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Introduction

Topoisomerase II (Topo II), an enzyme required for decatena-
tion of supercoiled DNA, has been implicated in key cellular pro-
cesses.1 Topo II plays several essential roles in mitosis,2-4 where 
it is required for chromosome structure, condensation and seg-
regation.1,5,6 Topo II has also been implicated in the activation 
of transcription.1,7 While Topo II is needed to decatenate newly 
replicated DNA, it is not required to complete DNA replication.1 
Expression of a phosphorylation-deficient form of Topo II induces 
S-phase arrest8 but it is unknown whether Topo II activity affects 
the rate of DNA replication. Topo II inhibition in mammalian 
cells has been shown to trigger G

2
 checkpoint arrest, which is 

distinct from the checkpoint induced by DNA damage.9-11 This 
G

2
 checkpoint was initially believed to be signaled by non-decat-

enated DNA, but more recent studies indicate that it requires the 
expression and phosphorylation of Topo II protein12-14 rather than 
just a failure of DNA decatenation.

Much of our knowledge on the biological functions of Topo II 
comes from the studies utilizing small-molecule Topo II inhibi-
tors, several of which have been developed as anticancer drugs.15‑17 
Topo II-inhibiting drugs can be divided into two groups. The 
first group is comprised of Topo II “poisons,” such as doxorubi-
cin, etoposide or mitoxantrone, which stabilize an intermediate 
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complex formed by Topo II bound to cleaved DNA, leading to 
the formation of double-stranded DNA breaks and activation of 
DNA damage checkpoints. The second group comprises catalytic 
inhibitors of Topo II, defined as compounds that exert their effect 
on the cells by interfering with DNA decatenation by Topo  II 
rather than by stabilizing the “cleavable complexes.” However, the 
specificity of catalytic inhibitors of Topo II has been questioned 
due to conflicting reports on the ability of such compounds to 
induce DNA damage18,19 or to their off-target effects on other cel-
lular proteins.15 Since there is considerable interest in developing 
“pure” catalytic inhibitors for cancer therapy, understanding the 
cell cycle effects of a decrease in the Topo II function (as opposed 
to the presence of a non-functional or partly functional protein) 
can help in evaluating such compounds and their antiprolifera-
tive activity.

The effects of catalytic inhibitors of Topo II, which act on 
both Topo IIα and Topo IIβ, the two Topo II isoforms in mam-
malian cells, can be modeled by simultaneous depletion of 
Topo IIα and Topo IIβ. Depletion of Topo IIα alone through 
conditional knockout20 or short interfering RNA (siRNA) 
knockdown of both Topo IIα and Topo IIβ14,21,22 has led to the 
development of mitotic abnormalities, increased duration of 
mitosis and failure to proliferate. Longer-term analysis of cell 
cycle effects of Topo II depletion, however, is complicated by the 
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PCR (QPCR) in the parental HT1080-GSE56 cells in the 
Topo  IIβ-knockdown population and in the TOP73 cell line 
before and at different time points after the addition of doxycy-
cline. Figure 2B shows the results of immunoblotting analysis 
of Topo IIβ and Topo IIα proteins in the same cells. Topo IIβ 
mRNA and protein were essentially undetectable in the Topo IIβ-
knockdown population and in TOP73 cells in the absence or in 
the presence of doxycycline. Remarkably, the levels of Topo IIα 
mRNA and protein, while unchanged in the Topo IIβ-knockdown 
population relative to HT1080-GSE56, were increased ~4-fold 
in untreated TOP73 cells (Fig. 2A and B). This increase can be 
explained by our observations that expression from tTR-KRAB-
regulated vectors is not immediately repressed upon transduc-
tion into tTR-KRAB-expressing cells. GFP expression from the 
pLLCEP TU6X vector was detectable by fluorescence microscopy 
during the first two days after transduction and disappeared only 
on the third day. Since Topo IIα shRNA was also expressed dur-
ing this period, its detrimental effect on cell growth should have 
favored the selection of epigenetic variants with elevated basal 
expression of Topo IIα, which are relatively resistant to Topo IIα 
shRNA. TOP73 appears to represent such a variant.

Both Topo IIα mRNA and protein levels were strongly 
decreased 18 h after the addition of doxycycline to TOP73 cells 
relative to the same cells in the absence of doxycycline; Topo 
II protein levels became greatly decreased even relative to the 
parental HT1080-GSE56 cells by 36 h of doxycycline treat-
ment (Fig.   2A and B). Topo II depletion in doxycycline-treated 
TOP73 cells was associated with the inhibition of cell prolifera-
tion, the cell numbers ceasing to increase ~36 h after the addition 
of doxycycline (Fig. 2C), i.e., at the time of the maximal Topo 
IIα protein depletion.

Effects of Topo II depletion on cell cycle distribution and 
mitosis. Figure 3A shows flow cytometric analysis of cell cycle 
distribution as assayed by cellular DNA content in the parental 
HT1080-GSE56 cells and in TOP73 cell line before and 24 h or 
48 h after the addition of doxycycline. TOP73 cells, even without 
doxycycline, show a lower fraction of cells with G

1
 DNA content 

and a higher fraction of cells with G
2
/M DNA content relative to 

HT1080-GSE56. TOP73 also showed a readily detectable frac-
tion of cells with higher than G

2
 DNA content; this polyploid 

fraction was negligible in HT1080-GSE56 (Fig. 3A). Since the 
Topo IIβ-knockdown population did not differ from HT1080-
GSE56 in this analysis (data not shown), the change in cell cycle 
distribution of TOP73 cells is most likely due to the elevated 
levels of Topo IIα in TOP73 (Fig. 2A and B). Upon the addi-
tion of doxycycline, the fraction of cells with G

1
 DNA content 

decreased, and the fraction with G
2
/M DNA content increased 

relative to control TOP73 cells (Fig. 3A). Concurrent determina-
tion of the fraction of mitotic cells showed no significant differ-
ences between these samples, indicating that the accumulation 
of cells with G

2
/M DNA content was not due to mitotic arrest.

The accumulation of cells with G
2
 DNA content upon 

Topo II depletion was also indicated by a flow cytometric bro-
modeoxyuridine (BrdU) pulse-chase analysis of cellular DNA. 
In this experiment, TOP73 cells were cultured for 40 h in the 
absence or in the presence of doxycycline, pulse-labeled with 

fact that double knockdown of Topo IIα and Topo IIβ is lethal 
to the cells. Johnson et al.13 have recently reported a derivative 
of chicken DT40 cell line with stable knockdown of Topo IIβ 
and inducible expression of short hairpin RNA (shRNA) target-
ing Topo IIα, which allows one to monitor the effects of Topo 
II depletion upon the addition of the inducer. Topo II deple-
tion in these cells induced mitotic abnormalities similar to those 
observed in mammalian cells upon transfection of Topo IIα and 
Topo IIβ siRNA. Topo II depletion showed no effects on the 
fraction of cells replicating their DNA (the S phase) or on the 
fraction of cells that arrest in mitosis upon nocodazole treatment 
(a measure of G

2
).13 However, the steady-state measurements used 

in the latter study are not sensitive enough to detect more subtle 
kinetic effects on the cellular entry and exit in different phases 
of the cell cycle. In the present study, we have developed what is, 
to the best of our knowledge, the first mammalian cell line with 
regulated Topo II depletion. We then used sensitive cell cycle 
kinetics assays, including time-lapse video microscopy and DNA 
pulse-chase flow cytometric analysis, to investigate the effects of 
Topo II depletion on cell cycle progression in mammalian cells. 
Our results confirm the role of Topo II in mitosis, demonstrate 
that Topo II activity does not affect the rate of DNA replication 
and reveal that Topo II depletion delays the completion of G

2
.

Results

Generation of TOP73 cell line with stable Topo IIβ and induc-
ible Topo IIα knockdown. As the starting cell line, we used 
human HT1080-GSE56 fibrosarcoma cells that had been previ-
ously transduced with GSE56, a transdominant peptide inhibitor 
of p53.23-26 This p53-suppressed cell line was chosen to minimize 
the effects of p53-mediated damage-responsive cell cycle check-
points in the analysis of cell cycle effects of Topo II depletion. 
In preliminary experiments, cells were co-transduced with len-
tiviral vectors carrying different selectable markers and consti-
tutively expressing shRNAs targeting Topo IIβ and Topo IIα. 
We were unable to select any cells transduced with both vectors, 
indicating that simultaneous depletion of both Topo II isoforms 
is lethal to this cell line. We then set out to generate a cell line 
with conditional Topo II depletion, using the scheme shown 
in Figure 1. HT1080-GSE56 cells were first transduced with a 
lentiviral vector that constitutively expresses Topo IIβ-targeting 
shRNA and the DsRed fluorescent marker; the transduced cells 
were selected for DsRed fluorescence by flow sorting. These cells 
(the Topo IIβ-knockdown population) were then sequentially 
transduced with a lentiviral vector expressing the tTR-KRAB 
tetracycline/doxycyline-sensitive repressor27 and then with 
Topo IIα-targeting shRNA cloned into a tTR-KRAB-regulated 
lentiviral vector pLLCEP TU6X that expresses the EGFP-Puro 
fusion marker.28,29 The transduced cells were subcloned, and 
individual clonal cell lines were tested for growth inhibition by 
doxycycline, the expected effect of inducible Topo II depletion. A 
cell line showing the strongest growth inhibition by doxycycline 
was designated TOP73.

Figure 2A compares the levels of Topo IIβ (left) and Topo IIα 
(right) mRNA, measured by quantitative reverse-transcription 
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chromosomes (suggesting poor chromosome condensation) and 
severely entangled chromosomes (suggesting failure to separate 
the daughter chromatids).

Immunofluorescence analysis of mitotic figures was conducted 
by staining of DNA, α-tubulin (mitotic spindle) and γ-tubulin 
(centrosomes). Figure 4C shows the distribution of mitotic 
phases in TOP73 cells grown in the absence or in the presence 
of doxycycline (because of the difficulty of distinguishing meta-
phase and prometaphase in Topo II-depleted cells, these phases 
were grouped together). The main effects of Topo II depletion 
were a decrease in the prometaphase/metaphase fraction and an 
increase in the prophase fraction (Fig. 4C), suggesting a diffi-
culty in reaching metaphase in Topo II-depleted cells. TOP73 
control cells exhibited predominantly normal mitotic morphol-
ogy, but doxycycline-treated cells showed a peculiar combina-
tion of apparently normal metaphase-type mitotic spindles with 
diffuse, poorly condensed DNA that failed to form a metaphase 
plate (Fig. 4D). In addition, we have observed an increased 
incidence of multipolar mitotic figures upon Topo II depletion 
(Fig. 4D). We have also analyzed the effects of Topo II on the 
staining of mitotic figures with the antibody against γH2AX, 
a marker of DNA breaks,30 with DNA counterstaining. The 
images in Figure 4E show the lack of γH2AX-positive foci (yel-
low) in mitotic chromosomes of cells treated with doxycycline 

BrdU for 30 min and analyzed at different chase time points 
by staining for cellular DNA content and immunostaining for 
BrdU. Figure 3B shows the course of changes in the DNA con-
tent of BrdU pulse-labeled TOP73 cells. BrdU-labeled cells first 
increased their DNA content to the G

2
 level, and by 6–8 h of 

chase, some of these cells appeared in the G
1
 fraction, indicating 

completion of mitosis. The most prominent difference between 
doxycycline-treated and untreated cells was observed after 8 h of 
chase, at which time 54.9% of BrdU-labeled cells have acquired 
G

1
 DNA content, as compared with only 34.8% of doxycycline-

treated cells (Fig. 3B), indicating a delay in G
2
 or M upon 

Topo II depletion.
The increased fraction of cells with G

2
 DNA content upon 

Topo II depletion could result either from a failure of cells to enter 
mitosis or from re-entry of cells with fully replicated DNA into 
the interphase without cell division (restitution). We have inves-
tigated the effects of Topo II depletion on the course of mitosis in 
TOP73 cells by time-lapse phase-contrast video microscopy. The 
filming was conducted for a period of 72 h in the absence or in 
the presence of doxycycline. Cells were analyzed for the time of 
entry and exit from mitosis and the outcome of mitosis. The addi-
tion of doxycycline increased the length of the cell cycle (the time 
from the onset of the first mitosis after the start of filming to the 
onset of the second mitosis) from 26.9 ± 1.9 h to 33.9 ± 8.3 h (31 
cells in each group). The duration of mitosis in Topo II-depleted 
cells increased more than 3-fold among cells that entered mitosis 
after 24 h of doxycycline treatment from 1.2 ± 0.6 h to 3.7 ± 1.0 h 
(41 cells in each group). Such a delay is indicative of difficulties 
in the mitotic process. This was corroborated by the analysis of 
mitotic outcomes, which were determined for 54 doxycycline-
treated and 39 untreated cells starting 24 h after the addition of 
doxycycline. Only 51.9% of mitotic events among doxycycline-
treated cells ended in cell division (Movie S1), as compared with 
92.3% of control TOP73 cells. On the other hand, 42.6% of 
doxycycline-treated cells but only 5.1% of control cells underwent 
restitution (Movies S2 and S3), whereas 5.6% of mitoses in dox-
ycycline-treated cells and 2.6% of mitoses in control cells ended 
in cell death through apoptosis (Movie S4). Cells that underwent 
restitution became micronucleated, and some of the micronucle-
ated cells died through apoptosis (Movie S5). The frequent resti-
tution events indicate that the increase in the fraction of cells with 
G

2
 DNA content upon Topo II depletion is due, at least in part, to 

the failure of mitosis and accumulation of polyploid cells.
We have also analyzed the effects of Topo II depletion on 

mitosis by microscopic assays, including morphological analy-
sis of chromosome spreads and immunofluorescence analysis of 
mitotic figures. Examination of chromosome spreads showed 
several types of chromosomal morphology, classified as normal, 
shortened, entangled, severely entangled or amorphous (see 
examples in Fig. 4A). 100 chromosome spreads were classified 
for each of HT1080-GSE56 cells, the Topo IIβ-knockdown 
cells, TOP73 control cells and doxycycline-treated TOP73 cells. 
As shown in Figure 4B, the first three cell populations showed 
predominantly normal chromosomes, but 60% of doxycycline-
treated TOP73 cells displayed abnormal chromosome mor-
phology, with the most common categories being amorphous 

Figure 1. Scheme of generation of HT1080-derived TOP73 cell line with 
regulated Topo II depletion.
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Figure 2. Topo II-knockdown analysis. (A) mRNA levels of Topo IIβ (left) and Topo IIα (right) in the parental HT1080-GSE56 cells, Topo IIβ-knockdown 
population and TOP73 cell line before and at the indicated time points after the addition of doxycycline. Means and standard deviations of QPCR mea-
surements conducted in triplicates. (B) Immunoblotting analysis of Topo IIα (above) and Topo IIβ (below) in the same cell populations as in (A).  
(C) Kinetics of TOP73 cell growth in the absence and in the presence of doxycycline.
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staining (Fig. 5A). TOP73 cells were cultured for 40 h in doxycy-
cline-containing or control media, and after EdU pulse-labeling 
for 30 min, chased for 1, 2, 3, 4 or 5 h, followed by staining 
and flow cytometric analysis. Figure 5B shows the time course 
of changes in DNA content for EdU pulse-labeled TOP73 cells 
during the 5 h pulse. The DNA content of pulse-labeled cells 
(a representation of DNA replication) was indistinguishable 
between doxycycline-treated and untreated cells at any time 
point (Fig. 5B). Similarly, no difference in the rate of increase 
in the DNA content of S-phase cells was detectable in the BrdU 
pulse-chase experiment in Figure 3B. Hence, Topo II depletion 
does not affect the rate of DNA replication.

The duration of G
2
 was measured by the kinetics of the 

appearance of EdU pulse-labeled cells that express the mitotic 
marker GF-7. GF-7 staining was not only specific for mitotic vs. 
interphase cells, but also strongly associated with cells in pro-
phase (Fig. 5A), indicating that the acquisition of GF-7 positivity 
coincides with the entry in mitosis. The distribution of EdU and 

for 24 h or 48 h, in contrast to strong γH2AX staining of the 
chromosomes in cells treated with a Topo II “poison” doxorubi-
cin (Fig. 4E).

Effects of Topo II depletion on the duration of S and 
G

2
 phases. The time course of DNA replication (the S phase) and 

of the transition between DNA replication and mitosis (the G
2
 

phase) was analyzed by a flow cytometric pulse-chase assay simi-
lar to the one shown in Figure 3B, but utilizing 5-ethynyl-2'-de-
oxyuridine (EdU) incorporation, followed by a chemical reaction 
for fluorescent labeling31 instead of BrdU immunostaining. The 
use of EdU allowed us to combine the analysis of EdU pulse-
labeling with DNA staining by 4',6-diamidino-2-phenylindole 
(DAPI) and mitotic cell staining with GF-7, an antibody that 
selectively stains mitotic cells32 and that produced, in our hands, 
the strongest immunofluorescence signal for mitotic cells among 
several mitotic cell-specific antibodies. GF-7 reactivity with cells 
in different phases of mitosis was verified by immunoperoxidase 

Figure 3. Flow cytometric analysis of changes in DNA content of TOP73 cells upon Topo II depletion. (A) Flow cytometric analysis of DNA content in 
the parental HT1080-GSE56 cells and in TOP73 cell line before and at the indicated time points after the addition of doxycycline. The percentages of 
cells with G1 and G2/M DNA content are shown. (B) Flow cytometric analysis of changes in DNA content of TOP73 cells that were pulse-labeled with 
BrdU 40 h after culture in the absence (above) or in the presence of doxycycline (below) at the indicated time points after the removal of BrdU. Only 
BrdU-positive cells are shown.
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Figure 4. Morphological analysis of changes in mitosis of TOP73 cells upon Topo II depletion. (A) Mitotic spread images of different types of chromo-
somal morphology. Arrows indicate entangled chromosomes. (B) Distribution of different types of chromosomal morphology in TOP73 cells, untreat-
ed or treated for 48 h with doxycycline (107 cells in each group). Means and standard deviations for three independent experiments. (C) Distribution 
of mitotic phases among mitotic figures of TOP73 cells, untreated (114 cells) or treated for 48 h with doxycycline (111 cells), as determined by immuno-
fluorescence microscopy. Means and standard deviations for three independent experiments. (D) Immunofluorescent images of normal metaphases 
(control cells), metaphase plates with poorly condensed DNA and multipolar mitoses (doxycycline-treated TOP73 cells). Mitotic cells were stained with 
DAPI (DNA staining, blue) and with antibodies against α-tubulin (mitotic spindle, green) and γ-tubulin (centrosomes, red). (E) Immunofluorescence 
analysis of DNA damage in mitotic chromosomes of TOP73 cells, untreated or treated with doxycycline for 24 h or 48 h and in HT1080-GSE56 cells 
treated with 100 nM doxorubicin for 9 h. Cells were stained with PI (DNA, red) and an antibody against γH2AX, a marker of DNA damage (green).
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did not affect DNA replication in budding yeast, whereas the 
completion of DNA replication in this system was prevented by 
the expression of catalytically inactive Topo II.7 On the other 
hand, we observed a delay in the entry of DNA pulse-labeled 
cells into mitosis, a measure of G

2
 in Topo II-depleted cells. The 

G
2
 checkpoint induced by Topo II inhibitors is presently believed 

to require the presence of the Topo II protein,12-14 and previous 
Topo II-knockdown studies did not detect apparent changes in 
the length of G

2
.13 Those studies, however, did not utilize the sen-

sitive pulse-chase approach used in the present work. The delay 
in mitotic entry (Fig. 5D) was moderate and gradual, suggesting 
that extension of G

2
 upon Topo II depletion is not due to the 

activation of a checkpoint.
Importantly, Topo II depletion induced mitotic catastrophe, 

i.e., abnormal mitosis that eventually leads to cell death or perma-
nent cessation of cell proliferation.36 This was evidenced by video 
microscopy observations of cell death that occurred either dur-
ing mitosis or after restitution that followed unsuccessful mito-
sis as well as by the formation of multiple micronuclei, the most 
common marker of mitotic catastrophe, upon Topo II depletion. 
Mitotic catastrophe is the principal cause of tumor cell death 
induced by Topo II “poisons” and other anticancer agents,24,36,37 
which argues for the potential utility of catalytic inhibitors of 
Topo II as cytotoxic anticancer agents.

Materials and Methods

Development of TOP73 cell line. Lentiviral transduction was 
performed as described in reference 29. HT1080-GSE56 cells38 
were transduced with a lentiviral vector expressing shRNA against 
Topo IIβ (target sequence GGA TTA TGT GGT AGA TCA A), 
cloned into a modified version of pLL3.7 vector,39 where EGFP 
marker was replaced with DsRed. Transduced cells were selected 
for DsRed fluorescence using FACS Aria (BD Biosciences). These 
cells were then consecutively transduced with lentiviral vector 
pLV-tTR-KRAB-red expressing doxycycline-regulated tTR-
KRAB repressor (a gift of D. Trono, University of Geneva)27 and 
with shRNA against Topo IIα (target sequence GGA AAC AGC 
CAG TAG AGA ATA) in tTR-KRAB-regulated pLLCEP TU6X 
vector.28,29 The infected cells were selected for GFP fluorescence 
and subcloned. Individual clones were analyzed for growth inhi-
bition by 200 ng/ml doxycycline; the best-responding clone was 
designated TOP73. Growth kinetics were determined by plat-
ing 2 x 105 cells per P100, adding doxycycline or vehicle 12 h 
later and counting cells using Z1 cell counter (Beckman Coulter) 
every 5–6 h, starting 3 h after the addition of doxycycline.

Topo II RNA and protein expression assays. Topo II mRNA 
expression was analyzed by QPCR, as described in reference 29, 
using the following pairs of primers: forward 5'-TGG CTG AGG 
TTT TGC CTT CT-3' and reverse 5'-GGC CTT CTA GTT 
CCA CAC CA-3' (Topo IIα) and forward 5'-AGG AAA GCA 
TCT GGC TCT GA-3' and reverse 5'-TCT GAG GGG AAG 
ATG TCC AC-3' (Topo IIβ). Immunoblotting analysis was per-
formed by standard procedures, using rabbit polyclonal antibody 
against Topo IIβ (SC-13059, Santa Cruz Biotechnology,  Inc.) 
and mouse monoclonal antibody against Topo IIα (Novocastra 

GF-7-labeled cells in each sample is shown in Figure 5C, and 
the time course of the appearance of cells positive for both EdU 
and GF-7 is plotted in Figure 5D. This analysis demonstrates 
that doxycycline-treated TOP73 cells display slower progression 
through G

2
 relative to control cells, indicating that Topo II deple-

tion causes a delay in G
2
.

Discussion

The TOP73 human cell line with inducible Topo II depletion 
developed in the present study offers the first cellular model 
for monitoring long-term consequences of Topo II depletion in 
mammalian cells. Such a model has been previously developed 
in avian DT40 cell line,13 but accomplishing this goal in mam-
malian cells proved to be very difficult due to the lethal cellular 
effects of Topo II depletion. We believe that we have succeeded in 
developing a Topo IIβ-depleted cell line that also showed condi-
tional Topo IIa knockdown due to the selection of a rare variant 
with a highly elevated basal level of Topo IIα, a likely prerequi-
site for conditional Topo IIα depletion in mammalian cells. The 
TOP73 line can be used to study the role of Topo II in cell cycle 
progression and other biological processes, such as transcription 
or DNA repair. The effects of Topo II depletion observed in 
TOP73 cells allow one to differentiate the effects of decreased 
DNA decatenation expected from “pure” catalytic inhibition of 
Topo II from the consequences of stabilization of intermediate 
Topo II complexes or other non-functional forms of Topo II and 
from off-target effects of Topo II inhibitors.

Previous studies of Topo II knockdown in mammalian or 
avian cells revealed severe perturbations of mitosis, in agreement 
with the well-known role of Topo II in chromosome condensa-
tion and segregation. The impairment of mitosis has also been 
observed upon treatment with ICRF-193, generally believed to 
be a catalytic inhibitor of Topo II.33,34 Our study indicates that 
disruption of mitosis is the principal cell cycle effect of Topo II 
depletion and offers a more detailed description of the effects of 
Topo II depletion on the outcomes of mitosis and chromosome 
morphology. As a result of impaired mitosis, Topo II depletion 
leads to a failure of cell division, with the ensuing cell death 
(mitotic catastrophe) or restitution. The latter outcome leads 
to an increase in DNA ploidy, which has also been observed in 
ICRF-193-treated cells33 and which can be misinterpreted as 
“G

2
 arrest” in flow cytometric analysis of DNA content. The 

increase in the chromosome number upon restitution can lead 
to multipolar mitosis, which is suppressed by p53,35 and we have, 
indeed, observed multipolar mitosis upon Topo II depletion in 
our p53-suppressed cellular system.

We have used flow cytometric analysis of pulse-chase DNA 
labeling to investigate the effects of Topo II depletion on the 
kinetics of DNA replication and G

2
. Topo II depletion had no 

detectable effect on the DNA content of cells with pulse-labeled 
DNA at any time point until the completion of DNA replica-
tion, arguing that DNA decatenation by Topo II does not affect 
S-phase progression. Similarly, no effect on DNA replication was 
observed upon knockdown of both Topo II isoforms in chicken 
cells, albeit with a less sensitive approach.13 Topo II depletion also 
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Figure 5. Pulse-chase analysis of the effects of Topo II depletion on DNA replication and G2 phase of TOP73 cells. (A) Immunoperoxidase staining of 
the interphase and different mitotic phases of HT1080 cells with GF-7 antibody (above); DAPI counterstaining of DNA (below). (B) Flow cytometric 
analysis of changes in DNA content of TOP73 cells that were pulse-labeled with EdU 40 h after culture in the absence (above) or in the presence of 
doxycycline (below) at the indicated time points after the removal of EdU. Only EdU-positive cells are shown. (C) Flow cytometric analysis of EdU and 
GF-7 labeling of TOP73 cells that were pulse-labeled with EdU 40 h after culture in the absence (above) or in the presence of doxycycline (below), at 
the indicated time points after the removal of EdU. Percentages of EdU+ GF-7- and EdU+ GF-7+ cells are shown. (D) Time course of mitotic entry in TOP73 
cells, untreated or treated with doxycycline. Percentages of EdU+ GF-7+ cells from (C) are plotted.



www.landesbioscience.com	 Cell Cycle	 3513

Trevigen, 4411pc-100) (1:100) and Alexa Fluor 594-conjugated 
goat anti-rabbit antibody (Invitrogen) (1:200). Chromosome 
spreads were prepared by collecting mitotic cells through mitotic 
shake-off and fixing the cells in cold methanol:glacial ace-
tic acid (4:1). Pellets were collected by centrifugation, washed, 
resuspended in methanol:acetic acid and dropped onto micro-
scope slides from 10” height. Slides were dried and treated with 
mounting media Vectashield (Vector Laboratories) containing 
0.05 μg/ μl PI and 1 mg/ml RNase A. GF-7 monoclonal antibody 
staining was detected using an HRP-linked horse anti-mouse 
IgG (Cell Signaling Technology, 7076) with DAPI counterstain-
ing. Time-lapse video microscopy of live cells was done using 
Leica DM IRE2 inverted microscopes in a climate-controlled 
37°C room using GIBCOTM CO

2
-independent culture medium 

(Invitrogen, 18045). The microscopes interfaced with personal 
computers running Leica’s FW4000 program, which controlled 
the camera (Leica DC350FX) as well as focus position, filter 
cube, light source and transmitted light intensity. The FW4000 
program was used to run acquisition protocols over at least three 
days and images were taken every 3 min.
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Laboratories Ltd., 3F6), HRP-conjugated anti-rabbit antibody 
(Amersham Biosciences, NA934V) and R-Phycoerythrin-
conjugated goat anti-mouse IgG (Sigma-Aldrich).

Flow cytometric assays. Flow cytometric analysis was per-
formed using LSRII flow cytometer (BD Biosciences) with FACS 
Diva acquisition and analysis software. Ethanol-fixed cells were 
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idium iodide (PI). Mitotic cells were detected by staining with 
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Albert Einstein College of Medicine) at 1:1,000 dilution, fol-
lowed by 1:200 dilution of R-Phycoerythrin-conjugated goat 
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mouse IgG (Molecular Probes/Invitrogen) at 1:200 dilution. For 
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EdU from Click-iT EdU Alexa Fluor Cell Proliferation Assay 
kit (Invitrogen). Cells were permeabilized and labeled with 
Click-iT reaction mixture per the manufacturer’s instructions. 
The labeled cells were stained with DAPI and with GF-7 anti-
body, followed by Alexa Fluor 633-labeled goat anti-mouse IgG 
(Invitrogen).

Microscopic assays. Confocal fluorescence microscopy was 
performed using Zeiss Axiovert 200 with the LSM 510 META 
detector and LSM 510 software. For immunofluorescence assays, 
methanol-fixed cells were stained with α-tubulin mouse mono-
clonal antibody (Sigma-Aldrich, B-5-1-2) (1:200) and Alexa 
Fluor 488-labeled goat anti-mouse antibody (Invitrogen) (1:200), 
tetramethyl rhodamine isothiocyanate (TRITC)-conjugated 
γ-tubulin goat antibody (Santa Cruz Biotechnology, SC-7396) 
and DAPI. For γH2AX labeling, cells were incubated with 1:100 
γH2AX rabbit polyclonal antibody (Sigma-Aldrich, H5912 or 
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