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Rac1 Protein Signaling Is Required for DNA Damage
Response Stimulated by Topoisomerase II Poisons*
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Background: Topoisomerase inhibitors are potent anticancer drugs triggering cell death via induction of DNA damage.
Results: DNA damage response stimulated by topoisomerase type I and II inhibitors is affected differently by Rac1 inhibition.
Conclusion: Rac1 signaling is required for the formation of the DNA topoisomerase II cleavable complex.
Significance:Membrane-bound Rac1 GTPase is essential for a full DNA damage response.

To investigate the potency of the topoisomerase II (topo II)
poisons doxorubicin and etoposide to stimulate the DNA dam-
age response (DDR), S139 phosphorylation of histone H2AX
(�H2AX) was analyzed using rat cardiomyoblast cells (H9c2).
Etoposide caused a dose-dependent increase in the�H2AX level
as shown by Western blotting. By contrast, the doxorubicin
response was bell-shaped with high doses failing to increase
H2AX phosphorylation. Identical results were obtained by
immunohistochemical analysis of �H2AX focus formation,
comet assay-based DNA strand break analysis, and measuring
the formation of the topo II-DNA cleavable complex. At low
dose, doxorubicin activated ataxia telangiectasia mutated
(ATM) but not ATM and Rad3-related (ATR). Both the lipid-
lowering drug lovastatin and the Rac1-specific inhibitor
NSC23766 attenuated doxorubicin- and etoposide-stimulated
H2AX phosphorylation, induction of DNA strand breaks, and
topo II-DNA complex formation. Lovastatin and NSC23766
acted in an additive manner. They did not attenuate doxorubi-
cin-induced increase in p-ATM and p-Chk2 levels. DDR stimu-
lated by topo II poisons was partially blocked by inhibition of
type I p21-associated kinases. DDR evoked by the topoisomer-
ase I poison topotecan remained unaffected by lovastatin. The
data show that the mechanisms involved in DDR stimulated by
topo II poisons are agent-specific with anthracyclines lacking
DDR-stimulating activity at high doses. Pharmacological inhi-
bition of Rac1 signaling counteracts doxorubicin- and etopo-
side-stimulated DDR by disabling the formation of the topo II-
DNA cleavable complex. Based on the data we suggest that
Rac1-regulated mechanisms are required for DNA damage
induction and subsequent activationof theDDR following treat-
ment with topo II but not topo I poisons.

Topoisomerase (topo)3 II poisons such as the anthracycline
derivative doxorubicin and the podophyllotoxin etoposide are

highly potent antineoplastic drugs. Their clinical use is limited
by adverse effects, in particular cardiotoxicity in the case of
doxorubicin (1–3), hematologic toxicity in case of etoposide (4)
and, for both of them, secondary leukemia (4, 5). Apart from the
inhibition of topo II isoforms, anthracyclines have additional
biological activities that are believed to contribute to their cyto-
toxicity. Most frequently discussed are intercalation into the
DNA and the generation of reactive oxygen species (6, 7). The
redox cycling of doxorubicin leading to oxidative stress and
the inhibition of topo II are controversially discussed as critical
events responsible for their cardiotoxicity (3, 8, 9). Type II
topoisomerases (i.e. topo II� and topo II�) are required for
DNA replication and transcription because they catalyze the
unwinding of the supercoiled DNA double helix (10). During
this process both strands of one DNA helix are cut and, follow-
ing the passage of the second DNA strand, reannealed (11). As
an intermediate of this process, covalent binding betweenDNA
and topoisomerase occurs. This DNA-protein complex (i.e.
cleavable complex) is targeted by topo II poisons. They stabilize
the topo II cleavable complex via differentmechanisms thereby
preventing the religation of the DNA (11). In consequence,
DNA double-strand breaks (DSBs) are formed. DSBs are highly
cytotoxic lesions and potent inducers of the DNA damage
response (DDR), which causes activation of checkpoint control
mechanisms and DNA repair (12–14). If DSBs are not properly
repaired, they give rise to induction of apoptotic cell death (15).
The DDR is regulated by the phosphatidylinositol 3-kinase-like
protein kinases ataxia telangiectasiamutated (ATM), ATMand
Rad3-related (ATR), and DNA-protein kinase Cs (13). Upon
recognition ofDSBs by theMRNcomplex,which consists of the
proteins Mre11, Rad50, and NBS, ATM kinase is activated,
leading to the phosphorylation of numerous substrates partic-
ipating in the regulation of cell cycle progression and DNA
repair (16, 17). Among others, the histone H2AX is phosphor-
ylated at S139 (�H2AX) in the course of the DDR. Therefore
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�H2AX is a frequently used surrogate marker of DNA damage
and the DDR (18, 19).
Besides stimulating the DDR, genotoxins also provoke stress

signaling by activation of growth factor and cytokine receptors
located at the outer cell membrane (20–22). Signaling induced
upon activation of these receptors involves small GTP-binding
proteins such as Ras and Ras-homologous (Rho) GTPases.
Apart from regulating functions related to the actin cytoskele-
ton (23), Rac1 is essential for activation of stress-activated pro-
tein kinases (SAPK/JNK) (24, 25) and transcription factors (26,
27). Moreover, Rac1 seems to have a nuclear function as well
because it regulates mitosis (28) and was recently found in the
nucleus associatedwith topoisomerase II enzymes (29). Target-
ing of Rho signaling, for example by HMG-CoA reductase
inhibitors (statins) (30–32), has multiple inhibitory effects on
cellular responses following genotoxin treatment. For instance,
statins inhibit the activation of the DDR following exposure of
human umbilical vein endothelial cells (HUVECs) or smooth
muscle cells to ionizing radiation (33, 34). Moreover, statins
also attenuate doxorubicin-induced activation of the DDR in
HUVECs and rat cardiomyoblasts (H9c2) in vitro (35, 36) and
have beneficial effects on normal tissue damage provoked by
anthracyclines and ionizing radiation (37–39). Yet, the molec-
ular mechanisms involved are still unknown.
In the present study we comparatively analyzed the potency

of two different types of topo II inhibitors, namely the anthra-
cycline derivative doxorubicin and the podophyllotoxin etopo-
side, as well as the topoisomerase type I inhibitor topotecan on
DNA damage induction and the activation of the DDR. More-
over, we investigated the effect of lovastatin and the Rac1-spe-
cific inhibitor NSC23766 on DNA damage induction and DDR
following doxorubicin, etoposide, and topotecan treatment.

EXPERIMENTAL PROCEDURES

Materials—The following antibodies have been used:
�H2AX anti-mouse antibody (pS139) (Millipore); �H2AX anti-
rabbit antibody (pS139) (Epitomics, Burlingame, CA); ERK2,
�-actin, and talin1 (Santa Cruz Biotechnology); p-ATM
(pS1981), p-ATR (pS428), p-Chk1 (pS345), p-Chk2 (pT68), and
53BP1 (Cell Signaling Technology); peroxidase-conjugated
secondary antibodies (Rockland, Gilbertsville, PA); topo II�
(Sigma-Aldrich); and Alexa Fluor 488 goat anti-mouse and
Alexa Fluor 532 goat anti-rabbit-labeled secondary antibodies
from Invitrogen. Lovastatin andRac1 inhibitorNSC23766were
obtained from Sigma-Aldrich. p21-associated protein kinase
type I (PAK1–3) inhibitor IPA3 was from Calbiochem. The
topo II poisons doxorubicin, epirubicin, and etoposide as well
as the topoisomerase type I-specific inhibitor topotecan were
provided by the pharmaceutical department of the University
Medical Center Mainz.
Cell Culture and Drug Treatment—Rat cardiomyoblasts

H9c2 were grown in DMEM (Invitrogen) containing 20% fetal
calf serum (FCS) (PAA Laboratories, Cölbe, Germany) at 37 °C
in an atmosphere containing 5% CO2. If not stated otherwise,
treatment of logarithmically growing H9c2 cells with topoi-
somerase inhibitors was performed for 2 h. Pretreatment with
lovastatin was performed overnight, pretreatment with the

Rac1-specific inhibitor NSC23766 and PAK inhibitor was per-
formed for 3 h and 2 h, respectively.
Analysis of Cytotoxicity—Tomeasure the cytotoxic effects of

topo II targeting drugs, cell viabilitywasmonitored by use of the
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assay, which measures the activity of enzymes that
reduce water-soluble MTT to an insoluble formazan. The
formazan was then solubilized, and the concentration was
determined densitometrically (570 nm). Viability of untreated
controls was set to 100%. Experimentswere performed in quad-
ruplicate. In addition to cell viability analysis, cell cycle distri-
bution following doxorubicin treatment was monitored by
FACS (FACSCalibur; BD Biosciences).
Western Blot Analysis—Total cell extracts were prepared by

lysing identical number of cells (approximately 2–5 � 105) in
Roti-load (Roth) sample buffer. Proteins were separated by
SDS-PAGE (10–15% gels) and transferred onto nitrocellulose
membranes. Membranes were then blocked in 5% non-fat milk
in TBS/0.1% Tween 20 for �1 h at room temperature. Incuba-
tion with the primary antibody (as indicated) was conducted
overnight at 4 °C. Incubation with peroxidase-conjugated anti-
mouse or anti-rabbit secondary antibody (1:2000) (Rockland)
was performed for 2 h at room temperature. Bound antibodies
were then visualized by chemiluminescence and Hyperfilm
ECL (GE Healthcare). Densitometric quantification was per-
formedwith theMulti Analyst software (Bio-Rad). Autoradiog-
raphies shown are representative of two or three independent
experiments. Expression of ERK2 was analyzed as internal pro-
tein loading control. Quantitative data shown as mean � S.D.
from n � 3.
Immunohistochemical Analysis of H2AX Phosphorylation—

Cells were seeded onto cover slides. After treatment, cells were
fixed with 4% paraformaldehyde (15 min, room temperature),
followed by incubation with ice-cold methanol (�20 °C, 1 h).
After blocking (PBS containing 0.3% Triton X-100/5% BSA
(w/v), 1 h, room temperature) incubation with an antibody spe-
cific for phosphorylated (S139) histone H2AX (1:500) was con-
ducted overnight at 4 °C. Incubation with the secondary fluo-
rescent-labeled antibody (Alexa Fluor 488) was performed for
2 h at room temperature in the dark. Formicroscopic analysis a
Zeiss Axiovert 35 was used. 50 nuclei were evaluated per exper-
imental condition. Values given are the mean � S.E. from two
or three independent experiments with 50 cells being analyzed
per treatment.
TARDIS Assay—The TARDIS (trapped in agarose-DNA

immunostaining) assay was used tomeasure the stabilization of
the DNA-topoisomerase II cleavable complex, which is pro-
vokedby topo II-targeting poisons (40). Cellswere embedded in
agarose onmicroscope slides and subjected to a lysis procedure
that removed the cell membrane and soluble proteins as
described (40). To remove noncovalently bound nuclear pro-
teins, cells were washed with 1 M NaCl. Topoisomerase II�
enzyme, covalently bound to nuclear DNA due to its interac-
tion with topo II-targeting poisons, was detected using
anti-topoisomerase II� antibody (1:200) and FITC-labeled
secondary antibodies. The topoisomerase II�-specific antibody
available to us turned out to be not useful for the TARDIS assay
(data not shown). Immunofluorescence images were captured,
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and 50 nuclei were counted for the calculation of the percent-
age of topo II�-positive cells. Alternatively, fluorescent cells
were captured by laser scanning microscopy, and fluorescence
intensity of 50 nuclei was determined. If not stated otherwise,
quantitative values are given as the mean � S.E. from two
independent experiments with 50 cells being analyzed per
experimental condition.
Analysis of DNA Strand Break Induction (Comet Assay)—

Formation of DNA strand breaks was assayed by both the alka-
line and the neutral comet assay (41). Whereas the alkaline
comet assay detects predominantly DNA single-strand breaks,
the neutral comet assay favors the detection of DNA DSBs.
Comets were visualized bymicroscopy and quantified by deter-
mination of the percentage of DNA in the tail (Komet 4.02;
Kinetics Imaging). 50 nuclei were evaluated per treatment.Data
shown are the mean � S.D. from at least two independent
experiments.
Statistical Analysis—For statistical analysis the Student’s t

test or the Mann-Whitney U test were applied. p values of �
0.05were considered as significant andmarkedwith an asterisk.

RESULTS AND DISCUSSION

Effect of IncreasingDoses of Doxorubicin and Etoposide on the
Level of �H2AX, DNA Strand Break Induction, and Topo II�-
DNA Complex Formation—Anthracyclines and podophyllo-
toxins inhibit type II topoisomerases via different mechanisms,
thereby inducing cell death (4, 11, 42). Here, we comparatively
investigated the outcome of topo II inhibition by either the
anthracycline derivative doxorubicin or the podophyllotoxin
etoposide on the DDR. To this end, we monitored the effect of

increasing concentrations of the aforementioned topo II poi-
sons on S139 phosphorylation of histone H2AX (�H2AX),
which is a generally accepted surrogate marker of the DDR
triggered by DNA DSBs (43), using H9c2 cardiomyoblast cells.
H9c2 cells were used because they are considered an appropri-
ate in vitro model when studying anthracycline-induced car-
diotoxicity (44, 45). Doxorubicin treatment caused a strong
increase in �H2AX protein level at a dose of 1 �M (Fig. 1A). At
a high concentration (i.e. 10�M) phosphorylation of H2AXwas

FIGURE 1. Dose-response analysis of S139 phosphorylation of H2AX by different types of topoisomerase II inhibitors. A, logarithmically growing rat
cardiomyoblast cells (H9c2) were treated with increasing concentrations of different types of topoisomerase II poisons. Two h after addition of the anthracy-
cline derivative doxorubicin (Doxo) (0.1–10 �M) or the podophyllotoxin etoposide (Eto) (1–100 �M), the level of �H2AX was determined by Western blot
analysis. For quantitative densitometric analysis, the relative level of �H2AX was set to 1.0 in untreated control. ERK2 protein expression was determined as
internal loading control. B, logarithmically growing rat cardiomyoblast cells (H9c2) were treated with increasing concentrations of doxorubicin for 2 h before
the level of �H2AX was determined by Western blot analysis. Autoradiographies were quantified densitometrically. *, p � 0.05 compared with untreated
control. #, p � 0.05 compared with treatment with 2 �M doxorubicin. C, logarithmically growing rat cardiomyoblast cells (H9c2) were treated with 0.1–10 �M

anthracycline derivative epirubicin for 2 h before the level of �H2AX was determined by Western blot analysis. D, logarithmically growing rat cardiomyoblast
cells (H9c2) were pretreated with a high dose of doxorubicin (10 �M, 1 h) before etoposide (10 �M) was added. After a further incubation period of 2 h, the level
of �H2AX was determined by Western blot analysis. Error bars, S.D.

FIGURE 2. Time kinetic analysis of H2AX phosphorylation by doxorubicin.
A, logarithmically growing H9c2 cells were exposed to 1 �M (A) or 10 �M (B)
doxorubicin (Doxo). After the indicated periods of time, the level of �H2AX
protein was determined by Western blot analysis. Shown is the result of a
representative experiment. For densitometric analysis, the amount of �H2AX
in untreated control was set to 1.0. ERK2 protein expression was determined
as internal protein loading control. B, H9c2 cells were treated with the indi-
cated concentrations of doxorubicin for 2 h before the levels of p-ATM and
p-ATR were determined by Western blot analysis. For loading control (Con),
protein expression of talin1 was determined.
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no longer observed (Fig. 1A). Detailed dose-response analyses
showed a bell-shaped response of H9c2 cells to doxorubicin,
with amaximum level of �H2AX protein found after treatment
with 1–2 �M doxorubicin (Fig. 1B). Lack of H2AX phosphory-
lationwas also observed following exposure ofH9c2 cells with a
high dose of the anthracycline derivative epirubicin (Fig. 1C),
showing that blockage of the DDR at high concentrations is a
group property of anthracyclines. By contrast, etoposide treat-
ment ofH9c2 cells did not reveal such a bell-shaped response at
a high dose (Fig. 1A). Notably, pretreatment with 10 �M doxo-
rubicin prevented subsequent H2AX phosphorylation by eto-
poside (Fig. 1D). Time kinetic analysis revealed maximum
�H2AX protein levels �2 h following treatment with 1 �M

doxorubicin (Fig. 2A). A high concentration of doxorubicin (i.e.
10 �M) did not provoke a comparable response as analyzed up
to 8 h after drug addition (Fig. 2A). Measuring the activation
status of the phosphatidylinositol 3-like kinasesATMandATR,
which catalyze phosphorylation of H2AX at S139 during the
DDR, we found that doxorubicin-stimulated S1981 autophos-
phorylation of ATMwas rather poor at high (10 �M) compared
with lower (1–2 �M) concentration (Fig. 2B). ATR activity, as
indicated by the protein level of S428-phosphorylated ATR,
was not clearly enhanced following doxorubicin treatment (Fig.
2B). At the time of DDR analysis (i.e. 2 h), the cells are still fully
functional, even if high (10�M) doses of doxorubicinwere used.
This is concluded from the fact that up to 8 h after treatment,
doxorubicin doses of 1–10 �M did not provoke any signs of

cytotoxicity as indicated by assaying cell viability (data not
shown). Analyzing viability and cell cycle progression 24 h after
treatment with a high dose of doxorubicin (10 �M), �50%
decrease in cell viability and a moderate increase in sub-G1
phase cells were observed (data not shown).
Bearing in mind that H2AX phosphorylation as monitored

by Western blot analysis reflects DNA damage but not neces-
sarily DNA DSBs (46, 47), we investigated the formation of
�H2AX foci, which are highly indicative ofDSBs (48), by immu-
nohistochemistry. In linewith theWestern blotting-based data,
a low dose (i.e. 1 �M) of doxorubicin caused a large increase in
the number of nuclear �H2AX foci, which was not observed at
a high (i.e. 10 �M) doxorubicin dose (Fig. 3A). Identical results
were obtained when 53BP1 focus formation was analyzed (data
not shown). As opposed to doxorubicin, etoposide-induced
formation of �H2AX foci increased with dose (Fig. 3A). These
results were confirmed by measuring the formation of DNA
strandbreaks by an alternativemethod, i.e. the comet assay (Fig.
3B). Both the alkaline comet assay, which detectsmainly single-
strand breaks, and the neutral comet assay, which reflects pre-
dominantly DSBs, showed a reduction in tail moment at high
(i.e. 10 �M) doxorubicin concentration compared with a low
(i.e. 1 �M) dose (Fig. 3B). The data show that DNA damage
induction and subsequent DDR of H9c2 cells treated with topo
II poisons depend on agent and dose. At a high dose, anthracy-
clines do not provoke DNA strand breaks anymore, and ATM-
catalyzed phosphorylation of the DDR surrogatemarkerH2AX

FIGURE 3. �H2AX foci formation, DNA strand break induction, and formation of DNA-topo II covalent complexes by different types of topoisomerase
II inhibitors. A, logarithmically growing rat cardiomyoblast cells (H9c2) were treated with increasing concentrations of the anthracycline derivative doxoru-
bicin (Doxo) or the podophyllotoxin etoposide (Eto). Two h after drug addition, the number of �H2AX foci was determined by immunohistochemistry. ***, p �
0.001. B, the level of DNA strand break induction was monitored by both the alkaline (left) and neutral (right) comet assay. For control, cells were irradiated with
5 Gy (IR). Data shown are the mean � S.E. (error bars) from two to six independent experiments. *, p � 0.05; **, p � 0.01; ***, p � 0.001. C, logarithmically growing
rat cardiomyoblast cells (H9c2) were treated with increasing concentrations of doxorubicin or etoposide. Two h after drug addition, the formation of DNA-topo
II� covalent complex was analyzed as described under “Experimental Procedures.” Nuclei were counterstained with DAPI. The histogram shows the percent-
age of topo II�-positive cells. Shown is the result of a single experiment with 50 nuclei being analyzed per treatment. **, p � 0.01; ***, p � 0.001.
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is disabled. One possible explanation of the striking doxorubi-
cin effects might be related to the DNA intercalating activity of
anthracyclines, which is discussed as a predominant toxic effect
at high concentrations (6).Upon intercalation of anthracyclines
into the DNA, the structural changes that are induced might
hamper a proper interaction of topo II enzymes with DNA (49),
eventually impairing ATM activation and subsequent �H2AX
and 53BP1 focus formation. This view gains support by our
aforementioned finding that pretreatment with a high dose of
doxorubicin prevents DDR following etoposide treatment (see
Fig. 1D). To scrutinize this hypothesis further, we investigated
whether the formation of covalent DNA-topo II interaction
(50) occurs at high doxorubicin concentration. To this end, the
TARDIS assay was applied (40). As shown in Fig. 3C, complex
formation between DNA and topo II was only observed after
treatment of the cells with a low (i.e. 1 �M) dose of doxorubicin,
but not if a high concentration (i.e. 10 �M) was used. Etoposide
caused cleavable complex formation both at low and high con-
centrations (Fig. 3C). Based on these results, we suggest that the
extensive DNA intercalation of doxorubicin, which occurs at
high doses, disables covalent DNA-topo II interaction and, in
consequence, does not provoke DNA DSB formation and acti-
vation of the DDR. The data also led us to speculate that
changes in DNA topology provoked by intercalation of chemi-

cals into theDNA are not sufficient to stimulatemechanisms of
the DDR as reflected by �H2AX foci formation.
Inhibitory Effect of Lovastatin and the Rac1 Inhibitor

NSC23766 on Doxorubicin- and Etoposide-induced H2AX
Phosphorylation, DNA Strand Break Induction, and Topo II�-
DNA Complex Formation—In previous reports we have shown
that the HMG-CoA reductase inhibitor lovastatin is able to
inhibit genotoxin-induced stress responses, including re-
sponses evoked by ionizing radiation (33) and doxorubicin (35)
in primary HUVECs in vitro. Notably, lovastatin also mitigates
doxorubicin-induced cardiotoxicity in vivo (36, 38, 39). As
shown in Fig. 4, lovastatin largely blocked both doxorubicin-
and etoposide-induced activation of the DDR, as indicated by a
reduced level of S139-phosphorylated H2AX (Fig. 4A). Con-
centrations of �5 �M lovastatin are required to attenuate
H2AX phosphorylation by topo II poisons (Fig. 4B). Notably,
the Rac1-specific inhibitor NSC23766 showed inhibitory
effects identical to those of lovastatin (Fig. 4C), supporting pre-
vious reports suggesting Rac1 to be a major target of the pleio-
tropic statin effects (39, 51). As anticipated from the Western
blotting-based results, both lovastatin and NSC23766 largely
reduced �H2AX focus formation following treatment of H9c2
cells with topo II inhibitors (Fig. 4, D and E). The inhibitory
effects of lovastatin and NSC23766 on doxorubicin-induced

FIGURE 4. Effect of inhibition of Rho signaling on S139 H2AX phosphorylation following exposure to topoisomerase II inhibitors. A, logarithmically
growing rat cardiomyoblast cells (H9c2) were pretreated overnight with lovastatin (Lova) (20 �M) before doxorubicin (Doxo) (1 �M) or etoposide (Eto) (10 �M)
was added. After incubation period of 2 h, the level of �H2AX protein was analyzed by Western blotting. The relative amount of �H2AX protein in untreated
cells (Con) was set to 1.0. Shown is a representative result from at least three independent experiments. B, logarithmically growing rat cardiomyoblast cells
(H9c2) were pretreated overnight with different concentrations of lovastatin before doxorubicin (1 �M) or etoposide (10 �M) was added. After an incubation
period of 2 h, the level of �H2AX protein was analyzed by Western blotting. Relative amount of �H2AX in corresponding non-lovastatin-treated cells was set
to 1.0. Shown is a representative result from two or three independent experiments. C, logarithmically growing rat cardiomyoblast cells (H9c2) were pretreated
for 3 h with the Rac1-specific inhibitor NSC23766 (NSC) (100 �M) (64) before doxorubicin (1 �M) or etoposide (10 �M) was added. After an incubation period of
2 h, the level of �H2AX protein was analyzed by Western blotting. Relative amount of �H2AX in untreated cells was set to 1.0. Shown is a representative result
from two or three independent experiments. D, logarithmically growing rat cardiomyoblast cells (H9c2) were pretreated overnight with lovastatin (20 �M) or
for 3 h with the Rac1 inhibitor NSC23766 (100 �M) before doxorubicin (1 �M) or etoposide (1 �M, 10 �M) was added. After an incubation period of 2 h, the
formation of �H2AX foci was analyzed by immunohistochemistry as described under “Experimental Procedures.” Shown is a representative result. E, logarith-
mically growing rat cardiomyoblast cells (H9c2) were pretreated overnight with lovastatin (L) (20 �M) or for 3 h with the Rac1 inhibitor NSC23766 (N) (100 �M)
before doxorubicin (D) (1 �M) or etoposide (E) (10 �M) was added. After further incubation period of 2 h, the formation of �H2AX foci was analyzed by
immunohistochemistry as described under “Experimental Procedures.” Shown are the mean � S.E. (error bars) of two independent experiments with 50 nuclei
being analyzed per experiment. **, statistically significant (p � 0.01).
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DDR are additive as shown by Western blot and focus forma-
tion analysis (Fig. 5, A and B). A postincubation period of 3 h
was not sufficient to abolish the blocking effect of the lovastatin
and NSC23766 pretreatment on doxorubicin-stimulated
H2AX phosphorylation (Fig. 5C). Moreover, the inhibitory
effect of Rac1 inhibitors on doxorubicin-induced increase in
�H2AX level was transient. It was only detectable at early time
points (i.e.�2 h) after doxorubicin treatment but not after later
time points (i.e. �4 h) (data not shown).
Assaying the effect of lovastatin and NSC23766 on doxoru-

bicin- and etoposide-induced DNA strand break induction
using the comet assay, we found that the increase in DNA
strand breaks following doxorubicin and etoposide treatment is
significantly reduced by approximately 50–60% in the pres-
ence of either lovastatin or NSC23766 (Fig. 6A). The observed
inhibition of doxorubicin- and etoposide-induced DDR by lov-
astatin and Rac1-specific inhibitor might be due to their inter-
ference with signaling mechanisms either upstream or down-
stream of topo II. To address this question, the formation of the
DNA-topo II cleavable complex, which is stabilized by topo
II-targeting poisons, was analyzed by the TARDIS assay as
described under “Experimental Procedures” (40). The data
show that both lovastatin and NSC23766 attenuate covalent
interaction of DNAwith topo II� (Fig. 6B), indicating that Rac1
signaling is required for the formation of the DNA-topo II
cleavable complex. To figure out whether attenuated doxoru-
bicin-stimulated DDR resulting from pharmacological inhibi-
tion of Rac1 signaling is related to ATM/ATR, the activation
status of both kinases was analyzed byWestern blotting. These
analyses showed a clear activation of ATM, as indicated by the
increase in the protein level of p-ATM(S1981) (Fig. 7A). By
contrast, p-ATR(S428) level remained unchanged (Fig. 7B),
indicating that doxorubicin fails to activate ATR-regulated
mechanisms. In line with this, the protein level of activated
p-Chk2 (Fig. 7A), but not of p-Chk1 (Fig. 7B), increased follow-
ing doxorubicin treatment. Neither lovastatin nor NSC23766
blocked the rise in p-ATMprotein induced by doxorubicin (Fig.

FIGURE 5. The inhibitory effects of lovastatin and NSC23766 doxorubicin-
induced DDR are additive. A and B, logarithmically growing H9c2 cells were
single pretreated with lovastatin (Lova) (overnight) or NSC23766 (NSC) (3 h) or
were simultaneously pretreated with lovastatin plus NSC23766. Two h after
doxorubicin (Doxo) treatment, the level of H2AX phosphorylation was ana-
lyzed by Western blotting (A) or immunohistochemistry (B). Relative �H2AX
levels detected by Western blot analysis were quantitated densitometrically
and set to 1.0 in untreated cells. Data shown under B are the mean � S.E. (error
bars) derived from one experiment with 50 nuclei being analyzed per condi-
tion. *, p � 0.05. C, after pretreatment with lovastatin (overnight, 20 �M) or
NSC23766 (3 h, 100 �M), medium was removed and replaced by fresh
medium. After a postincubation period of 3 h in the absence of Rac1 inhibi-
tors, doxorubicin (Doxo) (1 �M) was added, and H2AX phosphorylation was
determined 2 h later by Western blotting. Shown is the result of a represent-
ative experiment. Relative �H2AX level in untreated control was set to 1.0.

FIGURE 6. Inhibition of Rac1 signaling reduces the level of DNA strand breaks and attenuates the formation of the DNA-topo II covalent complex
following treatment with topo II inhibitors. A, logarithmically growing rat cardiomyoblast cells (H9c2) were pretreated overnight with the lovastatin (20 �M)
(Lova) or for 3 h with the Rac1-specific inhibitor NSC 23766 (NSC) (100 �M) before doxorubicin (Doxo) (1 �M) or etoposide (Eto) (10 �M) was added. After
incubation period of 2 h, formation of DNA strand breaks was analyzed by the comet assay as described under “Experimental Procedures.” Shown are the
mean � S.D. (error bars) from two to six independent experiments. For reason of control, cells were irradiated with 5 Gy (IR), and DNA strand breaks were
analyzed 30 min later. *, statistically significant (p � 0.05). B, logarithmically growing rat cardiomyoblast cells (H9c2) were pretreated overnight with lovastatin
(L) (20 �M) or for 3 h with the Rac1-specific inhibitor NSC23766 (N) (100 �M) before doxorubicin (1 �M) or etoposide (10 �M) was added. After an incubation
period of 2 h, the formation of covalent DNA-topo II� complexes was analyzed by laser scanning microscopy. Relative fluorescence in doxorubicin- or
etoposide-treated cells was set to 1.0. Data shown are the mean � S.E. (error bars) from two independent experiments with 50 nuclei being evaluated per
experimental condition. *, p � 0.05.
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7, A and C). Overall, the data indicate that Rac1 interferes
mainly with DDR mechanisms downstream of ATM and that
ATR-regulated mechanisms are not involved. In this context it
should be noted that a low number of DSBs are sufficient to
cause amaximumactivation of ATMwithin a fewminutes (52).
This unique kinetic ofATMactivationmight explain our obser-
vation of a reduced formation of DSBs by Rac1 inhibition with-
out concomitant decrease in p-ATM level.
Rac1 signaling is known to be mediated by a variety of effec-

tor proteins, notably PAKs (53), which are known to become
activated following genotoxin treatment (54). Because PAK2 is
considered to be highly specific for Rac1 (55), we made use of

the class I PAK inhibitor IPA3, which targets PAK1–3 (56). As
shown in Fig. 8 IPA3 reduced doxorubicin and etoposide-in-
duced H2AX phosphorylation (Fig. 8A) and �H2AX focus for-
mation (Fig. 8B) by approximately 30% only, indicating that
Rac1-regulatedmechanisms required for DDR are largely inde-
pendent of PAK1–3. To address the question of the specificity
of the observed effects for topo II poisons we included the
topoisomerase I poison topotecan in our study.As shown in Fig.
9, treatment of H9c2 cells with topotecan resulted in H2AX
phosphorylation (Fig. 9A) and caused a strong increase in the
number of�H2AX foci (Fig. 9B), without any reduction in focus
formation at high concentration. Lovastatin did not affect
H2AXphosphorylation following topotecan treatment asmon-
itored by Western blot-based analysis (Fig. 9C) and immuno-
histochemistry (Fig. 9D). Apparently, the inhibitory effect of
lovastatin on the DDR triggered by topoisomerase poisons is
specific for topoisomerase type II inhibitors but does not per-
tain to topoisomerase type I inhibitory drugs. Taken together,
the data show that inhibition of Rac1 signaling protects H9c2
cells from DNA DSB formation and subsequent activation of
the DDR following administration of topo II but not topo I
poisons. The genoprotective statin effect likely rests on the
inhibition of the formation of the DNA-topo II cleavable com-
plex. Based on previous reports, both topo II� and topo II� are
of relevance for doxorubicin-stimulated DDR (8, 57). There-
fore, it is rational to hypothesize that reduced anthracycline-
induced DSB formation and attenuated DDR under situations
of impaired Rac1 signaling involves both forms of topoisomer-
ase II.
On the basis of the data we suggest themodel depicted in Fig.

10. We propose that Rac1-regulated signaling mechanisms are
required for low concentration of topo II targeting poisons to
provoke the formation of DSBs and to trigger the ATM-regu-
lated DDR. ATR seems to be of minor relevance in this context.

FIGURE 7. Lovastatin and NSC23766 do not affect doxorubicin-stimu-
lated activation of ATM. A and B, logarithmically growing H9c2 cells were
pretreated overnight with lovastatin (20 �M) before doxorubicin (1 �M) was
added. After a further incubation period of 2 h, phosphorylation status of ATM
(p-ATM), checkpoint kinase-1 (p-Chk1), and H2AX (�H2AX) (A) as well as of
ATR (p-ATR) and checkpoint kinase-2 (p-Chk2) (B) was monitored. Protein
expression of ERK2, �-actin, and talin1 was analyzed as internal protein-load-
ing controls (Con). C, H9c2 cells were pretreated for 3 h with the Rac1-specific
inhibitor NSC23766 before doxorubicin (1 �M) or etoposide (10 �M) was
added. After a further incubation period of 2 h, phosphorylation status of
ATM, ATR, and H2AX was analyzed. ERK2 and talin1 protein expression was
determined as internal protein loading control. Shown are representative
data from two independent experiments.

FIGURE 8. Inhibition of the Rac1 effector PAK partially blocks DDR stimulated by topo II poisons. Logarithmically growing rat cardiomyoblast cells (H9c2)
were pretreated for 2 h with PAK inhibitor IPA3 (10 and 30 �M) before doxorubicin (Doxo) (1 �M) or etoposide (Eto) (10 �M) was added. After a further incubation
period of 2 h, H2AX phosphorylation was analyzed by Western blotting (A) or immunohistochemistry (B) as described under “Experimental Procedures.” 1, 10
�M IPA3; 2, 30 �M IPA3. **, p � 0.01; ***, p � 0.001; ns, not significant. Error bars, S.E.
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At high doses of doxorubicin, however, there is a preferential
intercalation of the anthracycline into the DNA (6), which dis-
ables binding of topo II to the DNA. In consequence, cleavable
complex formation, subsequent induction of DSBs, and activa-
tion of ATM-regulated DDR are hampered. Pharmacological
targeting of Rac1 signaling by statins or Rac1-specific small
molecule inhibitorsmitigates the topo II-DNA complex forma-
tion occurring if therapeutically relevant low doses of topo II
poisons are applied. Thereby, all subsequent events, i.e. DSB

formation followed by activation of the DDR, which is reflected
by an increase in �H2AX protein level, are blocked. Most
important, DNA damage and DDR induced by topo I poisons
are not affected byRac1 signaling, showing the specificity of our
findings for topo II-related DNA damage. Although the
detailed molecular mechanisms involved in the genoprotective
function of statins are unknown, they are likely independent of
doxorubicin import and export as well as the expression of topo
II proteins (35, 36). Topo II is phosphorylated at numerous
amino acids by protein kinase CK2 (58) and further contains
several putative consensus sequences for mitogen-activated
protein kinases as revealed by database search. Because Rac1 is
a key regulator of stress-activated protein kinases (59), it is fea-
sible that phosphorylation of topo II by Rac1-regulated protein
kinases is required for its interaction with DNA. Noteworthy,
Rac1 has recently been found in the nucleus, where it can inter-
act with various nuclear proteins, including topoisomerase II
(29). Bearing this in mind, it is tempting to speculate that it is a
so far poorly appreciated nuclear function of Rac1 that is
required for stimulation of the DDR following treatment with
topo II targeting anticancer drugs. Apart from anticancer
drugs, dietary flavanols have also been shown to affect topo-
isomerase function (62, 63). Whether Rac1 signaling is also
involved in this process remains to be elucidated.
Summarizing, the present study provides evidence that inhi-

bition of Rac1 signaling specifically interferes with the geno-
toxic potency of topo II poisons by preventing DNA-topo II
cleavable complex formation, thereby reducing subsequent
DSB formation and activation of the DDR. In vivo data showed
protective effects of statins against doxorubicin-induced car-
diotoxicity (36, 38, 39, 60), suggesting that statinsmight be clin-
ically useful for lowering adverse effects of anthracyclines on
heart function. Based on our data we suggest that such putative

FIGURE 9. DDR stimulated to the topo I poison topotecan is not inhibited by lovastatin. A and B, logarithmically growing rat cardiomyoblast cells (H9c2)
were exposed to increasing concentrations of topoisomerase type I inhibitor topotecan (TPT). After an incubation period of 2 h, H2AX phosphorylation and the
formation of �H2AX foci were analyzed by Western blotting and immunohistochemistry, respectively, as described under “Experimental Procedures.” Shown
are results from a representative experiment. For control, cells were irradiated with 5 Gy. ***, p � 0.001; ns, not significant. C and D, logarithmically growing rat
cardiomyoblast cells (H9c2) were pretreated overnight with lovastatin (20 �M) before topotecan was added at different concentrations. After further incuba-
tion period of 2 h, H2AX phosphorylation was analyzed by Western blotting (C) and immunohistochemistry (D) as described under “Experimental Procedures.”
Data shown are from representative experiments. �, pre-treatment with lovastatin; *, p � 0.05; ***, p � 0.001; ns, not significant. Error bars, S.E.

FIGURE 10. Model of the genoprotective effect of pharmacological inhi-
bition of Rac1 signaling in rat cardiomyoblast cells. At therapeutically rel-
evant low doses, topo II poisons promote irreversible interaction of topo II
proteins with DNA (DNA-topo II complex), eventually leading to the forma-
tion of DNA DSBs and activation of the DDR, as reflected by �H2AX. Mean-
while, DSB formation and subsequent DDR do not occur at a high concentra-
tion of the anthracycline derivative doxorubicin. Pharmacological targeting
of Rac1 signaling by statins (e.g. lovastatin) or a Rac1-specific small molecule
inhibitor (e.g. NSC23766) attenuates DSB formation and subsequent ATM-
regulated H2AX phosphorylation by counteracting the formation of the DNA-
topo II complex. The data are indicative of a genoprotective function of
statins, which is in line with a previous report demonstrating that statins
maintain genomic stability (61).
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beneficial effects of statins might involve inhibition of Rac1
signaling, which promotes DNA damage induction evoked by
topo II-targeting poisons.
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Geršl, V. (2009)Anthracycline-induced cardiotoxicity: overviewof studies
examining the roles of oxidative stress and free cellular iron. Pharmacol.
Rep. 61, 154–171

8. Lyu, Y. L., Kerrigan, J. E., Lin, C. P., Azarova, A.M., Tsai, Y. C., Ban, Y., and
Liu, L. F. (2007) Topoisomerase II�-mediatedDNAdouble-strand breaks:
implications in doxorubicin cardiotoxicity and prevention by dexrazox-
ane. Cancer Res. 67, 8839–8846

9. Fogli, S., Nieri, P., and Breschi, M. C. (2004) The role of nitric oxide in
anthracycline toxicity and prospects for pharmacologic prevention of car-
diac damage. FASEB J. 18, 664–675

10. Austin, C. A., andMarsh, K. L. (1998) Eukaryotic DNA topoisomerase II�.
Bioessays 20, 215–226

11. Nitiss, J. L. (2002) DNA topoisomerases in cancer chemotherapy: using
enzymes to generate selective DNA damage.Curr. Opin. Investig. Drugs 3,
1512–1516

12. Jeggo, P., and Löbrich, M. (2006) Radiation-induced DNA damage re-
sponses. Radiat. Prot. Dosimetry 122, 124–127

13. Harper, J. W., and Elledge, S. J. (2007) The DNA damage response: ten
years after.Mol. Cell 28, 739–745

14. Zhou, B. B., and Elledge, S. J. (2000) The DNA damage response: putting
checkpoints in perspective. Nature 408, 433–439

15. Roos, W. P., and Kaina, B. (2006) DNA damage-induced cell death by
apoptosis. Trends Mol. Med. 12, 440–450

16. Lavin, M. F. (2007) ATM and the Mre11 complex combine to recognize
and signal DNA double-strand breaks. Oncogene 26, 7749–7758

17. Kobayashi, J., Antoccia, A., Tauchi, H., Matsuura, S., and Komatsu, K.
(2004) NBS1 and its functional role in the DNA damage response. DNA
Repair 3, 855–861

18. Kinner, A., Wu, W., Staudt, C., and Iliakis, G. (2008) �H2AX in recogni-
tion and signaling of DNA double-strand breaks in the context of chro-
matin. Nucleic Acids Res. 36, 5678–5694

19. Stiff, T., O’Driscoll, M., Rief, N., Iwabuchi, K., Löbrich,M., and Jeggo, P. A.
(2004) ATM and DNA-PK function redundantly to phosphorylate H2AX
after exposure to ionizing radiation. Cancer Res. 64, 2390–2396

20. Canman, C. E., and Kastan, M. B. (1996) Signal transduction: three paths
to stress relief. Nature 384, 213–214

21. Herrlich, P., Karin, M., and Weiss, C. (2008) Supreme EnLIGHTenment:
damage recognition and signaling in the mammalian UV response. Mol.
Cell 29, 279–290

22. Liu, Z. G., Baskaran, R., Lea-Chou, E. T., Wood, L. D., Chen, Y., Karin, M.,
and Wang, J. Y. (1996) Three distinct signalling responses by murine fi-
broblasts to genotoxic stress. Nature 384, 273–276

23. Hall, A. (1998) Rho GTPases and the actin cytoskeleton. Science 279,
509–514

24. Coso, O. A., Teramoto, H., Simonds, W. F., and Gutkind, J. S. (1996)
Signaling from G protein-coupled receptors to c-Jun kinase involves ��

subunits of heterotrimeric G proteins acting on a Ras- and Rac1-depen-
dent pathway. J. Biol. Chem. 271, 3963–3966

25. Brenner, B., Koppenhoefer, U., Weinstock, C., Linderkamp, O., Lang, F.,
and Gulbins, E. (1997) Fas- or ceramide-induced apoptosis is mediated by
a Rac1-regulated activation of Jun N-terminal kinase/p38 kinases and
GADD153. J. Biol. Chem. 272, 22173–22181

26. Hayakawa, J., Depatie, C., Ohmichi, M., and Mercola, D. (2003) The acti-
vation of c-Jun NH2-terminal kinase (JNK) by DNA-damaging agents
serves to promote drug resistance via activating transcription factor
2 (ATF2)-dependent enhanced DNA repair. J. Biol. Chem. 278,
20582–20592

27. Jefferies, C. A., and O’Neill, L. A. (2000) Rac1 regulates interleukin 1-in-
duced nuclear factor �B activation in an inhibitory protein �B�-inde-
pendent manner by enhancing the ability of the p65 subunit to transacti-
vate gene expression. J. Biol. Chem. 275, 3114–3120

28. Woodcock, S. A., Rushton,H. J., Castañeda-Saucedo, E.,Myant, K.,White,
G. R., Blyth, K., Sansom, O. J., and Malliri, A. (2010) Tiam1-Rac signaling
counteracts Eg5 during bipolar spindle assembly to facilitate chromosome
congression. Curr. Biol. 20, 669–675

29. Sandrock, K., Bielek,H., Schradi, K., Schmidt, G., andKlugbauer,N. (2010)
The nuclear import of the small GTPase Rac1 is mediated by the direct
interaction with karyopherin �2. Traffic 11, 198–209

30. Liao, J. K., and Laufs, U. (2005) Pleiotropic effects of statins. Annu. Rev.
Pharmacol. Toxicol. 45, 89–118

31. Fritz, G. (2009) Targeting the mevalonate pathway for improved antican-
cer therapy. Curr. Cancer Drug Targets 9, 626–638

32. Zhou, Q., and Liao, J. K. (2010) Pleiotropic effects of statins: basic research
and clinical perspectives. Circ. J. 74, 818–826

33. Nübel, T., Damrot, J., Roos,W. P., Kaina, B., and Fritz, G. (2006) Lovastatin
protects human endothelial cells from killing by ionizing radiation with-
out impairing induction and repair of DNA double-strand breaks. Clin.
Cancer Res. 12, 933–939

34. Mahmoudi, M., Gorenne, I., Mercer, J., Figg, N., Littlewood, T., and Ben-
nett,M. (2008) Statins use a novelNijmegen breakage syndrome-1-depen-
dent pathway to accelerate DNA repair in vascular smooth muscle cells.
Circ. Res. 103, 717–725

35. Damrot, J., Nübel, T., Epe, B., Roos, W. P., Kaina, B., and Fritz, G. (2006)
Lovastatin protects human endothelial cells from the genotoxic and cyto-
toxic effects of the anticancer drugs doxorubicin and etoposide. Br. J.
Pharmacol. 149, 988–997

36. Huelsenbeck, J., Henninger, C., Schad, A., Lackner, K. J., Kaina, B., and
Fritz, G. (2011) Cell Death Dis. 2, e190; doi:10.1038/cddis.2011.65

37. Haydont, V., Gilliot, O., Rivera, S., Bourgier, C., François, A., Aigueperse,
J., Bourhis, J., and Vozenin-Brotons, M. C. (2007) Successful mitigation of
delayed intestinal radiation injury using pravastatin is not associated with
acute injury improvement or tumor protection. Int. J. Radiat. Oncol. Biol.
Phys. 68, 1471–1482

38. Feleszko, W., Mlynarczuk, I., Balkowiec-Iskra, E. Z., Czajka, A., Switaj, T.,
Stoklosa, T., Giermasz, A., and Jakóbisiak, M. (2000) Lovastatin potenti-
ates antitumor activity and attenuates cardiotoxicity of doxorubicin in
three tumor models in mice. Clin. Cancer Res. 6, 2044–2052

39. Yoshida, M., Shiojima, I., Ikeda, H., and Komuro, I. (2009) Chronic doxo-
rubicin cardiotoxicity is mediated by oxidative DNA damage-ATM-p53-
apoptosis pathway and attenuated by pitavastatin through the inhibition
of Rac1 activity. J. Mol. Cell. Cardiol. 47, 698–705

40. Willmore, E., Frank, A. J., Padget, K., Tilby, M. J., and Austin, C. A. (1998)
Etoposide targets topoisomerase II� and II� in leukemic cells: isoform-
specific cleavable complexes visualized and quantified in situ by a novel
immunofluorescence technique.Mol. Pharmacol. 54, 78–85

41. Olive, P. L., and Banáth, J. P. (2006) The comet assay: amethod tomeasure
DNA damage in individual cells. Nat. Protoc. 1, 23–29

Rac1 and Topoisomerase Poisons

38598 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 287 • NUMBER 46 • NOVEMBER 9, 2012

 by guest on D
ecem

ber 10, 2013
http://w

w
w

.jbc.org/
D

ow
nloaded from

 

http://www.jbc.org/
http://www.jbc.org/


42. Sordet, O., Khan, Q. A., Kohn, K. W., and Pommier, Y. (2003) Apoptosis
induced by topoisomerase inhibitors. Curr. Med. Chem. Anticancer
Agents 3, 271–290

43. Rogakou, E. P., Pilch, D. R., Orr, A. H., Ivanova, V. S., and Bonner, W. M.
(1998) DNA double-stranded breaks induce histone H2AX phosphoryla-
tion on serine 139. J. Biol. Chem. 273, 5858–5868

44. Corna, G., Santambrogio, P., Minotti, G., and Cairo, G. (2004) Doxorubi-
cin paradoxically protects cardiomyocytes against iron-mediated toxicity:
role of reactive oxygen species and ferritin. J. Biol. Chem. 279,
13738–13745

45. Zhao, Y., McLaughlin, D., Robinson, E., Harvey, A. P., Hookham, M. B.,
Shah, A. M., McDermott, B. J., and Grieve, D. J. (2010) Nox2 NADPH
oxidase promotes pathologic cardiac remodeling associated with doxoru-
bicin chemotherapy. Cancer Res. 70, 9287–9297

46. Marti, T. M., Hefner, E., Feeney, L., Natale, V., and Cleaver, J. E. (2006)
H2AX phosphorylation within the G1 phase after UV irradiation depends
on nucleotide excision repair and not DNA double-strand breaks. Proc.
Natl. Acad. Sci. U.S.A. 103, 9891–9896

47. de Feraudy, S., Revet, I., Bezrookove, V., Feeney, L., and Cleaver, J. E.
(2010) A minority of foci or pan-nuclear apoptotic staining of �H2AX in
the S phase after UV damage contain DNA double-strand breaks. Proc.
Natl. Acad. Sci. U.S.A. 107, 6870–6875

48. Rothkamm,K., and Löbrich,M. (2003) Evidence for a lack ofDNAdouble-
strand break repair in human cells exposed to very low x-ray doses. Proc.
Natl. Acad. Sci. U.S.A. 100, 5057–5062

49. Hortobágyi, G. N. (1997) Anthracyclines in the treatment of cancer: an
overview. Drugs 54, Suppl. 4, 1–7

50. Meyer, P., Boege, F., and Gieseler, F. (1993) Topoisomerase II function
detected as protein-DNA complexes in two sublines of HL-60 cells. Toxi-
col. Lett. 67, 325–330

51. Rashid, M., Tawara, S., Fukumoto, Y., Seto, M., Yano, K., and Shimokawa,
H. (2009) Importance of Rac1 signaling pathway inhibition in the pleio-
tropic effects of HMG-CoA reductase inhibitors. Circ. J. 73, 361–370

52. Bakkenist, C. J., and Kastan, M. B. (2003) DNA damage activates ATM
through intermolecular autophosphorylation and dimer dissociation.Na-
ture 421, 499–506

53. Bishop, A. L., andHall, A. (2000) RhoGTPases and their effector proteins.
Biochem. J. 348, 241–255

54. Roig, J., and Traugh, J. A. (1999) p21-activated protein kinase �-PAK is

activated by ionizing radiation and other DNA-damaging agents: similar-
ities and differences to �-PAK. J. Biol. Chem. 274, 31119–31122

55. Zhang, B., Chernoff, J., and Zheng, Y. (1998) Interaction of Rac1 with
GTPase-activating proteins and putative effectors: a comparison with
Cdc42 and RhoA. J. Biol. Chem. 273, 8776–8782

56. Deacon, S. W., Beeser, A., Fukui, J. A., Rennefahrt, U. E., Myers, C., Cher-
noff, J., and Peterson, J. R. (2008) An isoform-selective, small-molecule
inhibitor targets the autoregulatory mechanism of p21-activated kinase.
Chem. Biol. 15, 322–331

57. Yan, T., Deng, S., Metzger, A., Gödtel-Armbrust, U., Porter, A. C., and
Wojnowski, L. (2009) Topoisomerase II�-dependent and -independent
apoptotic effects of dexrazoxane and doxorubicin. Mol. Cancer Ther. 8,
1075–1085

58. Wells, N. J., Addison, C. M., Fry, A. M., Ganapathi, R., and Hickson, I. D.
(1994) Serine 1524 is a major site of phosphorylation on human topoi-
somerase II� protein in vivo and is a substrate for casein kinase II in vitro.
J. Biol. Chem. 269, 29746–29751

59. Minden, A., Lin, A., Claret, F. X., Abo, A., and Karin, M. (1995) Selective
activation of the JNK signaling cascade and c-Jun transcriptional activity
by the small GTPases Rac and Cdc42Hs. Cell 81, 1147–1157

60. Riad, A., Bien, S.,Westermann,D., Becher, P.M., Loya, K., Landmesser, U.,
Kroemer, H. K., Schultheiss, H. P., and Tschöpe, C. (2009) Pretreatment
with statin attenuates the cardiotoxicity of doxorubicin in mice. Cancer
Res. 69, 695–699

61. Pernice, F., Floccari, F., Caccamo, C., Belghity, N., Mantuano, S., Pacile,
M. E., Romeo, A., Nostro, L., Barilla, A., Crasci, E., Frisina, N., and Buemi,
M. (2006) Eur. J. Pharmacol. 532, 223–229

62. Boege, F., Straub, T., Kehr, A., Boesenberg, C., Christiansen, K., Andersen,
A., Jakob, F., and Köhrle, J. (1996) Selected novel flavones inhibit the DNA
binding or the DNA religation step of eukaryotic topoisomerase I. J. Biol.
Chem. 271, 2262–2270

63. Kalfalah, F.M.,Mielke, C., Christensen,M.O., Baechler, S.,Marko, D., and
Boege, F. (2011) Genotoxicity of dietary, environmental and therapeutic
topoisomerase II poisons is uniformly correlated to prolongation of en-
zyme DNA residence.Mol. Nutr. Food Res. 55, S127–142

64. Gao, Y., Dickerson, J. B., Guo, F., Zheng, J., and Zheng, Y. (2004) Rational
design and characterization of a Rac GTPase-specific small molecule in-
hibitor. Proc. Natl. Acad. Sci. U.S.A. 101, 7618–7623

Rac1 and Topoisomerase Poisons

NOVEMBER 9, 2012 • VOLUME 287 • NUMBER 46 JOURNAL OF BIOLOGICAL CHEMISTRY 38599

 by guest on D
ecem

ber 10, 2013
http://w

w
w

.jbc.org/
D

ow
nloaded from

 

http://www.jbc.org/
http://www.jbc.org/

