
nuclear extracts from exponentially growing R600 and R12
fibroblasts, in the presence or absence of IGF-I stimulation.
These in vitro results indicate that IGF-I-mediated resistance
to cisplatin does not rely on an additional activation of NHEJ.

The assay to evaluate DSB repair by HRR is based on
reconstruction of the wt GFP from two nonfunctional het-
eroallelic fragments of GFP cDNA delivered into cells by the
pDRGFP expression vector (34). The DR-GFP construct was
introduced into R12 and R600 fibroblasts. Integration of the
construct was evaluated by Southern blotting and PCR (data
not shown), and stable clones with a single copy were analyzed
for GFP recombination. Proliferating cells carrying the inte-
grated DR-GFP construct were transiently transfected with
two additional expression vectors; the first containing the rare-
cutting endonuclease I-SceI, to generate DSBs in GFP cDNA,
and the second containing red fluorescent protein with a mi-
tochondrial localization signal, to measure the efficiency of
transfection (see Materials and Methods and Fig. 2B inset). In
the absence of exogenous IGF-I, similar rates of GFP recom-
bination were observed in proliferating cultures of R12 and
R600 cells (Fig. 2B). Differences started to emerge when SceI-
induced DNA breaks were repaired in the presence of exoge-
nous IGF-I (10% FBS supplemented with 50 ng of IGF-I/ml).
A significant twofold increase (P � 0.03) in the restoration of
GFP function was observed in R600 cells. Similarly, another
cell line, R508, which expresses intermediate levels of the IGF-
IR, 15, 000 IGF-IR molecules/cell (37), showed an average of
30% improvement in GFP repair after IGF-I stimulation. Fi-
nally, R12 fibroblasts, which are not responsive to IGF-I, did
not improve the rate of GFP repair above the level routinely
detected in the absence of IGF-I (Fig. 2B). Altogether, these
results indicate the presence of an IGF-IR-inducible compo-
nent in HRR.

Although the results demonstrate a significant increase in
HRR in IGF-I-responsive cell lines, this effect could be still
indirect, depending on the IGF-I-mediated acceleration of cell
proliferation. To control this parameter, and to ensure a sim-
ilar rate of cell cycle progression, all experiments were carried
out in the presence of 10% FBS with or without IGF-I. Cell
cycle distribution measured by flow cytometry (Fig. 2D) and
growth curves (Fig. 2C) indicate that supplementation of the
medium, which already contained 10% FBS, with IGF-I (50
ng/ml) affected the rate of cell proliferation only minimally.
This indicates that under conditions in which the rate of cell
proliferation (Fig. 2C and D) and the extent of DNA damage
(Fig. 1A and B insets) are comparable, IGF-I treatment en-
hances HRR in a manner that is proportional to the level of
IGF-IR.

Effects of IGF-I on the expression and subcellular localiza-
tion of Rad51 proteins. Total protein levels of Rad51 and its
major partners in HRR, Rad52 and Rad54, were not affected
either by the level of IGF-IR expression or by IGF-I stimula-
tion in proliferating cultures (Fig. 3A). Similarly, other DNA
repair proteins such as KU70 and KU80, for NHEJ (Fig. 3B),
and MSH2, MSH6, and PMS1, for mismatch repair (data not
shown), also were not affected, suggesting that IGF-I-mediated
effects on DNA repair are not regulated on the level of gene
expression or protein stability. Since Rad51 expression is cell
cycle dependent (15), we evaluated Rad51 protein levels in

quiescent (SFM) and proliferating cultures of R600 fibroblasts
stimulated either with IGF-I (Fig. 3C, lanes 4 and 8) or with
10% FBS (lanes 1 and 5), in the presence or absence of cis-
platin. The Western blot depicted in Fig. 3C confirms cell
cycle-dependent regulation of Rad51 expression in our system
and indicates that cell proliferation per se, rather than IGF-I-
specific stimulation, controls Rad51 protein levels.

By taking advantage of the fact that Rad51 forms functional
complexes at DNA lesions (nuclear foci), immunofluorescent
labeling techniques have been developed to visualize these
structures (34). We next asked whether IGF-I affects the sub-
cellular distribution of Rad51 following cisplatin-induced
DNA damage. Large numbers of Rad51 nuclear foci were
observed following IGF-I stimulation (Fig. 4A) and, to a lesser
extent, after serum stimulation (Fig. 4D). Importantly, we did
not observe any difference in the initial levels of cisplatin-
induced DNA damage (evaluated by formation of �-H2AX
foci) between proliferating R600 fibroblasts cultured in the
presence or absence of IGF-I (Fig. 4B and E). Despite that, the
effectiveness of Rad51 nuclear focus formation was signifi-
cantly higher in R600 fibroblasts stimulated with IGF-I (Fig.
4M). This IGF-I-mediated improvement in Rad51 nuclear fo-
cus formation was not observed in R12 cells (Fig. 4M). As
expected, the level of Rad51 nuclear focus formation was very

FIG. 3. Effects of IGF-I on the expression of DNA repair proteins.
(A and B) Protein extracts were isolated from quiescent (48 h in SFM),
IGF-I-stimulated (50 ng/ml), or serum-stimulated (10% FBS) R12 and
R600 fibroblasts. Total proteins (50 �g/ml) were separated by poly-
acrylamide gel electrophoresis, and the resulting nitrocellulose filters
were probed with antibodies against proteins involved in HRR
(Rad51, Rad52, and Rad54) (A) or NHEJ (KU70 and KU80) (B).
(C) Rad51 protein levels in R600 fibroblasts cultured in either 10%
FBS (FBS), 10% FBS �IGF-I (FBS/IGF), SFM, or SFM supple-
mented with IGF-I (SFM/IGF), in the presence (�) or absence (�) of
cisplatin (1 �g/ml). An anti-Grb2 antibody was used to monitor equal
loading conditions.
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FIG. 4. Effects of IGF-I on subcellular localization of Rad51. (A through L) R600 fibroblasts expressing 30,000 IGF-IR molecules/cell (37) were
utilized to evaluate the formation of Rad51 nuclear foci (A, D, G, and J) and the extent of DNA damage by monitoring of the phosphorylated
form of histone H2AX (B, E, H, and K) under the indicated culture conditions. (C, F, I, and L) Corresponding images in which cells were labeled
with DAPI to indicate the exact positions of the nuclei. (M and N) Quantification of the cisplatin-mediated recruitment of Rad51 into nuclear foci
evaluated in R600 and R12 fibroblasts. Cells characterized by more than 10 foci per nucleus were considered positive. Results are averages from
three experiments with three repetitions (n 
 9) and standard deviations. Asterisk indicates a value that is statistically significant (P � 0.05).
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low in the absence of cisplatin, or when cisplatin treatment was
applied to R600 fibroblasts cultured in SFM (Fig. 4; compare
panels G and J, and quantification in panel N).

Quantitatively, R600 fibroblasts show almost a threefold (P
� 0.001) increase in the number of cells positive for Rad51
nuclear foci in the presence of IGF-I. In contrast, R12 fibro-
blasts did not improve the recruitment of Rad51 into damaged
DNA after IGF-I stimulation (Fig. 4M). Interestingly, the pat-
tern of IGF-I-mediated increase in HRR (Fig. 2B) is very
similar to the pattern of IGF-I-mediated enhancement in the
formation of Rad51 nuclear foci (Fig. 4M). This may suggest a
functional connection between these two processes.

In addition, multiple control conditions (Fig. 4N) indicate
that (i) cisplatin treatment applied to proliferating cultures of
R600 fibroblasts (IGF/Cis, FBS/Cis, and FBS/IGF/Cis) induces
the formation of Rad51 nuclear foci, (ii) treatment of R600
cells with IGF-I enhances the process of Rad51 nuclear focus
formation (compare IGF/Cis and IGF/FBS/Cis with FBS/Cis),
(iii) about 5% of cells are capable of forming Rad51 nuclear
foci in the absence of cisplatin treatment (IGF/noCis), which
likely reflects the repair of DSBs formed spontaneously during
DNA replication in rapidly proliferating cultures, and (iv) cis-
platin treatment applied to quiescent cells (SFM/Cis) resulted
in a very low level of Rad51 and �-H2AX nuclear focus for-
mation (Fig. 4G, H, and N), confirming that cisplatin requires
DNA replication to generate DSBs and to enable subsequent
recruitment of Rad51.

Rad51 interacts with IRS-1. We have attempted to deter-
mine how the signal from activated IGF-IR facilitates the re-
cruitment of Rad51 into DSBs. First we asked whether any of
the known IGF-IR signaling molecules interacts with Rad51.
The screening included IGF-IR itself, as well as SHC, 14-3-3,
IRS-1, phosphatidylinositol 3-kinase, and C-terminal src ki-
nase-signaling proteins known to directly bind activated IGF-
IR. The molecule that formed a detectable immunocomplex
with Rad51 was IRS-1 (Fig. 4). IRS-1 is the major signaling
molecule for both the insulin and IGF-I receptors (58). In its
role as a docking protein, IRS-1 transduces both metabolic and
growth-promoting signals from activated insulin and IGF-I
receptors (27). However, recent studies indicate that IRS-1 can
be translocated to the nucleus (22, 50). The results depicted in
Fig. 5A show by reciprocal immunoprecipitation and Western
blotting that IRS-1 and Rad51 interact with each other. The
IRS-1–Rad51 complex is clearly detectable, however the bands
are significantly weaker after immunoprecipitation than corre-
sponding Western blots, which were run without immunopre-
cipitation (Fig. 5A; compare lane 2 with lane 3 and lane 5 with
lane 6). This may suggest that the interaction is not very effi-
cient. In this experiment cell lysates were collected from R600
cells growing in 10% FBS—the condition under which IRS-1 is
weakly phosphorylated on tyrosine residues (Fig. 5B). We then
asked whether the IRS-1–Rad51 interaction depends on IRS-1
tyrosine phosphorylation. Surprisingly, the strongest interac-
tion between IRS-1 and Rad51 was detected in SFM (Fig. 5C),
the condition under which IRS-1 is not phosphorylated (Fig.
5B). Cells stimulated with IGF-I or, to a lesser extent, cells
stimulated with 10% FBS showed an apparent decrease in the
interaction between Rad51 and IRS-1 (Fig. 5C). Partial atten-
uation of the binding between IRS-1 and Rad51 was observed
as early as 5 min following IGF-I stimulation, and decreased

steadily over a period of 3 h (Fig. 5D, lanes 1 to 4). A similar
pattern of Rad51 downregulation was observed in the presence
of cisplatin (Fig. 5D, lanes 5 to 7). Under control conditions,
the IRS-1–Rad51 complex was not detected when the anti-
Rad51 antibody was replaced with an irrelevant antibody (Fig.
5A, lanes 1 and 4) or when an anti-IRS-1 primary antibody was
replaced with an anti-IRS-2 antibody (Fig. 5C, center), addi-
tionally confirming the formation of a specific complex be-
tween IRS-1 and Rad51 in the absence of IGF-I stimulation.

To further characterize the interaction between IRS-1 and
Rad51, we utilized double immunocytochemical labeling with
anti-Rad51 and anti-IRS-1 antibodies (Fig. 5E to N). In these
experiments, subcellular localizations of the complex were ex-
amined in quiescent (SFM) or IGF-I stimulated R600 fibro-
blasts. These conditions were selected because the strongest
IRS-1–Rad51 binding occurs in SFM, and IGF-I treatment
alone or in the presence of serum strongly impairs the binding
(Fig. 5C and D). Immunolabeling with an anti-Rad51 antibody
revealed an abundance of Rad51 nuclear foci when cisplatin
treatment was applied to IGF-I-stimulated cultures (Fig. 5I).
In contrast, perinuclear Rad51 aggregates were observed when
cisplatin was added to quiescent cultures (Fig. 5E). In the same
microscopic fields, an anti-IRS-1 antibody, visualized as red
fluorescence, showed diffuse cytoplasmic and partial nuclear
labeling in the presence of IGF-I (Fig. 5F and J, respectively).
In addition, intensive perinuclear labeling was detected in the
absence of IGF-I stimulation (Fig. 5F). Superimposition of the
images from Fig. 5E (Rad51), F (IRS-1), and G (DAPI nuclear
staining) indicates possible perinuclear IRS-1–Rad51 colocal-
ization by yellow fluorescence (Fig. 5H). The same analysis
applied to IGF-I-stimulated cells (Fig. 5L) showed predomi-
nantly green fluorescence within the nuclear foci, with a few
yellow aggregates detected mostly in the cytoplasm. Some co-
localization of IRS-1 and Rad51 could also be detected within
the nuclear compartment, but only in those cells which were
characterized by an abundance of Rad51 nuclear foci (data not
shown). Considering the thickness of the cell, these occasional
yellow nuclear signals could well represent interference be-
tween green and red fluorescence from different layers within
the cell.

To address this issue, we have utilized deconvolution soft-
ware, which permits collection of fluorescent digital images
from sequential 0.5-�m-thick digital sections through a single
cell. The culture condition under which we could best observe
both perinuclear Rad51 and Rad51 nuclear foci was cisplatin
treatment of cells growing in the presence of 10% FBS without
IGF-I. Figure 5M shows a representative image from such a
culture double immunolabeled with anti-Rad51 (green) and
anti-IRS-1 (red) antibodies. Two cells within the image are
negative for Rad51 nuclear foci, and these two cells show an
apparent perinuclear colocalization (yellow) of IRS-1 and
Rad51. The third cell, which demonstrates Rad51 nuclear foci
(green), does not show any yellow fluorescence within the
nucleus, although some Rad51–IRS-1 complexes are still de-
tectable around the nucleus. This may suggest that the inter-
action between Rad51 and IRS-1 occurs predominantly in the
cytoplasm, under culture conditions which favor the hypophos-
phorylated form of IRS-1. Treatment with IGF-I applied either
to exponentially growing (10% FBS) or to quiescent (SFM)
cells decreases perinuclear Rad51 levels and significantly en-
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FIG. 5. Phosphorylation-dependent interaction between Rad51 and IRS-1. (A) Immunoprecipitation (IP) and Western blotting (W) targeting
Rad51 and IRS-1 were carried out initially in serum-stimulated cultures of R600 fibroblasts. Portions (500 �g) of total protein lysates were IP with
an anti-Rad51 antibody, and the corresponding blot was developed with an anti-IRS-1 antibody (lane 2). The conditions were reversed: protein
lysates were IP with an anti-IRS-1 antibody, and the blot was developed with an anti-Rad51 antibody (lane 5). Lanes 3 and 6, IRS-1 and Rad51
protein levels in 50 �g of corresponding protein lysates. Lanes 1 and 4, negative controls in which IP reactions were performed in the presence
of irrelevant antibodies instead of the Rad51 or IRS-1 primary antibody. (B) Protein lysates were collected from quiescent R600 fibroblasts
cultured in SFM and stimulated with IGF-I or serum (FBS). Cell lysates were IP with an anti-IRS-1 antibody, and the corresponding blots were
developed with antiphosphotyrosine (PY) and anti-IRS-1 antibodies. (C) R600 fibroblasts were treated as in the experiment for which results are
shown in panel B. Cell lysates were IP with an anti-Rad51 antibody, and the corresponding blots were developed with anti-IRS-1, anti-IRS-2, and
anti-Rad51 antibodies. Note an apparent downregulation of the binding between IRS-1 and Rad51 following IGF-I and serum stimulation.

7518 TROJANEK ET AL. MOL. CELL. BIOL.



hances the formation of Rad51 nuclear foci in the presence of
cisplatin (Fig. 4, compare panels A and D; Fig. 5, compare
panels E, I, and M).

Interference with the Rad51–IRS-1 complex. A series of
overlapping truncation mutants of IRS-1 were employed in a
GST pulldown assay to characterize the region responsible for
the interaction with Rad51. The strongest Rad51 binding was
mapped within the region between IRS-1 aa 212 to 529 (Fig.
6A). This region of IRS-1 contains the PTB domain and a short
fragment of the C-terminal tail (27, 57). The other mutant
capable of pulling down Rad51 is composed of the first 300 aa,
which contains both the PH and PTB domains of the IRS-1.
The overlapping portion between the two binding mutants
contains almost the entire PTB domain, indicating that this is
the most probable binding site for Rad51 (Fig. 6B). We have
verified the binding between Rad51 and the PTB domain in
newly generated R600 cells which were stably transfected with
the PH/PTB fragment of IRS-1 (R600/GR171). As indicated in
Fig. 6C, an anti-Rad51 antibody was capable of precipitating
both Rad51 and the PH/PTB domain from the R600/GR171
cells. Since the PH/PTB fragment binds Rad51 both in SFM
and following IGF-I stimulation, we have asked whether PH/
PTB could act in a dominant-negative manner and attenuate
the translocation of Rad51 into nuclear foci following IGF-I
stimulation. In this scenario the PH/PTB fragment is expected
to compete against the release of Rad51 from the IRS-1 pe-
rinuclear complexes after IGF-I stimulation. Figure 6D shows
that in the presence of cisplatin, IGF-I treatment did not en-
hance the formation of Rad51 nuclear foci in R600/GR171
fibroblasts. As expected, parental R600 fibroblasts were much
more efficient in directing Rad51 into cisplatin-damaged DNA
(Fig. 6E). Quantitatively, only 10% of R600/GR171 fibroblasts
were positive for Rad51 nuclear foci following cisplatin treat-
ment, and this low incidence of Rad51 binding to DSBs did not
change following IGF-I stimulation (Fig. 6F). In parallel ex-
periments R600 fibroblasts responded to IGF-I stimulation by
increasing the number of cells with Rad51 nuclear foci from 24
to 49% (P � 0.01).

To further investigate the interaction between hypophos-
phorylated IRS-1 and Rad51, we utilized R� fibroblasts (IGF-
IR gene knockout) stably transfected with a specific double
mutant of IGF-IR (F950Y � �1250). An important feature of
this mutant is its inability to phosphorylate IRS-1 on tyrosine
residues following IGF-I stimulation (Fig. 7A inset). As shown
in Fig. 7A and B, IGF-I treatment in the presence of cisplatin
did not support the formation of Rad51 nuclear foci in R�

fibroblasts stably expressing the F950Y � �1250 mutant (R�/
GR96 cells), and nearly 80% of R�/GR96 cells demonstrated
perinuclear Rad51 (Fig. 7B). Again, the same treatment ap-
plied in the presence of wt IGF-IR efficiently translocated

Rad51 to the damaged DNA of R600 fibroblasts (Fig. 7; com-
pare panels B and C).

The collected results indicate that two independent molec-
ular manipulations which attenuate the binding between
Rad51 and IRS-1, overexpression of the PH/PTB domain and
hypophosphorylation of IRS-1 on tyrosine residues, inhibit the
translocation of Rad51 to the site of damaged DNA. These
results support the contribution of the IGF-IR/IRS-1 signaling
system in controlling the recruitment of Rad51 into the dam-
aged DNA and may explain the increased efficiency of DNA
repair by homologous recombination following IGF-I stimula-
tion.

DISCUSSION

Through the experiments described in this report, we have
attempted to determine whether and how the signal from ac-
tivated IGF-IR affects DNA repair via homologous recombi-
nation. The relevance of this question is derived from previous
work establishing that IGF-IR sends a strong mitogenic signal
(3), has overwhelming anti-apoptotic properties (30, 52), and
contributes to the development of drug resistance (51). By
utilizing an experimental setting specifically designed to study
IGF-IR-mediated cellular responses, we have noticed that pro-
liferating cells expressing high levels of the IGF-IR are better
protected, in the presence of IGF-I, against the genotoxic
action of cisplatin. This initial observation directed our atten-
tion toward two possible mechanisms: the well-established anti-
apoptotic properties of the IGF-IR and an unexplored possi-
bility that the IGF-IR could facilitate DNA repair of lethal
DSBs. Our results show that (i) IGF-I treatment enhances
HRR in a manner that is proportional to the level of IGF-IR
expression; (ii) this IGF-I-mediated response seems to be con-
trolled at the level of Rad51 translocation to the nucleus; (iii)
it involves a direct interaction between Rad51 and the major
IGF-IR signaling molecule, IRS-1; and (iv) the binding is di-
rect, as shown by a GST pulldown assay, is localized within the
perinuclear region of the cell, involves the N-terminal portion
of IRS-1, and is negatively regulated by IGF-I-mediated IRS-1
tyrosine phosphorylation. Finally, (v) in the absence of IGF-I
stimulation, or if IGF-I treatment is applied to cells expressing
an IGF-IR mutant that fails to phosphorylate IRS-1, Rad51 is
partially retained in the perinuclear cytoplasm and its translo-
cation to nuclear foci is impaired.

A highly unstable karyotype is one of the hallmarks of the
transformed phenotype. It involves both changes in chromo-
some number and an enhanced rate of intrachromosomal re-
arrangements and translocations (46, 56). Cells which are
prone to develop these genomic aberrations may occasionally
acquire a growth advantage, which in consequence may lead to

(D) IRS-1–Rad51 interaction evaluated in quiescent R600 cells (SFM) and at 5 min (5�/IGF), 30 min (30�/IGF), and 3 h (3 h/IGF) following IGF-I
(50 ng/ml) stimulation, in the presence (�) or absence (�) of cisplatin (1 �g/ml). (E through N) Subcellular localization of IRS-1 and Rad51.
Quiescent (serum starved for 48 h) (E through H) and IGF-I-stimulated (I through L) cultures of R600 fibroblasts were treated with cisplatin for
6 h. The cells were triple labeled with anti-IRS (red; rhodamine-conjugated secondary antibody) and anti-Rad51 (green; FITC-conjugated
secondary antibody) antibodies and with DAPI (blue nuclear staining). (E and I) Rad51 immunolabeling; (F and J) IRS-1 immunolabeling; (G and
K) DAPI nuclear staining; (H and L) superimposition of images depicted in panels E, F, and G with images from panels I, J, and K, respectively.
(M and N) Digital sectioning of the fluorescent image by deconvolution software indicates that colocalization of IRS-1 and Rad51 (yellow
fluorescence) is detected mostly within perinuclear regions (M). By this approach, nuclear foci of Rad51 are predominantly green. A corresponding
image labeled with DAPI is shown (N). Original magnification for all images, �100.
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FIG. 6. Characterization of the IRS-1–Rad51 binding. (A) Pulldown reaction between GST-IRS fusion proteins (five overlapping IRS-1
truncation mutants [lanes 2 to 6]) and in vitro-translated, [35S]methionine-labeled, full-length RAD51. Following pulldown, two IRS-1 truncation
mutants, GST-IRS-1(1-300) and GST-IRS-1(212-529), show interaction with Rad51 (lanes 2 and 3). All other mutants (lanes 4 to 6) and GST alone
(lane 1) are completely negative. Lane 7, aliquot of the in vitro-translated Rad51used in pulldown reactions (positive control). (B) Diagram of five
overlapping IRS-1 mutants, with their sizes and the potential Rad51 binding region. (C) Interaction between the PH/PTB domain and Rad51
confirmed by immunoprecipitation (IP) and Western blotting (W) in R600 fibroblasts stably transfected with PH/PTB cDNA in the retroviral
expression vector R600/GR171. The antibody to detect the PH/PTB fragment of IRS-1 was raised against the N-terminal portion of IRS-1 (Santa
Cruz). (D and E) Immunolabeling with an anti-Rad51 antibody applied to IGF-I-stimulated R600/GR171cells (D) and to parental R600 fibroblasts
(E). The cells were treated with cisplatin (1 �g/ml) for 6 h. (F) Quantification of the data from panels D and E. Cells characterized by more than
10 foci per nucleus were considered positive. Results are averages from three experiments performed in duplicate (n 
 6) with standard deviations.
Asterisk indicates a value that is statistically significant (P � 0.05). (Inset) Western blot processed with an anti-N-terminal IRS-1 antibody to detect
PH/PTB protein levels in parental R600 fibroblasts and in R600 cells stably transfected with PH/PTB cDNA under the control of the cytomeg-
alovirus promoter (GR171).
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FIG. 7. Interference with Rad51–IRS-1 binding. To investigate the interaction between hypophosphorylated IRS-1 and Rad51, we utilized a
specific double mutant of IGF-IR (F950Y � �1250), designated GR96. (A) Exponentially growing cells that express wt IGF-IR (R600 fibroblasts)
or the F950Y � �1250 mutant of IGF-IR (R�GR96) were treated with cisplatin (1 �g/ml) for 6 h in the presence (R�GR96/IGF and R600/IGF)
or absence (R�GR96 and R600) of IGF-I (50 ng/ml). Following immunofluorescent labeling with an anti-Rad51 antibody, the formation of Rad51
nuclear foci was evaluated under a fluorescent microscope. Cells characterized by more than 10 foci per nucleus were considered positive. Results
are averages from three experiments performed in duplicate (n 
 6). Asterisk indicates a value that is statistically significant (P � 0.05). (Inset)
Immunoprecipitation (IP) and Western blotting (W) in which IRS-1 was immunoprecipitated from 500 �g of total proteins isolated from quiescent
(�) or IGF-I-stimulated (�) R600 or R�GR96 fibroblasts. Corresponding blots were probed with an antiphosphotyrosine (PY) antibody and with
an anti IRS-1 antibody. (B and C) Immunofluorescent labeling with an anti-Rad51 antibody. In comparison to cells which express wt IGF-IR
(R600), R�GR96 cells, which do not phosphorylate IRS-1 (panel A inset), show predominantly cytoplasmic localization of Rad51. (D and E) DAPI
nuclear staining in corresponding images. Original magnification, �40.
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the selection of the transformed phenotype. Chromosomal re-
arrangements are a consequence of the loss of fidelity in re-
pairing DNA DSBs. These lethal DNA lesions are repaired in
surviving cells by two primary pathways: (i) NHEJ, considered
unfaithful, which can result in the gain or loss of nucleotide
sequences, and (ii) the predominantly faithful HRR (17).
However, this general classification, which divides DNA repair
processes into error-proof HRR and error-prone NHEJ, is not
always accurate. Recent studies in a mouse model indicate that
the absence of either pathway can lead to severe genomic
instability (14). This could be partially explained by the fact
that NHEJ, although considered unfaithful, also participates in
capping chromosome ends, protecting them from end-to-end
fusions (1, 8). The prominent role of HRR in maintaining
chromosome stability can be also challenged. As has been
demonstrated recently, enhanced drug resistance in BCR-
ABL-transformed cells is caused by a combination of antiapo-
ptotic signals and enhanced HRR. In this case, HRR intro-
duces a high rate of mutations by a mechanism that may
involve recruitment of unfaithful DNA polymerases to the site

of DNA repair (45). Although it is still difficult to draw the line
between faithful and unfaithful DNA repair mechanisms and
their contributions to genomic instability, inherited genetic
defects in HRR pathways are clearly associated with an unsta-
ble genome and a high predisposition to cancer (47).

Beyond that, very little is known about the cellular signaling
mechanism(s) that could modulate the effectiveness of DNA
repair. One recently reported example of such signaling regu-
lation involves BCR-ABL-mediated enhancement of Rad51
expression. The possible contribution of this aberrant pathway
to the development of drug resistance in leukemias and lym-
phomas suggests a functional link between nonreceptor ty-
rosine kinases and HRR (45). The question as to whether
surface receptors with tyrosine kinase activity are also able to
control HRR remains to be answered. The only connection
that has been established so far includes ATM kinase and the
IGF-IR (29). ATM is known to play a critical role in triggering
multiple cellular responses following DNA damage, including
the initial steps of HRR (31). In addition, ATM kinase controls
IGF-IR promoter activity (29). This might partially explain low

FIG. 8. IGF-IR signaling and DNA repair. The findings presented in this study allowed us to postulate a sequence of molecular events in which
IGF-IR triggers multiple signaling events that lead to synchronized activation of: (i) cell proliferation (SHC- or IRS-1-mediated activation of
Ras–mitogen-activated protein kinase [MAPK] pathways), (ii) protection from apoptosis (IRS-1-amplified activation of Akt), and (iii) enhanced
DNA repair by homologous recombination. IGF-I-mediated phosphorylation of IRS-1 plays a pivotal role in this model by facilitating the
recruitment of Rad51 into DSBs (see last paragraph in Discussion).
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levels of the IGF-IR protein in cell lines from AT-defective
individuals (29) and the association with growth abnormalities,
insulin resistance, and neurodegeneration in ataxia telangiec-
tasia patients (23).

Previous experiments on the effects of the IGF-IR on cell
growth and survival together with our present findings allow us
to postulate a sequence of molecular events (depicted in Fig. 8)
by which IGF-IR triggers multiple signals that lead to synchro-
nized activation of (i) cell proliferation, (ii) protection from
apoptosis, and (iii) DNA repair by homologous recombination.
IRS-1 seems to play a central role in this model. In the absence
of IGF-I stimulation (red arrows), hypophosphorylated IRS-1
stays within the perinuclear region, with Rad51 restricting its
availability and potential recruitment to DSBs. Following li-
gand binding (green arrows), activated IGF-IR recruits and
phosphorylates IRS-1 on multiple tyrosines. This dramatically
decreases the affinity of IRS-1 for Rad51 and engages
phospho-IRS-1 in multiple signaling events supporting IGF-I-
mediated cell proliferation and cell survival. If at this time
DSBs are formed, either naturally or by treatment with geno-
toxic agents, the cell will be ready to repair them faithfully by
HRR. Therefore, IGF-IR-mediated coordination of growth
responses with DNA repair may be critical to ensure the sta-
bility of the genome during normal development. Alterna-
tively, during transformation, cells often develop alternative
pathways to support proliferation (different growth factors,
cytokines, their receptors, cellular and viral oncoproteins),
likely leaving IRS-1 hypophosphorylated. In this stage, IRS-1
shows high affinity to Rad51 in the cytoplasm. This may result
in insufficient recruitment of Rad51 to the sites of DSBs and a
low level of DNA repair by homologous recombination. If
proliferating cells are exposed to genotoxic agents, the excess
of DSBs may trigger apoptosis, or if unfaithful repair mecha-
nisms predominate, additional mutations could accumulate in
surviving cells—possibly contributing to the selection of a ma-
lignant phenotype. In support of this notion, several reports
from the literature indicate that some metastatic prostate and
breast cancer cells have a tendency to lose IRS-1 (18, 38, 39).
One could ask why malignant cells down-regulate a molecule
which should confer a growth advantage. Our speculation is
that if proliferating cancer cells do not phosphorylate IRS-1,
the fraction of hypophosphorylated IRS-1 may inhibit Rad51
nuclear translocation. Since DSBs have to be repaired for cell
survival, the selection pressure may favor loss of IRS-1 to
facilitate the release of Rad51 and to repair DSBs. In a differ-
ent scenario, unscheduled activation of NHEJ during the S
phase of the cell cycle could still rescue the cells (26); however,
the price to be paid may involve an increased rate of mutations.
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