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Reversible topoisomerase I (Top1)-DNA cleavage complexes
are the key DNA lesion induced by anticancer camptothecins
(CPTs) (e.g. topotecan and irinotecan) as well as structurally
perturbed DNAs (e.g. oxidatively damaged, UV-irradiated, or
alkylated DNA). It has been proposed that Top1 cleavage com-
plexes arrest advancing replication forks, triggering the forma-
tion of DNA double strand breaks (DSBs) because of replication
fork runoff at the Top1 cleavage complex sites on the leading
strand. In this study, we show that the formation of replication-
dependent DSBs requires the ubiquitin-proteasome pathway in
CPT-treated cells. First, the proteasome inhibitor MG-132 spe-
cifically inhibited CPT-induced but not ionizing radiation- or
hydroxyurea-induced DSBs as revealed by both the neutral
comet assay and measurements of the specific DNA damage
signals (e.g. �-H2AX, phosphorylated ataxia telangiectasia
mutated (Ser-1981), and phosphorylatedChk2 (Ser-33/35)) that
are characteristic for DSBs. Knocking down the 20 S protea-
somematuration protein also supported the requirement of the
proteasome activity for CPT-induced DSBs. Second, CPT-in-
duced DSB signals were shown to require ubiquitin, ubiquitin-
activating enzyme (E1), aCUL-3-basedubiquitin ligase (E3), and
the formation of Lys-48-linked polyubiquitin chains on Top1.
Third, immunocytochemical studies revealed that the CPT-in-
duced formation of �-H2AX foci occurred at the replication forks
andwas attenuatedby co-treatmentwith theproteasome inhibitor
MG-132. In the aggregate, these results support a replication fork
collision model in which Top1 cleavage complexes at the arrested
replication forks are degraded by proteasome prior to replication
fork runoff on the leading strand to generate DSBs.

Eukaryotic DNA topoisomerase I (Top1)3 catalyzes the
breakage/reunion of DNA by transiently nicking one strand of

the DNA duplex through the formation of a reversible Top1-
DNA covalent complex (reviewed in Refs. 1–4). Anticancer
camptothecins (CPTs) as well as various structurally perturbed
DNAs (e.g. UV adducts, abasic sites, base mismatches, uracil
incorporation, nicks and gaps, and oxidized DNA lesions) are
known to stabilize reversible Top1-DNA covalent complexes,
often referred to as Top1 cleavage complexes (reviewed in Refs.
3, 5). Top1 cleavage complexes, in addition to their rapid
reversibility, are also characterized by Top1-concealed single
strand breaks (SSBs) (6), as their denaturation by SDS or alkali
in vitro exposes Top1-linked SSBs in which Top1molecules are
covalently linked to the 3� phosphoryl ends of SSBs through
their active-site tyrosine (6, 7). It is well established that Top1
cleavage complexes are responsible for the antitumor activity of
CPTs (3, 5).
The unique nature of Top1 cleavage complexes has led to the

proposal that their interactions with cellular machineries (e.g.
DNA replication and transcription processes) are needed for
the exposure of the Top1-concealed strand breaks in cells
(8–11). Consistent with this notion, a robust transcription- and
proteasome-dependent mechanism for the intracellular proc-
essing of Top1 cleavage complexes into SSBs has been demon-
strated (8). It has been suggested that Top1 cleavage complexes
arrest elongating RNA polymerases, triggering proteasomal
degradation of Top1 (termed Top1 down-regulation) and the
concomitant exposure of the Top1-concealed SSBs for repair
(8).
The role of active DNA replication in the processing of Top1

cleavage complexes into DNA damage is initially suggested
based on the observation that CPTs are exquisitely cytotoxic to
S phase cells and simultaneous/transient arrest of DNA synthe-
sis abolishes CPT cytotoxicity (12, 13). Analysis of the CPT-
induced aberrant replication intermediates in the SV40 cell-
free replication system has led to the suggestion of a replication
fork collision model (9, 11). Results from replication runoff
studies in HT29 cells and genetic studies in yeast (10, 14, 15)
also support such a conclusion. In this model, the reversible
Top1 cleavage complexes arrest the advancing replication fork,
resulting in the formation of DNA double strand breaks (DSBs)
andTop1-DNAcross-links at the collision sites (9, 11, 16). Con-
sistent with this proposed model, many DNA damage signals,
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such as phosphorylated RPA2, ATM, Chk1, Chk2, p53, NF-�B,
and H2AX (�-H2AX), are detected upon CPT treatment and
most of them are replication-dependent (5).
Implicit in the replication fork collision model is that the

formation of DSBs at the replication forks occurs as a conse-
quence of replication fork runoff on the leading strand of DNA
synthesis (10). Consequently, the processing of Top1 cleavage
complexes is not predicted to be necessary for DSB formation
as it is for transcription-dependent SSB formation. In this
study, we provide evidence showing that the formation of DSBs
at the arrested replication forks is dependent on the ubiquitin-
proteasome pathway, which involves a CUL-3-based E3 ligase
and the formation of Lys-48-linked polyubiquitin chains. These
results aremost consistent with amodified replication fork col-
lision model in which Top1 cleavage complexes at the arrested
replication forks are degraded by proteasome prior to the rep-
lication runoff on the leading strand to generate DSBs.

EXPERIMENTAL PROCEDURES

Antibodies, Drugs, and siRNAs—Antibodies against Mrell
(Upstate), PRA2 (Oncogene), �-H2AX (Upstate), Ser(P)-15-
p53 (Cell Signaling), Ser(P)-33/35-Chk2 (Cell Signaling), Chk1
(Santa Cruz Biotechnology), and Ser(P)-345-Chk1 (Cell Signal-
ing)were purchased fromcommercial sources. Anti-Top1 anti-
bodies were obtained from sera of scleroderma 70 patients as
described before (17). The hybridoma cell line that produces
monoclonal antibody 12G10 (�-tubulin) was obtained from
Developmental Studies Hybridoma Bank. The siRNAs target-
ing POMP (ID SAS1-Hso1-00010430) and CUL-3 (ID SAS1-
Hso1-00042272) were purchased from Sigma. Ubiquitin
isopeptidase inhibitor I (G5) was purchased from Calbiochem.
Cell Culture—HeLa Tet-On (Clontech) and HT29 cells were

cultured inDulbecco’smodified Eagle’smedium supplemented
with 10% FetalPlex animal serum complex (Gemini Bio-Prod-
ucts, West Sacramento, CA), L-glutamine (2 mM), penicillin
(100 units/ml), and streptomycin (100 �g/ml) in a 37 °C incu-
bator with 5% CO2. ZR-75-1 stable cell lines that express con-
trol, ISG15, or UbcH8 shRNAs (18) were cultured in RPMI
medium supplemented with 10% FetalPlex animal serum com-
plex, L-glutamine (2 mM), penicillin (100 units/ml), and strep-
tomycin (100 �g/ml) in a 37 °C incubator with 5% CO2. Mouse
leukemic cell lines Fm3A and Ts85 (ubiquitin E1 Ts mutant)
were cultured in RPMI medium supplemented with 10% Fetal-
Plex animal serumcomplex, L-glutamine (2mM), penicillin (100
units/ml), and streptomycin (100 �g/ml) in a 30 °C incubator
with 5% CO2.
Neutral Comet Assay—The comet assays were performed

according to the Trevigen CometAssayTM kit protocol with
slight modifications. Cells were pretreated with various inhibi-
tors for 30 min, followed by co-treatment with 25 �M CPT for
1 h. Treated cells were trypsinized with 0.005% trypsin (50�
lower than the normal concentration) at 37 °C for 5 min. An
equal amount of drug-free medium (with 10% serum) was then
added to quench the trypsin activity. The final cell density was
about 10,000 cells/ml. 50 �l of the cell suspension was then
mixed with 500 �l of 0.5% low melting point agarose (in PBS)
(Invitrogen) at 37 °C. 50 �l of the cell/agarose mixture was
transferred onto glass slides. Slides were then immersed in pre-

chilled lysis buffer (2.5 M NaCl, 100 mM EDTA, 10 mM Tris, pH
10.0, 1% Triton X-100, and 10% DMSO) for 1 h, followed by
electrophoresis in 1� TBE buffer at 0.8 V/cm for 8–10 min at
room temperature. After electrophoresis, slides were dehy-
drated in 70% alcohol for 30 min and air-dried overnight. Cells
were then rehydrated in H2O and stained with 0.2 �g/ml
ethidium bromide for 1 h. Images were visualized under a flu-
orescence microscope and captured with a CCD camera. The
comet tail moment was determined as described (19). The
means � S.E. were obtained from at least 100 cells for each
treatment group. Statistical analysis was performed using two-
tailed unpaired Student’s t test.
Transfection of cDNAs and siRNAs—For overexpression of

dominant-negative ubiquitin (K48R-Ub) or HA-tagged ubiq-
uitin (HA-Ub), cells were transfected with the indicated plas-
mids (obtained from Dr. Cam Patterson, University of North
Carolina, Chapel Hill) 24 h prior to CPT treatment using Poly-
Fect transfection reagent (Qiagen). For transfection of siRNAs,
250 pmol of siRNAs were transfected into cells (50% confluent
on a 60-mm plate) using Oligofectamine transfection reagent
(Invitrogen). After 48 h, transfected cells were split for further
experiments.
Top1 Down-regulation Assay—CPT-induced Top1 degrada-

tionwasmonitored by immunoblotting of the alkaline lysates as
described previously (8) with slight modification. Briefly, for
each 35-mm dish, 100 �l of an alkaline lysis buffer (200 mM

NaOH, 2 mM EDTA) was added, and cells were then scraped
with a rubber policeman. Alkaline lysates were neutralized by
addition of 16 �l of 1 M HCl, 600 mM Tris, pH 8.0, followed by
mixing with 13 �l of 10� S7 nuclease buffer (50 mM MgCl2, 50
mM CaCl2, 5 mM dithiothreitol, 1 mM EDTA, and a protease
inhibitor mixture) and 60 units of staphylococcal S7 nuclease
(20). The digestion was performed on ice for 20 min for releas-
ing Top1 from covalent Top1-DNA complexes. After nuclease
digestion, 100 �l of 6� SDS gel sample buffer was added, fol-
lowed by boiling for 10min. The samples were then analyzed by
SDS-gel electrophoresis and immunoblotted with anti-hTop1
antibody.
Immunoprecipitation—Immunoprecipitation was performed

as described previously (21). Briefly, cells were lysedwith 400�l
of an alkaline lysis buffer, followed by neutralization with 75 �l
of a neutralization buffer (described in Top1 down-regulation
assay) with brief sonication. 60 �l of 10� S7 buffer was then
added to the cell lysates, followed by S7 nuclease treatment (180
units). Top1 were immunoprecipitated by Top1 antiserum and
protein L-conjugated agarose beads.
Immunocytochemistry—Immunostaining of BrdUrd and

�-H2AX was performed according to the previous study (22)
with slight modification. Briefly, after 45 min of pulse-labeling
with 50 �M BrdUrd in the presence of 1 �M CPT for the last 30
min, cells were fixed in 4% paraformaldehyde for 10 min, fol-
lowed by a PBS wash, and incubated with methanol for 15 min
at�20 °C. Cells were blockedwith 5% bovine serum albumin in
PBS for 1 h, followed by incubation with mouse anti-�-H2AX
monoclonal antibody in PBS containing 1% bovine serum albu-
min for 2 h at room temperature. After two PBS washes, cells
were incubated with Cy2-conjugated donkey anti-rabbit sec-
ondary antibody (Jackson ImmunoResearch), followed by three
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PBS washes and 4% formaldehyde fixation for 10 min. Cells
were incubated with 1.5 N HCl for 10 min at 37 °C to denature
the DNA. After two PBS washes, cells were blocked with 5%
bovine serum albumin in PBS for 30 min, followed by staining
with Alexa Fluor 488 mouse anti-BrdUrd antibody (Pharmin-
gen) in PBS for 2 h. After three PBS washes, cells were stained
with 4�,6-diamidino-2-phenylindole, mounted, and visualized
under the fluorescence microscope, and images were captured
with the CCD camera.

RESULTS

CPT-induced DNA DSBs Require Proteasome Activity—Pre-
vious studies have demonstrated that CPT-induced DNA SSBs
are transcription-dependent and require proteasome activity
(23). To test whether CPT-induced DSBs also require protea-
some activity, HeLa cells were treatedwith CPT in the presence
and absence of the proteasome inhibitor, MG-132, and the for-
mation of DSBs was monitored by the neutral comet assay. As
shown in Fig. 1A, CPT (1 h of treatment) induced a substantial
increase (from 0.7 to 1.2) of the tail moment, indicative of the
formation of DNA DSBs. Consistent with previous studies (9,
11, 22), CPT-induced DSBs were largely abolished by co-treat-
ment with the DNA polymerase inhibitor aphidicolin (APH)
but not the transcription inhibitor DRB, suggesting that

CPT-induced DSBs are exclusively replication-dependent.
Interestingly, co-treatment with the proteasome inhibitor
MG-132 also largely abolished CPT-induced DSBs in HeLa
cells, suggesting a requirement of proteasome activity for
CPT-induced DSBs. The involvement of proteasome activity
in the formation of DSBs in CPT-treated HeLa cells was also
supported by measuring CPT-induced �-H2AX, a marker
for DNA DSBs (24). As in the case of neutral comet assay,
CPT-induced (1 h of treatment) �-H2AX was diminished by
co-treatment with the replication inhibitor APH (Fig. 1B) or
the proteasome inhibitors MG-132 (Fig. 1B) and PS-341
(bortezomib, a therapeutic proteasome inhibitor) (Fig. 1C),
but not the transcription inhibitor DRB (Fig. 1B), suggesting
the involvement of both DNA replication and proteasome
activity, but not transcription, in the generation of CPT-
induced DSBs.
CPT-induced DNA Damage Signals Require Proteasome

Activity—The involvement of proteasome activity in CPT-
induced DNA damage was further demonstrated by meas-
uring various DNA damage signals. As shown in Fig. 2A, CPT
was shown to induce ATM autophosphorylation (phospho-
rylation of Ser-1981), Chk2 phosphorylation (phosphoryla-
tion of Ser-33/35), andMre11 phosphorylation in HeLa cells.
All these phosphorylations were abolished or reduced by

FIGURE 1. CPT-induced DNA DSBs are diminished by co-treatment with aphidicolin or MG-132. A, HeLa cells were pretreated with APH (5 �M), DRB (100
�M), or MG-132 (6 �M) for 30 min, followed by co-treatment with 5 �M CPT for 1 h. DSBs in samples were analyzed by neutral comet assay as described under
“Experimental Procedures.” Upper panel, representative images. Lower panel, histogram of the tail moment plotted against each treatment condition. p values
for comparisons (marked * and **) were �0.005 as determined by two-tailed Student’s t test. B, HeLa cells were treated with CPT in the presence and absence
of metabolic inhibitors as described in A except that cells were treated with increasing concentrations of CPT and cell lysates were immunoblotted with either
anti-�-H2AX (for detecting DSB formation) or anti-�-tubulin antibody (for assessing equal loading). C, HeLa cells were treated with CPT (1 �M) in the presence
and absence of MG-132 (6 �M) or PS-341 (1 �M), and cell lysates were immunoblotted as described in B.
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co-treatment with APH and MG-132 but not DRB (Fig. 2A).
CPT was also shown to induce Chk1 phosphorylation (Ser-
345) in HeLa cells in a proteasome-dependent manner (Fig.
2C). Similar experiments were also performed in HT29 colo-
rectal cancer cells. As shown in Fig. 2B, CPT was shown to
induce phosphorylation of ATM (Ser-1981), H2AX
(Ser-139), p53 (Ser-15), RPA2 (detected by band shift), and
Mre11 (detected by band shift) in HT29 cells. Consistent
with previous studies, the phosphorylation of RPA2 and
Mre11 appears to be replication-dependent because those
band shifts (reflecting the phosphorylated forms of RPA2
and Mre11) induced by CPT were abolished by APH but not
DRB (25, 26). Again, these phosphorylations were signifi-
cantly diminished by co-treatment with MG-132, suggesting
the involvement of proteasome in replication-dependent
DNA damages induced by CPT.

Proteasome Activity Is Not Required for DNA Damage
Induced by Ionizing Radiation (IR) or Hydroxyurea (HU)—The
requirement of proteasome activity appears to be specific for
CPT-induced DNA damage. As shown in Fig. 3A, IR-induced
DNA damage signals (i.e. �-H2AX and phosphorylated Chk1
andChk2), unlike CPT-inducedDNAdamage signals, were not
reduced byMG-132 co-treatment in eitherHeLa orHT29 cells,
suggesting the requirement of proteasome activity is specific
for CPT-induced DNA damage. In addition, the amount of IR-
induced DNA DSBs, as measured by neutral comet assay, were
essentially the same in the presence and absence of MG-132
(Fig. 3B), suggesting that the requirement of proteasome activ-
ity for DSB formation is specific for CPT but not IR. Similar
experiments were repeated in HeLa and HT29 cells using HU,
which is known to arrest the replication forks through deple-
tion of the nucleotide pool. As shown in Fig. 3, C and D, HU-
induced DNA damage signals (i.e. �-H2AX and Ser-15-phos-
phorylated p53) and DNA DSBs (monitored by neutral comet
assay) were unaffected byMG-132. Together, these results sug-
gest that proteasome activity is specifically required for CPT-
induced but not IR- or HU-induced DNA damage. It should be
noted that Chk1 phosphorylation actually increased, rather
than decreased, in IR-irradiated HeLa cells in the presence of
MG-132. This phenomenon is consistent with the recent find-
ing that phosphorylated Chk1, which is induced upon DNA
damage, is degraded by proteasome (27).
CPT-induced DNA Damage Signals Require the Ubiquitin-

Proteasome Pathway; Involvement of Ubiquitin and Ubiquitin
E1—Although the ubiquitin-proteasome pathway is well char-
acterized for the degradation of many proteins, an increasing
number of proteins are known to be degraded by proteasome in
a ubiquitin-independent manner (reviewed in Ref. 28). To test
whether CPT-induced DSBs require all components of the
ubiquitin-proteasome pathway, the role of ubiquitin in CPT-
induced DNA damage was determined by using a ubiquitin
isopeptidase inhibitor I, G5, which is effective in depleting the
ubiquitin pool (23, 29). As shown in Fig. 4A (upper panel), CPT-
inducedDNA�-H2AXwas diminished inHeLa cells pretreated
with G5 (1 h pretreatment followed by 1 h co-treatment with
CPT, a condition known to deplete the free ubiquitin pool and
inhibit CPT-induced Top1 degradation (23)). Similarly, CPT-
induced �-H2AX and phosphorylated Mre11 were diminished
in HT29 cells treated with G5 (Fig. 4A, lower panel). These
results suggest that CPT-induced DNA damage may involve a
ubiquitin-dependent pathway.
To further investigation the involvement of ubiquitin, the

role of ubiquitin E1 was also determined using the mouse leu-
kemic Ts85 cell line that harbors a temperature-sensitive ubiq-
uitin E1 and its wild type control cell line, Fm3A (30). As shown
in Fig. 4B, CPT-induced �-H2AX in Fm3A cells was signifi-
cantly higher than in Ts85 cells at the nonpermissive tempera-
ture, 39 °C, suggesting the involvement of ubiquitin E1 in CPT-
induced DNA damage.
CPT-induced DNA Damage Signals Require the Ubiquitin-

Proteasome Pathway; Involvement of a CUL-3-based Ubiquitin
E3 Ligase and the POMP—Previous studies have demonstrated
that a cullin 3 (CUL-3)-based E3 ligase is involved in degrada-
tion of Top1 in CPT-treated cells (31). Although degradation of

FIGURE 2. Multiple DNA damage signals induced by CPT are diminished
by aphidicolin and MG-132. HeLa (A) or HT29 (B) cells were pretreated with
APH (5 �M), DRB (100 �M), or MG-132 (6 �M) for 30 min, followed by co-
treatment with CPT (1 �M) for 1 h. C, HeLa cells were pretreated with MG-132
for 30 min, followed by co-treatment with CPT (1 �M) for 1 h. Cell lysates were
immunoblotted with various antibodies as indicated.
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Top1 in CPT-treated cells is primarily due to a transcription-
dependent process, it is possible that a CUL-3-based E3 ligase
may also be involved in replication- and proteasome-depend-
ent DNA damage induced by CPT. To test this possibility,
CUL-3 was knocked down in HeLa cells by the CUL-3 siRNA.
As shown in Fig. 5A, CPT induced rapid degradation of Top1
(Top1 down-regulation) in HeLa cells, a phenomenon that has
been well characterized and shown to be transcription- and
proteasome-dependent (8, 17, 21). CPT-induced Top1 down-
regulation was diminished in HeLa cells treated with CUL-3
siRNA, consistent with the report that Top1 down-regulation
requires the CUL-3-based E3 ligase (31). Interestingly, CPT-
induced DNA damage signals (e.g. �-H2AX and phosphoryla-
ted Chk2), which are known to be replication-dependent, were
also much reduced in CUL-3 siRNA-treated HeLa cells (Fig.
5B), suggesting that replication-dependent DNA damage
induced by CPT also requires a CUL-3-based E3 ligase.
To further evaluate the involvement of proteasome in

CPT-induced DNA damage, the proteasome maturation
protein (POMP) was also knocked down by POMP siRNA in
HeLa cells. POMP is known to facilitate major steps of 20 S
proteasome assembly at the endoplasmic reticulum (32). As
shown in Fig. 5A, CPT-induced Top1 down-regulation, which
is transcription- and proteasome-dependent, was significantly
reduced in HeLa cells treated with POMP siRNA, consistent

FIGURE 4. CPT-induced DNA damage signals are dependent on ubiquitin
and ubiquitin E1. A, HeLa and HT29 cells were pretreated with the ubiquitin
isopeptidase inhibitor I, G5 (5 �M), for 1 h to deplete the ubiquitin pool, fol-
lowed by co-treatment with 1 �M CPT for 1 h. Cell lysates were immuno-
blotted with specific antibodies as indicated. B, mouse Fm3A (wild type) and
Ts85 (E1 ts mutant) cells were incubated at nonpermissive temperature
(39 °C) for 30 min, followed by CPT treatment at the same temperature for 1 h.
Cell lysates were immunoblotted with specific antibodies as indicated.

FIGURE 3. DNA damage signals induced by IR and HU are unaffected by MG-132 co-treatment. A, HeLa or HT29 cells were pretreated with 6 �M MG-132
for 30 min, immediately followed by �-irradiation at a dose of 10 gray. After 1 h, cells were lysed, and lysates were immunoblotted with antibodies as indicated.
B, HeLa cells were pretreated with MG-132 (6 �M) and irradiated at a dose of 20 gray. After 1 h, the amount of DSBs was determined by neutral comet assay as
described under “Experimental Procedures.” Upper panel, representative comet images. Lower panel, histogram of the tail moment. C, HeLa or HT29 cells were
pretreated with MG-132 (6 �M) for 30 min, followed by co-treatment with HU (2.5 mM) for 1 h. Cell lysates were immunoblotted with specific antibodies as
indicated. D, HT29 cells were pretreated with MG-132 (6 �M) for 30 min, followed by co-treatment with HU (10 mM) or CPT (5 �M) for 1 h. The formation of DSBs
was monitored by neutral comet assay. The p values for comparison were determined by two-tailed Student’s t test. The p value for CPT treatments was less
than 0.005 (marked *).
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with the proposed role of proteasome in CPT-induced Top1
down-regulation (8). Interestingly, CPT-induced DNA damage
signals (e.g. �-H2AX) (Fig. 5B), which are replication-depend-
ent, were also much reduced in HeLa cells treated with POMP
siRNA. This result suggests that the 20 S proteasome assembly
is required for CPT-induced, replication-dependent, DNA
DSBs, consistent with the notion that the proteasome activity is
required for CPT-induced DNA DSBs.
CPT-induced DNA Damage Requires the Formation of Lys-

48-linked PolyUb Chains—Degradation of proteins by the
ubiquitin-proteasome pathway is known to require the for-
mation of polyUb chains through the action of E1/E2/E3 and
other factors (reviewed in Ref. 33). A number of lysine residues
(e.g.Lys-29, Lys-63, and Lys-48) on ubiquitin are known to form
polyUb chains through isopeptide bonds (reviewed in Ref.34),
and Lys-48-linked polyUb chains are known to be the major
polyUb chains associated with degradation by proteasome (33).
In the previous study, we have demonstrated that the formation
of Lys-48-, but not Lys-29- and Lys-63-, linked polyUb chains
on Top1 is responsible for CPT-induced, transcription-
dependent, DNA SSBs (23). To test whether Lys-48-linked
polyUb chains are also involved in the CPT-induced, replica-
tion-dependent, DSBs, a plasmid expressing the dominant-
negative mutant ubiquitin (K48R) was transiently transfected
into HeLa cells. As shown in Fig. 6A, overexpression of K48R
dominant-negative mutant ubiquitin substantially blocked
CPT-induced DNA damage signals (i.e. �-H2AX and phospho-
rylated Chk2) in HeLa cells, suggesting the involvement of the
formation of Lys-48-linked polyUb chains in CPT-induced,
replication-dependent, DNA damage.

CPT-induced DNA Damage Is Suppressed by ISG15—Previ-
ous studies have demonstrated that ISG15 (interferon-stimu-
lated gene 15, a ubiquitin-like protein), which is elevated in
many tumor cells, suppresses the ubiquitin-proteasome path-
way by interfering with the formation of polyUb conjugates
(35). For example, ZR-75-1 breast cancer cells are known to
exhibit a much reduced level of polyUb conjugates due to the
elevated ISG15 conjugation pathway (35). Consequently, it is
possible to modulate the ubiquitination activity in cells by reg-
ulating the expression of components of the ISG15 conjugation
pathway (e.g. ISG15 and its E2). To test whether the amounts of
CPT-induced DSBs are changed in ZR-75-1 breast cells due to
the up-regulation of the ISG15 conjugation pathway (andhence
reduced ubiquitination activity), three stable clones of ZR-75-1
cells expressing control shRNA, ISG15 shRNA, and UbcH8
shRNA (the major E2 for ISG15) (18) were employed in this
study. As shown in Fig. 6B, ZR-75-1 cells expressing ISG15 and
UbcH8 shRNA (labeled shISG15 and shUbcH8, respectively)
exhibited much stronger �-H2AX induction upon CPT treat-
ment compared with control cells expressing the control
shRNA, suggesting that CPT-induced DSB signals are in-
creased in cells with the up-regulated ubiquitination activity.

FIGURE 5. CPT-induced DNA damage signals require POMP and a CUL-3-
based E3 ligase. A, HeLa cells were transfected with POMP or CUL-3 siRNA for
72 h. Cells were then treated with 25 �M CPT for 2 and 4 h, followed by alkaline
hydrolysis and S7 treatment as described under “Experimental Procedures.”
Top I levels were determined by immunoblotting. B, siRNA transfection con-
ditions are the same as in A. 72 h post-transfection, HeLa cells were treated
with 2 �M CPT for 1 h. Cell lysates were immunoblotted with various antibod-
ies as indicated.

FIGURE 6. CPT-induced DNA damage signals require the formation of Lys-
48-linked polyubiquitin chains. A, HeLa cells were transfected with plas-
mids overexpressing wild type (control) or dominant-negative (K48R) ubiq-
uitin. After 24 h, cells were treated with 2 �M CPT for 1 h. Cell lysates were
analyzed by immunoblotting with anti-�-H2AX or anti-p-Chk2 antibody.
B, ZR-75-1 cell lines stably expressing control, ISG15, or UbcH8 shRNA were
treated with increasing concentrations of CPT for 1 h. Cell lysates were immu-
noblotted with specific antibodies as indicated. C, CPT-induced Top1-ubiq-
uitin conjugates in ZR-75-1 cell lines. Cells were transfected with the plasmid
encoding HA-Ub for 24 h before being treated with 25 �M CPT for 30 min. Cells
were lysed with the alkaline buffer, followed by S7 digestion and immuno-
precipitation (IP) with anti-Top1 antisera as described under “Experimental
Procedures.”
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To determine whether the formation of Top1-Ub conjugates
was indeed suppressed by the ISG15 conjugation pathway,
ZR-75-1 cells expressing UbcH8 shRNA (transiently trans-
fectedwith theHA-Ubplasmid)were treatedwithCPT, and the
formation of Top1-Ub conjugates examined by Top1 immuno-
precipitation was followed by Western blotting with anti-HA
antibodies (Fig. 6C). Indeed, the amount of Top1-Ub conju-
gates was elevated in ZR-75-1 cells expressing UbcH8 shRNA
(Fig. 6C, compare 2nd with 4th lanes), suggesting that the for-
mation of Top1-Ub conjugates was suppressed by the ISG15
conjugation pathway. In the aggregate, these results further
support the notion that CPT-induced DSBs require the ubiq-
uitination activity. It is interesting to note that ISG15 has
recently been demonstrated to be a tumor marker, which is
variably expressed in different tumors, and its expression is cor-
related with disease progression and prognosis (18, 36, 37). Our
results thus suggest that the amount of CPT-inducedDSBsmay
vary in different tumor cells depending on the expression status
of the ISG15 conjugation pathway.
CPT Induces Proteasome-dependent Formation of DSBs at

the Replication Foci—CPT-induced DSBs have been proposed
to result from collisions between Top1-DNA covalent adducts
and advancing replication forks (10, 11). Indeed, CPT-induced
�-H2AX foci have been shown to co-localize with replication
foci in HT29 colorectal cancer cells (22). In this immunocyto-
chemical study, the same population of cells that showed strong
staining with BrdUrd (green) (S phase cells) also exhibited
strong staining with �-H2AX (red) (see arrow-pointed cells in
Fig. 7A, LowMag. panels), consistent with the notion that DSBs

are generated exclusively in S phase cells upon CPT treatment
(22). Interestingly, co-treatment ofMG-132 lowered the level of
�-H2AX staining in BrdUrd-positive cells (Fig. 7A, Low Mag.
panels), suggesting a requirement of proteasome activity for
CPT-induced DSBs in S phase cells. When individual cells (see
cells marked by square boxes in Fig. 7A, LowMag. panels) were
viewed at�5 highermagnification (see Fig. 7A,HighMag. pan-
els), the vast majority of �-H2AX (DSB) foci (red) were shown
to co-localize with BrdUrd (replication) foci (green) as evi-
denced by the yellowish foci in the merged images, suggesting
that the majority of CPT-induced DSBs occurs at the replica-
tion sites. Significantly, co-treatmentwithMG-132 lowered the
overall intensity of �-H2AX staining in replication foci, sug-
gesting that proteasome activity is required for CPT-induced
DSBs at the replication sites.

DISCUSSION

The concept that reversible Top1 cleavage complexes can be
processed into DNA damage through either a transcription- or
replication-dependent event has been proposed and supported
by many studies (Refs. 8–10 also reviewed in Refs. 3, 5). Trans-
cription-dependent processing of Top1 cleavage complexes
has been shown to generate exclusively SSBs in a ubiquitin/
proteasome-dependent manner. Accumulating evidence has
suggested amodel inwhichTop1 cleavage complexes arrest the
RNA polymerase elongation complexes, triggering proteaso-
mal degradation of Top1 cleavage complexes and concomitant
exposure of Top1-concealed SSBs at the arrest sites (8, 23). The
ubiquitin-proteasome pathway involved in degradation of

FIGURE 7. Proteasome-dependent formation of DSBs occurs at the replication foci. A, HeLa cells were pulse-labeled with 50 �M BrdUrd for 45 min in the
presence or absence of MG-132 and CPT. MG-132 (6 �M) was added 15 min prior to BrdUrd, whereas CPT was added 15 min after BrdUrd (see the treatment
scheme in the upper panel). Cells were then fixed, sequentially immunostained with anti-�-H2AX and anti-BrdUrd antibodies, and viewed under a fluorescence
microscope as described under “Experimental Procedures.” Left panels (Low Mag.): representative images were shown with the same exposure time (viewed
with the 20� objective lens). BrdUrd-positive cells were marked by arrows in images of 4�,6-diamidino-2-phenylindole (DAPI)- and �-H2AX-stained samples
(bar, 20 �M). Right panels (High Mag.); magnified images of single cells (marked by squares in the corresponding images in the left panels) (bar, 4 �M).
B, replication fork collision model for the involvement of the ubiquitin-proteasome pathway in processing Top1 cleavage complexes into DSBs.
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Top1 cleavage complexes has been shown to involve the forma-
tion of Lys-48-linked polyUb chains on Top1 and the participa-
tion of a CUL-3-based E3 ligase (23, 31).
A replication fork collision model has been proposed for

the replication-dependent processing event, in which Top1-
DNA covalent adducts arrest the replication forks, resulting
in the formation of DSBs and Top1-DNA cross-links (9–11).
Despite the mechanistic parallels between the two process-
ing events, the ubiquitin-proteasome pathway is not pre-
dicted to be involved in the replication-dependent processing
event because the formation of DSBs is presumed to be due to
replication fork runoff on the leading strand of DNA synthesis
(9–11). In this study, we show that the ubiquitin-proteasome
pathway is involved in the replication-dependent processing of
Top1 cleavage complexes intoDSBs. There are two possibilities
that could explain the requirement of a proteasomepathway for
CPT-induced DSBs in the context of the replication fork colli-
sion model. One possibility is that the DSBs formed as the con-
sequence of replication fork runoff are protected by the repli-
cation complexes and are not freely available for detection by
the DSB-sensing mechanism. Degradation of the replication
complexes by proteasome is necessary to reveal the replication
complex-protected DSBs. The other possibility is that Top1
cleavage complexes, as a consequence of replication fork arrest,
are degraded by the proteasome first to generate peptide-linked
SSBs, followed by replication runoff on the leading strand to
generateDSBs (see Fig. 7B for such amodel).We favor the latter
possibility because we have shown in this study that CPT-in-
ducedDSB formation is dependent on a CUL-3 based E3 ligase,
which is known to be responsible for the degradation of Top1
cleavage complexes (31).
Previous studies have suggested that Top1-DNA covalent

adducts could be processed through either TDP1 (tyrosyl-
DNA-phosphodiesterase 1) or various endonucleases (e.g.
Rad1-Rad9, Mre11, Mus81-Eme1, and Slx4 in yeast, as
reviewed in Ref. 38). Our results, which demonstrate the
involvement of the ubiquitin-proteasome pathway, could sug-
gest either a third pathway for repairing Top1-DNA covalent
adducts or a link between the ubiquitin-proteasome pathway
and the TDP1 and/or the endonuclease pathways. For the lat-
ter, it is conceivable that the ubiquitin-proteasome pathway
acts upstreamof theTDP1 and/or the endonuclease pathway. It
has been demonstrated that TDP1 can only remove peptide-
linked, but not Top1-linked, strand breaks (39–41). Proteaso-
mal degradation of Top1-DNA covalent adducts could gener-
ate peptide-linked DNA strand breaks that can serve as the
substrates for TDP1. It is less clear whether proteasomal deg-
radation of Top1-DNA covalent adducts is necessary for the
endonuclease-mediated removal of Top1 from Top1-DNA
covalent adducts because some endonuclease activities are
known to be able to remove proteins from covalent protein-
DNA adducts (e.g. Mre11 for removing Spo11-DNA covalent
adducts (42)).
Recent studies have suggested the involvement of protea-

some in DSB repair (43). It has been demonstrated that a com-
ponent of the “lid” of the 19 S regulatory subunit, human DSS1
(the ortholog of yeast SEM1), is associated with BRAC2 and
involved in DSB repair (43). The proteasome inhibitor,

epoxomicin, has been demonstrated to be able to shift the bal-
ance between two DSB repair pathways, gene conversion and
single strand annealing, in humanMCF7 cells (44). Proteasome
inhibitors have also been shown to sensitize tumor cells to IR
and DNA cross-linking agents (45–48). It has been demon-
strated that during IR treatment, the inhibition of proteasome
suppresses the homologous recombination by impairing the
formation of single strand DNA/RPA recombinogenic inter-
mediate, a step involvingRPAphosphorylation andBRCA1 foci
formation (49). Significantly, proteasome activity has been
shown to be required for repair at a late stage (e.g. RPA foci
formation), but not for sensing DNA damage at an early stage
(e.g. phosphorylation and foci formation of ATM or H2AX), in
IR-treated cells (49). Our study has demonstrated that different
from the IR treatment case in which the proteasome activity is
not required for early DNA damage signals (e.g. �-H2AX),
CPT-induced DSBs and early DNA damage signals are strongly
dependent on proteasome activity in the cell lines employed in
this study, suggesting an additional and specific role of protea-
some in CPT-induced formation of DSBs. It seems quite possi-
ble that the ubiquitin-proteasome pathway may play a dual
function in CPT-induced DSB repair, being required for its for-
mation at the early stage and also important for its repair at a
later stage.
This study shows that MG-132 or POMP siRNA can par-

tially, but not completely, abolish CPT-induced �-H2AX in
HeLa and HT29 cells. This incomplete inhibitory effect could
have three possible explanations.Onepossibility is that the pro-
teasome activity was only partially inactivated by the protea-
some inhibitors because of low concentrations of the inhibitors.
This does not seem to be the case because increasing the con-
centrations of the proteasome inhibitors did not result in fur-
ther inhibition (data not shown). The second possibility is that
the orientation of the Top1-DNA covalent complex relative to
the replication fork (i.e. leading versus lagging strand of DNA
synthesis) may dictate the requirement of the proteasome-de-
pendent processing. It is possible that proteasome-dependent
processing is necessary to generate the DSB only when the
Top1-DNA covalent complex is nicking the strand that is com-
plementary to the leading strand of DNA synthesis (10, 11). If
the Top1-DNA covalent complex is nicking the strand that is
complementary to the lagging strand ofDNA synthesis, noDSB
is formed, but the fork is arrested, which triggers �-H2AX by a
mechanism independent of DSB formation (e.g. see the next
possibility of ATR activation at arrested forks). The third pos-
sibility, whichwe favor, is that both proteasome-dependent and
proteasome-independent pathways exist for CPT-induced
DNA damage signaling. Previous studies have attributed CPT-
induced �-H2AX to both DNA-PK (mostly reflecting DSB for-
mation) and ATR activation (mostly reflecting replication fork
arrest) (50). The proteasome-dependent pathway, as demon-
strated in this study, could be primarily responsible for the for-
mation of CPT-induced DSBs that activate DNA-PK/ATM as
proposed in our model shown in Fig. 7B, although the protea-
some-independent pathway could reflect CPT-induced repli-
cation fork arrest and hence ATR signaling. Both pathways
could contribute to CPT-induced DNA damage signaling (e.g.
�-H2AX formation). Alternatively, the proteasome-independ-
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ent pathway could also involve an unidentified processing
mechanism(s) for Top1-DNA covalent adducts (e.g. endonu-
clease-mediated processing). Clearly, further studies are
necessary to elucidate the molecular components of both
proteasome-dependent and -independent pathways that are
involved in processing Top1 cleavage complexes into DNA
damage at the arrested replication forks.
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EMBO Rep. 8, 1170–1175
33. Pickart, C. M. (2001) Annu. Rev. Biochem. 70, 503–533
34. Ikeda, F., and Dikic, I. (2008) EMBO Rep. 9, 536–542
35. Desai, S. D., Haas, A. L., Wood, L. M., Tsai, Y. C., Pestka, S., Rubin, E. H.,

Saleem,A.,Nur-E-Kamal, A., andLiu, L. F. (2006)Cancer Res.66, 921–928
36. Andersen, J. B., Aaboe, M., Borden, E. C., Goloubeva, O. G., Hassel, B. A.,

and Orntoft, T. F. (2006) Br. J. Cancer 94, 1465–1471
37. Kiessling, A., Hogrefe, C., Erb, S., Bobach, C., Fuessel, S., Wessjohann, L.,

and Seliger, B. (2009) Oncogene 28, 2606–2620
38. Pommier, Y., Barcelo, J. M., Rao, V. A., Sordet, O., Jobson, A. G., Thibaut,

L., Miao, Z. H., Seiler, J. A., Zhang, H., Marchand, C., Agama, K., Nitiss,
J. L., and Redon, C. (2006) Prog. Nucleic Acids Res. Mol. Biol. 81, 179–229
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