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Background: The sensitivity of non-S-phase cells to Top1-targeting drugs has been under-explored.
Results:Quiescent Top2�-deficient cells are specifically hypersensitive to Top1-targeting drugs.
Conclusion: Top2� deficiency promotes camptothecin-induced apoptosis as a result of RNA polymerase II depletion and p53
accumulation.
Significance: This study has identified Top2� as a novel determinant for camptothecin sensitivity.

Camptothecin (CPT), a topoisomerase (Top) I-targeting drug
that stabilizes Top1-DNA covalent adducts, can induce
S-phase-specific cytotoxicity due to the arrest of progressing
replication forks. However, CPT-induced non-S-phase cytotox-
icity is less well characterized. In this study, we have identified
topoisomerase II� (Top2�) as a specific determinant for CPT
sensitivity, but not for many other cytotoxic agents, in non-S-
phase cells. First, quiescent mouse embryonic fibroblasts
(MEFs) lacking Top2� were shown to be hypersensitive to CPT
with prominent induction of apoptosis. Second, ICRF-187, a
Top2 catalytic inhibitor known to deplete Top2�, specifically
sensitizedMEFs toCPT.To explore themolecular basis forCPT
hypersensitivity in Top2�-deficient cells, we found that upon
CPT exposure, the RNA polymerase II large subunit (RNAP LS)
became progressively depleted, followed by recovery to nearly
the original level in wild-type MEFs, whereas RNAP LS
remained depleted without recovery in Top2�-deficient cells.
Concomitant with the reduction of the RNAP LS level, the p53
protein levelwas greatly induced. Interestingly, RNAPLSdeple-
tion has been well documented to lead to p53-dependent apo-
ptosis.Altogether, our findings support amodel inwhichTop2�
deficiency promotes CPT-induced apoptosis in quiescent non-
S-phase cells, possibly due to RNAP LS depletion and p53
accumulation.

Eukaryotic DNA topoisomerase (Top)2 I catalyzes relaxation
of supercoiled DNA by performing a cleavage/religation reac-
tion that transiently nicks one strand of the DNA double helix
with Top1 covalently attached to the 3�-phosphate of the
cleaved strand (1, 2). The subsequent religation reaction reseals

the nicked strand and reverses the covalent Top1-DNA inter-
action to a noncovalent interaction. The unique catalytic activ-
ity of Top1 enables Top1 to suppress unconstrained DNA
supercoiling, known to be generated during various DNA
tracking activities (3), which may affect normal DNA metabo-
lism and induce genetic instability (4–6). Specifically, the role
of Top1 in removing unconstrained DNA supercoiling during
transcription has been demonstrated in both yeast and mam-
malian cells (7–9). Besides Top1, Top2 also carries DNA relax-
ation activity by transferring one DNA duplex through a Top2-
linked double strand break in an ATP-dependent manner (10,
11). In mammals, there are two highly homologous Top2
isozymes, Top2� and Top2� (12). Top2� is a well known pro-
liferation marker with peak expression found at the late S and
G2/M phase of the cell cycle, and serum deprivation can drive
cells entering the G0 state in which the Top2� level is greatly
reduced (13, 14). By contrast, Top2� is present at a constant
level throughout the cell cycle (14) and is expressed in all cell
types, including terminally differentiated cells such as neurons
and cardiomyocytes (15, 16). Top2� has been proposed to par-
ticipate in transcription regulation with binding sites located at
both the promoter and transcribed regions (17, 18). Recent
studies have also indicated a potential overlapping function of
both Top1 and Top2 in transcription (6, 19) and thus suggest
that Top2� may regulate transcription in collaboration with
Top1 in nonproliferating cells.
Camptothecin (CPT), a Top1-targeting drug, can interfere

with the catalytic cycle ofTop1by inhibiting the religation reac-
tion and therefore increases the half-life of the transient Top1-
DNA covalent adducts (also known as Top1 cleavage com-
plexes) (1, 20). The Top1 cleavage complex itself is highly
reversible, and the single strand nickwithin the complex is con-
cealed by the covalently linked Top1 protein and thus remains
undetected in the absence of cellular processing. The twomajor
intracellular helix-tracking processes, DNA replication and
transcription, have been implicated in eliciting DNA damage
response upon CPT treatment (21–23). CPT is known to selec-
tively kill S-phase cells (20, 24). It has been demonstrated that
the collision of Top1 cleavage complexes with DNA replication
machineries and the subsequently generated DNA double
strand breaks are responsible for the S-phase-specific cytotox-
icity of CPT (22). Slowly growing cells are more resistant to
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CPT treatment, possibly due to the reduced replication-medi-
ated Top1 cleavage complex processing (25). This S-phase-se-
lective cytotoxicity enables Top1-based chemotherapy to be
efficacious in treating several types of cancers, including ovar-
ian, lung, and colon cancers (20, 24, 26). Currently, two water-
soluble CPT analogs, topotecan (TPT) and irinotecan (CPT-
11), are being used in the clinic (20, 24).
Recent studies have also elucidated the interaction of the

transcription machinery and Top1 cleavage complexes in acti-
vating a DNA repair pathway that requires the proteasome-de-
pendent degradation of Top1 (21, 23, 27). It has been shown
that in the absence of DNA replication, DNA single strand
breaks are generated upon proteasomal degradation of Top1
that is covalently trapped on DNA in the presence of CPT (23).
In addition to proteasome, repair of Top1 cleavage complexes
also involves tyrosyl-DNA phosphodiesterase (Tdp1) that cat-
alyzes the hydrolysis of the tyrosyl-3�-phosphate linkage
between a protein (peptide) and DNA (28–31). It has been
shown that either the inhibition of proteasome or amutation in
Tdp1 can enhance CPT sensitivity (27, 32, 33). The predomi-
nant single strand breaks generated upon CPT treatment in
non-S-phase cells can largely explain the fact that non-S-phase
or postmitotic cells are generally much more resistant to CPT.
Other than the involvement of various repair pathways, it
remains unclear how CPT sensitivity is determined in the
absence of DNA replication.
In this study, we observed that Top2� deficiency could

increase CPT cytotoxicity in quiescent Top2�-deficient
(Top2��/�) as well as ICRF-187-treated wild-type (Top2��/�)
mouse embryonic fibroblasts (MEFs). The increased sensitivity
is associated with the depletion of RNA polymerase II large
subunit (RNAP LS), p53 accumulation, general transcription
inhibition, and apoptosis induction.

EXPERIMENTAL PROCEDURES

Chemicals and Reagents—3-(4,5-Dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT), VP-16 (etoposide), CPT
(camptothecin), TPT (topotecan), ICRF-187, bleomycin, stau-
rosporine, and cisplatin were purchased from Sigma. MG132
was purchased from Selleck Chemicals LLC. The anti-�-tubu-
lin antibodies were purchased from the Developmental Studies
Hybridoma Bank, University of Iowa. Themouse anti-�-H2AX
(clone JBW301) antibodies and the mouse anti-phospho-ATM
(at Ser-1981) (clone 10H11.E12) antibodies were purchased
from Millipore. The anti-Top2� (H-286), anti-polymerase II
(N-20, recognizes RNAP LS), and anti-p53 (FL-393) antibodies
were purchased from Santa Cruz Biotechnology. Anti-Top1
antibodies were obtained from the sera of scleroderma 70
patients as described previously (34). The anti-PARP-1, anti-
caspase 3, and anti-�-actin antibodies were purchased from
Cell Signaling Technology. The annexin V-FITC apoptosis
detection kit was purchased from BD Biosciences. The tissue
culture media, DMEM, was purchased from Invitrogen. Peni-
cillin, streptomycin, and trypsin (0.25% trypsin, 2.21 mM

EDTA) were purchased from Cellgro. 5-Ethynyl-2�-deoxyuri-
dine (EdU), 5-ethynyl uridine (EU), and the Click-iT� EdU
Alexa Fluor� 488 flow cytometry assay kit were purchased from

Invitrogen. Tritium-labeled UTP was purchased from
PerkinElmer Life Sciences.
Cell Culture and Cytotoxicity Assay—Top2��/� and

Top2��/� primary MEFs were isolated from E13.5 mouse
embryos as described previously (35). MEFs were cultured in
DMEM containing 10% serum (FetalPlex animal serum com-
plex,Gemini Bio-Products), L-glutamine (2mM), penicillin (100
units/ml), and streptomycin (0.1 mg/ml) in a humidified incu-
bator with 5% CO2 at 37 °C. For all experiments, 24 h after
plating in 10% serum-containing DMEM, MEFs were cultured
for another 24 h in 0.2% serum-containing DMEM before var-
ious drug treatments. For MTT cytotoxicity assays, primary
MEFs were plated in 96-well plates (1.0 � 104 cells/well) for
24 h followed by culturing in DMEM supplemented with 0.2%
serum for another 24 h. Cells were then treated continuously
with various doses of different drugs for 4 days. At the end of
drug treatments, 30 �l of MTT (1 �g/ml) was added, and cells
were further incubated for 4 h in the humidified CO2 incubator
at 37 °C. Upon removal of media, 150 �l of dimethyl sulfoxide
(DMSO) was added to each well, and the absorbance at 570 nm
was determined for each well using a microplate reader. All
assays were performed at least twice in triplicate.
Apoptosis Assay (Annexin V Staining)—Primary MEFs cul-

tured in 6-well plates were treated with DMSO (0.1%), CPT, or
VP-16 for various times. At the end of the treatment, cells were
harvested from tissue culture plates using 0.25% trypsin, 2.21
mM EDTA. After washing once with 1� phosphate-buffered
saline (PBS), cells were subjected to staining by annexinV using
the annexin V-FITC apoptosis detection kit I (BD Biosciences)
following themanufacturer’s protocol. Briefly, cells were resus-
pended in 100 �l of 1� annexin V binding buffer, followed by a
15-min staining in the dark with FITC-conjugated annexin V
for the detection of phosphatidylserine flipping and propidium
iodine for the determination of membrane integrity. Then, an
additional 400 �l of 1� annexin V binding buffer was added to
each reaction immediately before the flow cytometry analysis.
Band Depletion Assay—2.5 � 105 primary Top2��/� and

Top2��/� MEFs were treated with 0, 1, or 10 �M CPT for 20
min. Cells were lysed immediately following CPT treatment
upon aspirating CPT-containing DMEM tissue culture media
using the 3� SDS sample buffer (175mMTris-HCl, pH 6.8, 15%
glycerol, 5% SDS, 300 mM dithiothreitol, 0.006% bromphenol
blue). Cell lysates were then analyzed byWestern blotting using
anti-Top1 and anti-�-tubulin antibodies.
DNASynthesis Using the EdULabeling Assay—Todetermine

the level ofDNAsynthesis inTop2��/� andTop2��/�primary
MEFs, 6 � 105 cells were plated in 60-mm tissue culture plates,
and 24 h later, cells were pulse-labeledwith EdU (10�M) for 1 h.
Formeasuring EdU incorporation in quiescentMEFs, 24 h after
plating, MEFs were cultured in DMEM supplemented with
0.2% serum for an additional 24 h before pulse-labeling with
EdU. Cells were harvested from tissue culture plates by incu-
bating in 0.25% trypsin, 2.21 mM EDTA and subsequently
washed oncewith ice-cold 1�PBS.Cellswere thenpelleted and
resuspended in 0.1 ml of cold 1� PBS, 0.1% glucose solution
and immediately fixed by adding 1 ml of ice-cold 70% ethanol,
and the fixation reaction was incubated in 4 °C for 1 h. Fixed
cells were then subjected to the Click-iT reaction to reveal the
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incorporated EdU in newly synthesized DNA as described in the
manufacturer’s manual (Click-iT� EdU Alexa Fluor� 488 flow
cytometry assay kit, Invitrogen). Cells were then treated with
RNase A followed by DNA staining with 7-aminoactinomycin D
(7AAD) for 1 h at 37 °C. Both DNA content and EdU incorpora-
tion were scored using the flow cytometry analysis.
RNA Synthesis Using the Uridine Incorporation Assay—At

the end of each treatment, primary MEFs were subjected to
pulse labeling for 6 h with 5 �Ci of [5,6-3H]uridine (47
Ci/mmol; ICN)/ml. Following uridine labeling, cells were lysed
with a solution containing 4 M isothioguanidine, 0.5% Sarkosyl,
2mM sodium citrate, and 0.1 M �-mercaptoethanol. Cell lysates
were then directly spotted onto separate DE81 DEAE-cellulose
filter papers. Filterswerewashed three times (30min each)with
0.3 M ammonium formate followed by a single ethanol wash (10
min). Filterswere then dried, and the amount of uridine present
on individual filters was determined using a Beckman liquid
scintillation counter following standard procedures.
RNA Synthesis Using the EU Labeling Assay—At the end of

each treatment, primary MEFs were subjected to pulse abeling
with 0.5 mM EU for 6 h. Following the EU labeling, cells were
trypsinized with 0.25% trypsin, 2.21 mM EDTA and processed
for Click-iT reaction as described in the EdU labeling assay,
except that RNaseA and 7-aminoactinomycinDwere not used.
EU incorporation was then determined by flow cytometry.

RESULTS

Top2� Deficiency Sensitizes Quiescent MEFs to Camptoth-
ecin-induced Cell Death—Top1-targeting drugs (e.g. CPT) are
known to induce S-phase-specific cytotoxicity; this is largely
attributed to the arrest of the advancing replication forks by the
drug-induced Top1 cleavage complexes (22). However, the
mechanism of non-S-phase cytotoxicity of Top1-targeting
drugs is less well characterized. Using serum-starved primary
MEFs (quiescent cells that are not in S-phase) as a model, we
have previously shown that Top2� knock-out MEFs
(Top2��/�) were highly resistant to Top2-targeting drugs (e.g.
VP-16) as compared with wild-typeMEFs (Top2��/�) (36, 37).
In addition, we have also examined the cytotoxicity of Top1-
targeting drugs in Top2��/� MEFs. Surprisingly, sensitivity to
CPT was much higher in Top2��/� MEFs than in wild-type
MEFs. As shown in Fig. 1, the viability of MEFs upon CPT
treatment (4-day continuous treatment) showed a clear
dependence on the presence of Top2�. Top2��/� MEFs are
relatively resistant toCPT,with an IC50 greater than 25�M (Fig.
1 and Table 1). However, Top2��/� MEFs were much more
sensitive to CPT, with an IC50 less than 2 �M (Fig. 1 and Table
1). To determine whether this hypersensitivity phenomenon
was specific to Top1-targeting drugs, a variety of agents was
examined using the 4-day MTT assay. As shown in Table 1,
Top2��/� MEFs were hypersensitive only to Top1-targeting
drugs (i.e.CPT andTPT) but not other cytotoxic agents such as
staurosporine, hydrogen peroxide (H2O2), and bleomycin. The
reduced sensitivity toVP-16 (etoposide, a Top2-targeting drug)
is expected because Top2��/� MEFs lack the drug target.
These results suggest a specific link between Top2� deficiency
and enhanced sensitivity toward Top1-targeting drugs.

In addition to Top2��/� knock-out MEFs, we have also
manipulated the protein level of Top2� by treating wild-type
MEFs with ICRF-187 to investigate the relationship between
sensitivity to Top1-targeting drugs and the Top2� protein
level. ICRF-187 is a catalytic inhibitor of Top2 and is able to
induce Top2� degradation in various cells (37, 38). As shown in
Fig. 1 (inset), a 24-h treatment of ICRF-187 was able to signifi-
cantly down-regulate Top2� in primaryMEFs. Under this con-
dition, sensitivity to CPT and TPT, but not staurosporine, was
greatly increased (�5-fold) in ICRF-187-treated Top2��/�

MEFs (Table 2). By contrast, VP-16-induced cytotoxicity was
reduced at least 7-fold by ICRF-187 treatment (Fig. 1 and Table
2). Our results indicate that Top2� is involved in determining
the cytotoxicity of Top1-targeting drugs in quiescent MEFs.
CPT Selectively Induced Apoptosis in Top2�-deficient Cells—

In the absence of high level DNA replication, there was much
less collision between the replication fork and CPT-trapped
Top1 cleavage complexes, and quiescent or postmitotic cells
are in general more resistant to CPT. It is possible that the
increased CPT sensitivity in Top2��/� MEFs could be due to
the increased DNA synthesis, and thus replication collision
with Top1 cleavage complexes in these cells. We therefore
pulse-labeled primaryMEFswith the thymidine analog EdU for
determining the population of cells that were in S-phase and
undergoing active DNA synthesis. As shown in the upper panel
of Fig. 2A, the population of cells that were in S-phase (EdU-
positive) was similar in wild-type (Top2��/�, 21.85%) and
Top2�-deficient (Top2��/�, 20.90%) MEFs when they were
cultured in media containing 10% serum.When primaryMEFs
were cultured in media containing 0.2% serum, the S-phase
population in both Top2��/� (5.73%) and Top2��/� (4.04%)
MEFs was similarly reduced (Fig. 2A, lower panel), indicating
that the increased sensitivity of Top2��/� MEFs to CPT and
TPT was not due to the increased replication in these cells. In
addition, serum starvation also led to a reduction in the Top2�
protein level (Fig. 2B), in agreementwith the notion that Top2�
is a proliferation marker (13, 14).
It has been shown that CPT (10–25 �M) can induce apopto-

sis in nonproliferating cells such as neurons (39–43).We there-
fore investigated whether the increased CPT sensitivity in
Top2��/� MEFs was due to increased apoptosis. One of the

FIGURE 1. Top2�-deficient MEFs are hypersensitive to CPT. Wild-type
(Top2��/�) and Top2��/� MEFs, cultured in DMEM supplemented with 0.2%
serum, were treated with increasing doses of CPT (0, 1.5625, 3.125, 6.25, 12.5
or 25 �M) in the presence or absence of 200 �M ICRF-187 for 4 days. Cellular
viability was determined by the MTT assay as described under “Experimental
Procedures.” Inset, Western blotting results showing the decreased Top2�
protein level in wild-type cells treated with ICRF-187 (200 �M).
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early events taking place during apoptosis is the flipping of
phosphatidylserines from the cytoplasmic side of the plasma
membrane to the cell surface. Therefore, apoptotic cells that
contain surface phosphatidylserine can be specifically labeled
by annexin V. Both Top2��/� and Top2��/� MEFs were
treated with 3 �MCPT for 23, 36, or 48 h, and then the annexin
V-positive cell population was determined by flow cytometry.
The results showed that CPTdid not induce noticeable changes
in the number of annexin V-positive cells in both Top2��/�

and Top2��/� MEFs when cells were treated for 23 h. How-
ever, lengthening CPT treatment to 36 and 48 h led to an obvi-
ous increase of annexin V-positive cells only in Top2��/�

MEFs (Fig. 2C, from 7.09% in control cells to 44.41% in cells
treated with CPT for 36 h, and from 7.02% in control cells to
70.92% in cells treated with CPT for 48 h) but not in Top2��/�

MEFs (Fig. 2C, from 7.09% in control cells to 6.92% in cells
treatedCPT for 36 h, and from12.31% in control cells to 14.78%
in cells treated with CPT for 48 h). These results indicate that
Top2��/�MEFswere highly sensitive toCPT-induced apopto-
sis. By contrast, VP-16 (100 �M), a Top2-targeting drug, only
induced apoptosis in Top2��/� MEFs (from 12.31% in control
cells to 40.77% in VP-16-treated cells), whereas Top2��/�

MEFs (from 7.02% in control cells to 11.36% in VP-16-treated
cells) were highly resistant (Fig. 2C, 48 hrs). We have also mon-
itored other apoptotic end points such as PARP-1 and
caspase-3 cleavage in CPT-treated (36 h) Top2��/� and
Top2��/�MEFs. As shown in Fig. 2D, the full-length caspase-3
and PARP-1were significantly decreased inTop2��/�MEFs as
compared with that observed in Top2��/� MEFs, indicating
the selective induction of PARP-1 and caspase-3 cleavage in
Top2��/� MEFs upon CPT treatment. These results suggest
that CPT selectively kills Top2��/� MEFs by inducing
apoptosis.
Top2�DeficiencyDidNotAffect CPT-inducedTop1Cleavage

Complex Formation, Top1Degradation, andActivation of DNA
Damage Response—The key determinant of CPT cytotoxicity is
the amount of Top1 cleavage complexes, and it is known that
elevated Top1 expression can lead to increased sensitivity

toward Top1-targeting drugs (44–46). It is possible that the
significant increase of CPT sensitivity in Top2�-deficient cells
is due to the elevated Top1 protein level and much increased
Top1 cleavage complex formation. However, as shown in Fig.
3A (lanes 1 and 4), Top2��/� and Top2��/� MEFs contained
similar levels of Top1. In addition, we performed the band
depletion assay to estimate the amount of CPT-induced Top1
cleavage complexes in Top2��/� and Top2��/� MEFs.
Because of their covalent linkage to genomic DNA, Top1 cleav-
age complexes are too bulky to enter the SDS-polyacrylamide
gel during electrophoresis. Therefore the amount of free Top1
(not linked to DNA) to be detected by immunoblotting will
decrease upon CPT treatment. As shown in Fig. 3A (left panel,
immunoblotting; right panel, quantification), the immunoreac-
tive band representing the free Top1 protein showed similar
patterns of decrease in a dose-dependent manner upon CPT
treatment in both Top2��/� and Top2��/� MEFs. Thus, there
seemed to be no significant impact of Top2� deficiency on
CPT-induced Top1 cleavage complex formations.
Our previous findings have shown that Top1 cleavage com-

plexes are processed and repaired through proteasome-depen-
dent mechanisms (21, 23). It was proposed that Top1 cleavage
complexes can arrest transcription elongation and induce a
26 S proteasome-mediated degradation of Top1, leading to the
activation of ATM-dependent DNA damage response and
DNA repair (23). Cells defective in repair of Top1 cleavage
complexes are hypersensitive to CPT (32). Thus, we next com-
paredCPT-induceddegradation ofTop1 cleavage complexes in
Top2��/� and Top2��/� MEFs. As shown in Fig. 3B, CPT-
induced Top1 degradation showed similar kinetics in
Top2��/� (lanes 2 and 3) and Top2��/� (lanes 8 and 9) MEFs.
In addition,MG132, a proteasome inhibitor, could largely abol-
ish Top1 degradation (Fig. 3B, lanes 5 and 6 and lanes 11 and
12) in both Top2��/� and Top2��/� MEFs. Our data suggest
that proteasome-mediated degradation of Top1 covalently
linked toDNA, and thus the initial repair of CPT-inducedTop1
cleavage complexes was not altered in the absence of Top2�.

Top1 cleavage complexes can elicit DNA damage response,
and cellular sensitivity to DNA- damaging agents can be largely
affected by the DNA damage repair pathways. ATM is a major
DNA damage sensor, and it becomes activated through the
autophosphorylation at Ser-1981 (Ser-1987 in mouse) in
response to DNA damage. Autophosphorylated ATM subse-
quently activates a cascade of proteins that are involved inDNA
repair. It has been shown previously that ATM autophosphor-
ylation can be induced by a variety of DNA-damaging agents,
including CPT in both proliferating and nonproliferating cells
(23, 47).We thereforemonitoredATMautophosphorylation in

TABLE 1
Top2�-deficient MEFs are hypersensitive to Top1-targeting drugs
Quiescent primary Top2��/� and Top2��/� MEFs were treated with various compounds. MTT assays were performed at the end of the 4th day as described under
“Experimental Procedures.” Each experiment was performed in triplicate and repeated at least twice. The IC50 values of each treatment were calculated by regression curve
fitting and are listed in the table.

CPT TPT VP-16 Staurosporine H2O2 Bleomycin

�M �M �M �M �M �M

Top2��/� �20 �25 22 � 1.5 0.4 � 0.1 22 � 3 92 � 5

Top2��/� 1.7 � 0.5 6.5 � 0.3 �200 0.3 � 0.2 20 � 2 99 � 4

TABLE 2
ICRF-187 sensitizes wild-type MEFs to Top1-targeting drugs
Quiescent primary Top2��/� were pretreated with ICRF-187 (200 �M) for 24 h
followed by co-treatmentswith various compounds.MTTassayswere performed at
the end of the 4th day as described under “Experimental Procedures.” Each experi-
ment was performed in triplicate and repeated at least twice. The IC50 values of each
treatment were calculated by regression curve fitting and are listed in the table.

CPT TPT VP-16 Staurosporine

�M �M �M �M
DMSO 18 � 1 �25 29 � 3 0.5 � 0.3

ICRF-187 2.7 � 0.2 7.2 � 0.3 �200 0.7 � 0.5
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both Top2��/� and Top2��/� MEFs treated with CPT. As
shown in Fig. 3C, ATM autophosphorylation was efficiently
induced in both Top2��/� and Top2��/� MEFs. In addition,
both primaryMEFs exposed toUV irradiation showed a similar
induction of theDNAdamagemarker�-H2AX (Fig. 3D). These
results, together with the finding that the sensitivity (IC50) of
Top2��/� and Top2��/� MEFs to a variety of agents (e.g.
H2O2, bleomycin, and staurosporine) was almost identical, sug-
gest that the general DNAdamage response wasmost likely not
affected in Top2��/� MEFs.
CPT-induced Down-regulation of RNAP LS and p53 Accu-

mulation in Top2�-deficient Cells—CPT-induced Top1-DNA
covalent adducts are known to block transcription. In addition,
CPT has been shown to induce proteasome-mediated degrada-
tion of the RNAP LS (also known as POLR2A and RPB1) (21,
48). RNAP LS degradation in response to CPT treatment is
reminiscent of that observed in cells exposed to UV irradiation,
hydrogen peroxide, and�-amanitin (49–52). It appears that the
blockade of the RNA polymerase II elongation complex can

trigger polyubiquitination and degradation of RNAP LS. We
next investigated the effect of CPT treatment on RNAP LS sta-
bility in both Top2��/� and Top2��/� MEFs. As shown in Fig.
4A (left panel), RNAP LS in Top2��/� MEFs treated with 1, 3,
and 10�MCPT for 24 h retained a level similar to that observed
in DMSO-treated cells. However, the level of RNAP LS appar-
ently decreased in Top2��/� MEFs treated with 3 and 10 �M

CPT for 24 h. Especially in Top2��/� MEFs treated with 10 �M

CPT, the hypophosphorylated form (IIa) of RNAP LS was
almost undetectable, and the hyperphosphorylated form (IIo)
of RNAP LS was present at a much decreased level. The
decrease in RNAP LS levels in CPT-treated Top2��/� MEFs
can be better visualized in the bar graph that plots the intensi-
ties (normalized against the respective �-tubulin intensity) of
immunoreactive bands corresponding to RNAP LS (both IIo
and IIa forms) for each treatment relative to that in control
MEFs (Fig. 4A, right panel). Moreover, CPT did not induce
significant increase in PARP-1 cleavage (Fig. 4A), which was
consistent with the annexin V staining pattern showing no

FIGURE 2. CPT preferentially induces apoptosis in Top2�-deficient MEFs. A, wild-type (Top2��/�) and Top2��/� MEFs, cultured in DMEM supplemented
with either 10% (top panel) or 0.2% (bottom panel) serum, were pulse-labeled with EdU for 1 h followed by flow cytometry analysis as described under
“Experimental Procedures.” Percentage of EdU-positive cells was indicated in the dotted plot (upper right-hand corner). B, cell lysates prepared from Top2��/�

and Top2��/� MEFs cultured in DMEM supplemented with either 10% serum or 0.2% serum were analyzed by immunoblotting using anti-Top2�/Top2� and
anti-�-tubulin (loading control, served as the normalization standard) antibodies. The relative amount of Top2� in MEFs cultured in 0.2% serum as compared
with that cultured in 10% serum (arbitrarily set to 1) was determined, plotted, and shown in the bottom panel. C, annexin V/propidium iodine (PI) staining of
MEFs treated with CPT (3 �M) for 23, 36, or 48 h or VP-16 (100 �M) for 48 h were analyzed by flow cytometry (upper panel, Top2��/� MEFs; lower panel, Top2��/�

MEFs). Individual fluorescence intensity of �10,000 cells for each treatment was plotted in a dot plot. The percentage of cell population in each quadrant is
indicated by a number located at the upper right-hand corner of each quadrant. Annexin V-positive cells that are in early stages of apoptosis are clustered in the
lower right-hand quadrant. D, wild-type and Top2��/� MEFs cultured in DMEM containing 0.2% serum were treated with CPT (1, 3, or 10 �M) or VP-16 (10 �M)
for 36 h. Immunoblotting was performed using anti-caspase 3, anti-PARP-1, and anti-�-tubulin antibodies.
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induction of apoptosis when Top2��/� MEFs were treated
with CPT for 23 h (Fig. 2C, 23 h).
The difference in the level of RNAP LS in Top2��/� and

Top2��/� MEFs upon CPT treatment was surprising. We
therefore further performed experiments to monitor the level
of RNAP LS in Top2��/� and Top2��/� MEFs treated with 10
�M CPT for various times. Consistent with previous findings,
the level of RNAP LS was decreased in early time points (2 and

4 h) during CPT treatment in both Top2��/� (Fig. 4B, left
panel, lanes 2 and 3) and Top2��/� (Fig. 4B, left panel, lanes 9
and 10) MEFs. However, the level of RNAP LS rebounded in
Top2��/� MEFs (Fig. 4B, left panel, lanes 5 and 6) at later time
points of CPT treatment (e.g. 16 and 24 h), whereas a further
decrease of RNAP LS levels was observed in Top2��/� MEFs
(Fig. 4B, left panel, lanes 12 and 13). These results indicate that
RNAP LS underwent degradation upon CPT treatment ini-
tially, and although the level of RNAP LS recovered in
Top2��/� MEFs, the level of RNAP LS in Top2��/� MEFs
continued to decrease when the treatment time was increased
to 16 or 24 h. This dynamic change in RNAP LS levels in MEFs
treated with CPT for various times is further illustrated in a bar
graph (Fig. 4B, right panel). To investigate whether the disap-
pearance of the RNAP LS was due to proteasome-mediated
degradation, various CPT treatments were performed in the
presence of the proteasome inhibitor MG132. As shown in Fig.
4C, the level of disappearance of the RNAP LS was much
reduced in the presence ofMG132 in bothTop2��/� (compare
lane 7 with 2, upper left panel) and Top2��/� (compare lane 7
with 2, upper right panel) MEFs at an early time point of CPT
treatment (4 h). MG132 also attenuated degradation of RNAP
LS in Top2��/� MEFs treated with CPT for 7 h (Fig. 4C, com-
pare lane 8 with 3, upper right panel). At later time points (16
and 24 h), although significant cell loss was observed (as indi-
cated by the decreased �-actin levels in Top2��/� MEFs) (Fig.
4C, upper right panel, �-actin blot), it is clear that some protec-
tion of RNAP LS from degradation indeed took place in the
presence of MG132 (Fig. 4C, upper right panel, compare lane 9
with 4 and lane 10 with 5). These results indicate that in
response to CPT treatment, RNAP LS underwent proteasome-
mediated degradation initially, and its level eventually recov-
ered in wild-type MEFs; however, Top2� deficiency prevented
this recovery. To determine whether the recovery of RNAP LS
in Top2��/� MEFs was due to new protein synthesis, we have
treatedMEFs with CPT in the presence of the protein synthesis
inhibitor cycloheximide (CHX). As shown in Fig. 4C (see upper
panel for immunoblotting and lower panel for quantification),
continuous CPT treatment in the presence of CHX caused a
progressive decrease of RNAP LS levels in both Top2��/� (Fig.
4C, lanes 11–15, upper left panel) and Top2��/� (lanes 11–15,
upper right panel) MEFs. It suggests that the observed recovery
of RNAP LS in Top2��/� MEFs was due to new protein syn-
thesis, and the re-synthesis of RNAP LS was blocked in Top2�-
deficient MEFs.
It has been previously documented that transcription stress

imposed by stalled RNA polymerase or decreased RNAP LS
level can lead to p53 accumulation and p53-dependent apopto-
sis (53, 54). Because CPT treatment led to a decrease in RNAP
LS levels in Top2��/� MEFs, we thus asked the question
whether CPT treatment could also lead to p53 accumulation.
As shown in Fig. 4A (left panel), in both untreated Top2��/�

(lane 1) andTop2��/� (lane 6)MEFs, the p53 protein level was
very low and could not be detected by immunoblotting.
Top2��/� MEFs treated with 3 and 10 �M CPT for 24 h had
greatly elevated p53 protein levels (Fig. 4A, lanes 8 and 9),
whereas much limited p53 elevation was observed for
Top2��/� MEFs treated with 10 �M CPT (lane 4). Next, the

FIGURE 3. Top2� deficiency does not affect the formation or cellular proc-
essing of CPT-induced Top1 cleavage complexes, as well as DNA damage
response. A, amount of Top1 cleavage complexes was estimated by the band
depletion assay as described under “Experimental Procedures.” The decrease
in the intensity of the Top1 immunoreactive band indicates the increased
covalent trapping of Top1 on DNA due to the formation of Top1 cleavage
complexes. The intensity of the Top1 immunoreactive band representing the
free Top1 (not covalently trapped on DNA) was first normalized to the inten-
sity of the respective �-tubulin immunoreactive band (loading control) under
the same treatment. Then the relative intensity of the free Top1 in CPT-
treated MEFs to that in DMSO-treated MEFs was determined from the ratio of
the normalized free Top1 intensity in CPT-treated MEFs to the normalized free
Top1 intensity in DMSO-treated MEFs (arbitrarily set to 1). The mean relative
intensity calculated from two independent experiments was plotted in the
bar graph (right panel). The error bar represents the standard deviation.
B, processing of Top1 cleavage complexes is similar in both Top2��/� and
Top2��/� MEFs. Primary Top2��/� and Top2��/� MEFs were treated with
CPT (10 �M) for 0, 2.5, or 5 h in the presence or absence of MG132 (2 �M). For
all MG132 treatments, MG132 was added 30 min prior to the addition of CPT.
At the end of the drug treatment, cells were washed three times with fresh
media and further incubated in fresh media for an additional 30 min in a
humidified 37 °C incubator with 5% CO2. Cell lysates were then prepared for
the subsequent immunoblotting analysis using anti-Top1 or anti-�-tubulin
antibodies following standard protocols. C, similar induction of ATM auto-
phosphorylation in Top2��/� and Top2��/� MEFs. Top2��/� and Top2��/�

MEFs were treated with CPT (10 �M) for 2 or 4 h. Cell lysate were then analyzed
by immunoblotting using anti-phospho-ATM (Ser-1987, labeled p-ATM), anti-
ATM, and anti-�-tubulin antibodies. D, similar UV irradiation-induced DNA
damage signal in Top2��/� and Top2��/� MEFs. Top2��/� and Top2��/�

MEFs were UV-irradiated at doses of 0, 50, 100, or 200 J/m2, followed by an
additional 1-h recovery in a humidified 37 °C incubator with 5% CO2. Cell
lysates were prepared and immunoblotted with anti-�-H2AX and anti-�-tu-
bulin antibodies.
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FIGURE 4. RNAP LS degradation and p53 accumulation in CPT-treated Top2�-deficient MEFs. A, Top2��/� and Top2��/� MEFs were treated with 0, 1, 3,
or 10 �M CPT or 100 �M VP-16 (labeled VP) for 24 h. Cell lysates were analyzed by SDS-PAGE and then immunoblotted using anti-polymerase II (for detecting
RNAP LS), anti-p53, and anti-�-tubulin (loading control, served as the normalization standard) antibodies. The amount of RNAP LS in CPT- or VP-16-treated
MEFs relative to that in DMSO-treated MEFs (the control, has an arbitrarily value of 1) was calculated and plotted in a bar graph shown in the right panel.
B, Top2��/� and Top2��/� MEFs were treated with 10 �M CPT for 2, 4, 7, 16, or 24 h or 10 �M VP-16 (labeled VP) for 24 h. Cell lysates were analyzed using
anti-Top2�, anti-Top1, anti-polymerase II, anti-p53, anti-PARP-1 (labeled PARP) and anti-�-tubulin (loading control) antibodies. The amount of RNAP LS in
drug-treated MEFs relative to that in DMSO-treated MEFs (the control, has an arbitrarily value of 1) was quantified and plotted (right panel). The error
bar-containing histograms represent the average determined from two to three independent experiments, and the error bars represent the standard devia-
tions. C, Top2��/� (upper left panel) and Top2��/� (upper right panel) MEFs were treated with CPT (10 �M) for 4, 7, 16, and 24 h in the presence of either DMSO
(control), MG132 (2 �M), or cycloheximide (labeled CHX, 20 �g/ml). Cell lysates were analyzed using anti-polymerase II, anti-p53, and anti-�-actin (loading
control) antibodies. The relative amount of RNAP LS in CPT-treated MEFs in the presence of DMSO, MG132, or CHX as compared with that in their respective
control MEFs (i.e. DMSO-treated, MG132-treated and CHX-treated MEFs, respectively) was calculated and plotted (lower panel).
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time course of p53 induction in response to CPT treatment was
determined. As shown in Fig. 4B (left panel), 10 �M CPT treat-
ment for 16 and 24 h showed much higher p53 induction in
Top2��/� MEFs (lanes 12 and 13) than in Top2��/� MEFs
(lanes 5 and 6). However, when RNAP LS degradation was
blocked by MG132, p53 accumulation was also largely abol-
ished (Fig. 4C, upper right panel, compare lane 8 with 3, lane 9
with 4, and lane 10 with 5). These findings suggest that pro-
longed CPT treatment in Top2��/� MEFs could induce p53
accumulation as a result of RNAP LS degradation.
CPT Inhibited General Transcription in Top2�-deficient

MEFs—As road blocks, CPT-induced Top1-DNA covalent
adducts can impede DNA helix tracking activities such as DNA
replication and transcription (20, 55). Under our experimental
conditions, the majority of cells were in a quiescent state with
minimal DNA replication activity (Fig. 2A, lower panel), and
therefore, we compared the effect of CPT on total RNA synthe-
sis in Top2��/� and Top2��/� MEFs upon CPT treatment for
24 h using the uridine incorporation assay. As shown in Fig. 5A,
it appeared that the general transcription in the absence of CPT
is similar inTop2��/� andTop2��/�MEFs, as indicated by the
amount of [3H]uridine incorporation. It suggests that Top2�
deficiency did not affect general transcription. However, CPT
selectively caused a greater decrease in uridine incorporation in
Top2��/� MEFs when compared with Top2��/� MEFs. Con-
versely, VP-16 preferentially inhibited uridine incorporation in
Top2��/� MEFs, whereas actinomycin D (ActD, well known
for its ability to inhibit transcription) similarly inhibited tran-
scription in both Top2��/� and Top2��/� MEFs. Further-
more, we have also compared the level of general transcription

in CPT-treated Top2��/� and Top2��/� MEFs by monitoring
EU incorporation into newly synthesized total RNAs. As shown
in Fig. 5B, CPT selectively blocked EU incorporation in
Top2��/� MEFs as compared with Top2��/� MEFs. By con-
trast, VP-16 did not significantly block EU incorporation in
Top2��/� MEFs, whereas actinomycin D induced comparable
inhibition of EU incorporation in both Top2��/� and
Top2��/� MEFs. Together, these results suggest that the gen-
eral transcription was blocked in Top2�-deficient MEFs after
prolonged CPT treatment.

DISCUSSION

Top1-targeting drugs (e.g. CPT, TPT, CPT-11, and ARC-
111) are known to induce S-phase-specific cytotoxicity due to
double strand breaks generated upon collision of Top1 cleavage
complexes and advancing replication machineries (20, 24, 55).
Nonreplicating cells are generally more resistant to CPT due to
lack of replication collision and therefore minimal induction of
double strand breaks (23). There are several factors that can
determine CPT cytotoxicity. An elevation in Top1 protein level
is known to enhance CPT cytotoxicity due to increased Top1
cleavage complex formation.Mutations inDNArepair proteins
such as Mre11 and Tdp1, as well as protein factors that modu-
late the ubiquitin-proteasome pathway, are also known to sen-
sitize cells to CPT, most likely due to the failed repair of lesions
generated from Top1 cleavage complexes (28, 32, 56–59). A
recent genome-wide CPT sensitivity screen has identified rep-
lication stress regulators, the chromatin remodeling complex
FACTandMCMproteins, asmajor components in suppressing
CPT sensitivity (60). These protein complexes are involved in
DNA repair and provide resistance to replication stress. In this
study, we have identified Top2� as a novel modulator that con-
trols CPT cytotoxicity in quiescent cells with low DNA replica-
tion activity. In the absence of Top2�, cellular sensitivity to
CPT increased 4–10-fold and was associated with apoptosis
induction. Our results further show that this increase in CPT
sensitivity in Top2�-deficient cells is not due to the increased
formation of CPT-induced Top1 cleavage complexes or the
lack of proteasomal processing of Top1 cleavage complexes.
Consistent with previous findings, we have shown that CPT

can induce proteasome-mediated degradation of RNAP LS in
both wild-type and Top2�-deficient MEFs. However, the level
of RNAP LS recovers after prolonged CPT exposure in wild-
type MEFs, probably as a result of proteasome-mediated
removal of Top1 cleavage complexes and the re-synthesis of
RNAP LS. Indeed, when protein synthesis was inhibited by
cycloheximide, RNAP LS was degraded and could no longer
recover in wild-type MEFs (Fig. 4C). However, levels of RNAP
LS continued to decrease to almost undetectable levels after a
24-h treatment with CPT in Top2�-deficient MEFs. It
appeared that RNAP LS underwent degradation initially in
response toTop1 cleavage complexes, but somehow failed to be
re-synthesized in the absence of Top2�. As a consequence of
this failed re-synthesis, RNAP LS becomes depleted and
Top2�-deficient MEFs could subsequently undergo p53-de-
pendent apoptosis.
The lack of re-synthesis of RNAP LS in Top2�-deficient cells

could be related to the observed decrease in general transcrip-

FIGURE 5. CPT inhibits total RNA synthesis in Top2�-deficient MEFs. Qui-
escent primary MEFs were treated with CPT (2.5 �M), VP-16 (100 �M), or acti-
nomycin D (100 ng/ml) for 24 h followed by a 6-h pulse-labeling with [3H]UTP
(A) and EU (B). The amount of the uridine analog being incorporated was
measured as described under “Experimental Procedures.” Percentage of
incorporation (A) and mean EU labeling (B) was plotted.
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tion upon prolonged CPT exposure. CPT is a prominent tran-
scription inhibitor, most likely by inducing Top1 cleavage com-
plex formation in the promoter and transcribed regions of
active genes (61, 62). CPT can quickly attenuate uridine incor-
poration into nascent RNAs within minutes upon CPT expo-
sure. As Top1 cleavage complexes are cleared from the chro-
mosome by the proteasome, �50% of original transcription
activity eventually resumes even in the presence of continuous
exposure to CPT (21).We have monitored total RNA synthesis
in cells treated with CPT for 24 h, and we observed much
decreased uridine/EU incorporation inTop2�-deficient cells as
compared with that in Top2�-proficient wild-type cells. It is
possible that although Top2�-deficient cells were proficient in
removing DNA-linked Top1 cleavage complexes initially (Fig.
3B), the completion of the repair process could somehow be
defective. The incompletely repaired DNA lesions could con-
tinue to impede all forms of transcription, including mRNA
synthesis. Because RNAP LS is initially degraded upon CPT
exposure, blockage in mRNA synthesis could lead to the inhi-
bition of RNAP LS re-synthesis and its subsequent depletion in
Top2�-deficient cells; RNAP LS depletion can in turn further
contribute to the decreased mRNA synthesis and thus starts a
vicious cycle in Top2�-deficient cells. As a result of mRNA
synthesis inhibition, levels of proteins with relatively short half-
lives (e.g.RNAPLS) could decrease rapidly. In addition, because
rRNA synthesis is themajor component of active transcription,
a decrease in total RNA synthesis can reflect in large part the
decrease in rRNA production. This decrease may have a direct
impact on translation. Thus, decreased re-synthesis of
RNAP-LS could be also due to translation inhibition as a result
of reduced rRNA levels. Further experiments will be necessary
to determine the precise mechanism responsible for the RNAP
LS re-synthesis blockage in Top2�-deficient cells upon pro-
longed CPT treatment.
Both Top1 and Top2 have been implicated in transcription

regulation. The increased CPT sensitivity in Top2�-deficient
cells may also be related to the function of both Top1 and Top2
in transcription. Chromatin immunoprecipitation (ChIP) anal-
ysis has revealed the binding of both Top1 and Top2 to chro-
mosomal regions that maintain active transcription in yeasts
and mammalian cells (6, 17, 18, 63). The inactivation of both
Top1 and Top2 in yeast reduces RNA polymerase I density, an
indication of slowed transcription elongation, on rDNA (19).
Recent studies have suggested a possible overlapping function
of Top1 and Top2 in transcription. It has been shown that both
Top1 andTop2 can enhance RNApolymerase II recruitment to
nucleosome-free DNA regions in yeast (6). It is thus possible
that Top2 can functionally substitute Top1 during transcrip-
tion and vice versa. In mammalian cells, the essential biological
functions of Top2 were carried out by the two highly homolo-
gous Top2 isozymes, Top2� and Top2�. Although the expres-
sion of Top2� oscillates during the cell cycle (with the peak
expression occurring in the late S- and G2/M-phase), Top2�
level remains constant through all the cell cycle. When cells
enter terminal differentiation or quiescence state, Top2� is
rapidly degraded to reach a level that is beyond detection;
Top2�, however, remains to be expressed in nondividing cells
(13, 16, 64, 65). Themain biological function of Top2� has been

linked to cell cycle events such as DNA replication, chromo-
some condensation/decondensation, and sister chromatid seg-
regation, whereas that of Top2� has been mostly implicated in
transcription regulation (2, 11). It is plausible that the overlap-
ping function shared by Top1 and Top2 during transcription in
yeast is principally orchestrated by Top1 and Top2� in mam-
malian cells. Therefore, although CPT-induced degradation of
Top1 cleavage complexes can lead to the depletion of Top1 and
result in transcription impairment, the loss of the essential
function of Top1 in transcription can be mostly compensated
by Top2�. In Top2�-deficient cells, however, this transcription
rescue is jeopardized due to the absence of a functional substi-
tute of Top1 during transcription; as a result, uridine incorpo-
ration is decreased, and RNAP LS becomes depleted upon pro-
longed CPT treatment. This interpretation is especially well
suited to explain our finding that in quiescentMEFs, due to the
absence (or reduced level) of Top2�, the transcription function
that requires Top2 is largely dependent on Top2�, and Top2�-
deficient cells become hypersensitive to CPT as a consequence
of RNAP LS depletion. In proliferating cells, an increased non-
S-phaseCPT sensitivitymay require the loss of bothTop2� and
Top2�, if Top2�, in addition to Top2�, also functions during
transcription. Clearly, answers to this question will rely on fur-
ther experiments.
Top1-based chemotherapy has been successfully used in the

clinic to treat a variety of cancers (20). However, slowly growing
cells are known to be resistant to CPT treatment due to the lack
of replication-mediated Top1 cleavage complex processing
(25). In fact, certain cancer cells are intrinsically more resistant
to chemotherapeutic agents that target S-phase, due to their
residence in a quiescent state (66). In this study, we showed that
Top2� deficiency could significantly sensitize quiescent MEFs
to CPT-induced apoptosis. In addition, a Top2 catalytic inhib-
itor that is known to induce Top2� degradation can also
enhance CPT sensitivity in quiescent MEFs. Therefore, Top2
catalytic inhibitors, such as ICRF-187 and ICRF-193, may pro-
vide an additional edge to Top1-based chemotherapy when
used in conjunction with Top1-targeting drugs. This treatment
combination may be able to target quiescent, chemo-, and radio-
resistant cancer stem cells.
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