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Topoisomerase Inhibitor Induced Dephosphorylation
of H1 and H3 Histones as a Consequence of
Cell Cycle Arrest
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Abstract Posttranslational modifications of histones have an integral function in the structural and functional
organization of chromatin. Several changes in the modification state of histones could be observed after induction of
apoptosis with topoisomerase inhibitors and other inducers. Most of these studies include the analysis of the state of
phosphorylation of histones, and the results are to some extent controversial, depending on cell lines and agents used. In
the present study we compared the kinetics of the dephosphorylation of H1 and H3 histones with apoptosis markers after
treatment of leukemic cell lines with topoisomerase inhibitors. In parallel, we determined cell cycle parameters in detail.
Dephosphorylation of both histone classes started within 1 h of induction, and no direct correlation with timing and
intensity of the investigated apoptotic features could be observed. In contrast, we show that the effect of topoisomerase
inhibitors on the state of H1 and H3 phosphorylation is not directly related to apoptosis, but reflects the changes in the cell
cycle distribution of cells treated with these inducers. J. Cell. Biochem. 95: 1235–1247, 2005. � 2005 Wiley-Liss, Inc.
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In eukaryotes, DNA is organized as a nucleo-
protein complex termed chromatin. The basic
unit of chromatin is the nucleosome, consisting
of an octamer of two of each of the four
core histones H2A, H2B, H3, and H4, one
linker histone H1 and about 200 bp of DNA
[Khorasanizadeh, 2004]. All histone classes,
except H4, consist of several subtypes. These
histones mediate the compaction of the DNA
within the nucleus and are important for the
regulation of genome function [reviewed in
Horn and Peterson, 2002; Felsenfeld and Grou-
dine, 2003]. The histones are targets of several

types of covalent modifications including acet-
ylation, methylation, ubiquitination, sumoyla-
tion, and phosphorylation [Grant, 2001; Shiio
and Eisenman, 2003]. According to the so called
histone code hypothesis, the histones and their
covalent modifications contribute to a mech-
anism that can alter chromatin structure and
thereby regulate gene expression or define
specific higher order structures [Strahl and
Allis, 2000; Jenuwein and Allis, 2001]. The
number of described modification sites is con-
tinuously growing, but in just few cases the
functional implications of their modifications
are known. Particularly, the influence of the
histonemodifications during the apoptotic chro-
matin changes has hardly been investigated.
Most frequently, a change of the phosphoryla-
tion state of the histones during apoptosis was
observed but the results are to some extent
controversial, depending on the cell line and on
the agent used to induce apoptosis [reviewed in
Th’ng, 2001].

Recently, we have demonstrated a depho-
sphorylation of H1 histones during apoptosis
induced with the camptothecin derivative topo-
tecan, an inhibitor of the topoisomerase I and
the kinase inhibitor staurosporine, respectively
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[Kratzmeier et al., 2000]. In the present study,
we have extended the analysis to H3 histones
and have included an additional cell line
(Jurkat) and the topoisomerase II inhibitor
etoposide in addition to the topoisomerase I
inhibitor topotecan.

Among other effects, the phosphorylation of
theH1 aswell as of theH3histones is correlated
to the cell cycle [Loury and Sassone-Corsi,
2003]. The H1 subtypes are progressively phos-
phorylated during the cell cycle and this modi-
fication becomes maximal during late G2 and
mitosis [Bradbury et al., 1973, 1974; Hohmann
et al., 1976; Boggs et al., 2000]. The number of
attached phosphate groups increases from zero
to three in lateS-phaseup tofive to six at theG2/
M transition [Langan et al., 1981; Talasz et al.,
1996]. H3 histones are highly phosphorylated
by the Aurora-B kinase at Ser10 and Ser28
during mitosis, but the function of these phos-
phorylations is not completely elucidated [Goto
et al., 2002; Sugiyama et al., 2002; Prigent and
Dimitrov, 2003].

Here we show that the dephosphorylation of
H1 and H3 histones as observed after apoptosis
induction is not correlated with the timing and
intensity of the investigated apoptotic features.
In contrast, we demonstrate a correlation of
the dephosphorylation of both histone classes
with a change in the cell cycle distribution of
leukemic cell lines after treatment with topoi-
somerase inhibitors.

MATERIALS AND METHODS

Cell Culture

The human leukemic cell line HL60 was
cultured as described previously [Kratzmeier
et al., 2000]. The human leukemic cell line
Jurkat (DSMZ no. ACC 282) was obtained from
the DSMZ (Braunschweig, Germany). Jurkat
cells were cultured in RPMI-1640 medium
(BiochromKG,Berlin,Germany) supplemented
with 1% glutamine and 10% fetal calf serum
(FCS, Biochrom KG, Berlin, Germany) in a
humidified 5% CO2 atmosphere.

Induction of Apoptosis and Cell Cycle Arrest

To induce apoptosis, both cell lines HL60 and
Jurkat were treated with topotecan (final con-
centration 328 nM; stock solution dissolved in
H2O; GlaxoSmithKline, München, Germany)
or etoposide (final concentration 20 mM; stock
solution dissolved in EtOH; Sigma, Tauf-

kirchen, Germany) for various times as indi-
cated in the figures. To accumulate HL60 cells
in different cell cycle phases, cells were in-
cubated with aphidicolin (1.5 mM for 24 h;
Qbiogene-Alexis, Grünberg, Germany), 5-fluor-
ouracil (20 mM for 24 h; Sigma) or nocodazole
(1.33 mM for 12 h; Sigma) as indicated in the
figures.

Assays for Apoptosis Detection

The process of ongoing apoptosis was moni-
tored by light microscopy and also by the iso-
lation of fragmented DNA from apoptotic cells
as described previously [Kratzmeier et al.,
1999]. The fragmented DNA from equal num-
bers of cells was applied onto a 1.5% agarose gel
and separated electrophoretically.

In addition, the protease activity of caspase-3
was measured according to the method of
Thornberry [1994] as described by Meergans
et al. [2000] with the following modifications:
10 ml of cytosolic extracts were mixed with 90 ml
substrate buffer (50 mM fluorogenic substrate
AcDEVD-AFC (Biosource, Camarillo, USA) in
50 mM HEPES, pH 7.5, 1% sucrose, 0.1%
CHAPS, 10 mM dithiothreitol). Blanks con-
tained 10 ml of extraction buffer and 90 ml of
substrate buffer. Generation of free AFC was
determined by fluorescence measurement at
t¼ 0/t¼ 20min using the FluoroskanAscent FL
(Labsystems, Frankfurt, Germany) set at an
excitation wavelength of 390 nm and an emis-
sion wavelength of 510 nm.

Purification of Histone Proteins
From Human Tumor Cell Lines

For the purification of H1 histones cells
(usually 5� 107 cells/incubation) were harvest-
ed by centrifugation (5 min, room temperature,
300g) and washed once with phosphate-buf-
fered saline. Perchloric acid (0.83M) was added
to the cell pellet, and cells were lysed and
extracted by incubation for 1 h on ice. Samples
were centrifuged (10min, 48C, 14,000g) and the
acid-soluble proteins in the supernatant were
precipitated with a final concentration of 20%
TCA for 1 h. After centrifugation (30 min, 48C,
14,000g), the pellet was washed with cold
(�208C) acetone and air-dried. The histones
were dissolved in 30 mM HCl. The purification
of core histones was done in the same way with
the exception that the cell pellet was extract-
ed with 0.2 M sulfuric acid instead of 0.83 M
perchloric acid.
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Immunoblotting

Core histones were separated on a 15%
SDS-polyacrylamidegel andelectrophoretically
transferred to nitrocellulose. Blots were probed
with phospho-histone H3 (Ser10) antibody
(no. 9701; CST, New England Biolabs, Frank-
furt, Germany) in a 1:1,000 dilution or phospho-
histone H3 (Ser28) antibody (no. 07-145;
Upstate, Charlottesville, USA) in a 1:500 dilu-
tion. After incubation with a horseradish per-
oxidase-conjugated goat anti-rabbit antibody
(no. A0545; Sigma), the immunoreactive pro-
teins were visualized using the chemilumines-
cence ECL plus detection system (Amersham
Bioscience, Freiburg, Germany). To confirm
equal amounts of histone H3 in each lane, blots
were stripped and probed with a histone H3
antibody (no. 9715; CST) followed by alkaline
phosphatase-conjugated goat anti-rabbit anti-
body (no. 111-055-045, Dianova, Hamburg,
Germany).

CZE of H1 Histones

CZEwas performed on a P/ACEMDQ system
(Beckman Coulter, Fullerton, USA). The sepa-
ration conditions are described in Kratzmeier
et al. [2000]. The capillary type was fused silica
with 110 cm length, and an inner diameter of
50 mm. Separations were performed at the fol-
lowing conditions: temperature, 308C; voltage,
18.3 kV; separation time, 60 min; sample injec-
tion by pressure; injection time, 10 s; sample
protein concentration, �0.5 mg/ml; absorbance
detection at 200 nm. Separation buffer was
30 mM H3PO4, 60 mM HClO4, 0.02% hydro-
xypropylmethylcellulose, pH 2.0, adjusted with
triethylamine.

Flow Cytometry

To estimate the cell cycle distribution, control
and treated cells (1� 106 cells)werefixed in70%
ethanol at �208C and washed with PBS. Fur-
ther preparation was done with the CycleTest
Plus DNAReagent Kit according to the instruc-
tions provided (no. 340242; BD Bioscience, San
Jose, USA) and samples were subjected to a
FACSCalibur Flow Cytometer (BD Bioscience).
Cell cycle distribution was analyzed using the
software Modfit LT (Verity Software House,
Topsham, USA).
For staining of cdc2 phosphorylated at Tyr15

control and treated cells were fixed in 70%

methanol at�208C. Cells were then centrifuged
(500g, 48C, 5 min), rinsed once with PBS/1%
BSA, centrifuged again, and resuspended in
1 ml PBS/0.25% Triton X-100. Cells were kept
on ice for 5 min, then 3 ml PBS were added and
centrifuged again. The cells were washed twice
with PBS/1% BSA and then resuspended in
100 ml PBS/1%BSA, containing the phospho-
cdc2 (Tyr15) antibody (no. 9111; CST) in a 1:100
dilution. As isotype control normal rabbit IgG
(no. NI01; Oncogene, San Diego, USA) was
used. After overnight incubation at 48C, the
cells were rinsed twice with PBS/1% BSA and
then resuspended in 100 ml of PBS/1% BSA
containing Alexa Fluor 488 F(ab0)2 fragment of
goat anti-rabbit IgG antibody (no. A11070,
Molecular Probes, Eugene, USA) in a 1:400
dilution. A 45 min incubation at room tempera-
ture followed, after which the cells werewashed
twice with PBS/1% BSA. The DNA was stained
by suspending the cells in 500 ml PBS containing
100 mg/ml RNase A and 50 mg/ml propidium
iodide. After an incubation of 30 min at
room temperature cells were measured with a
FACSCalibur Flow Cytometer (BD Bioscience).
Analysis was done using the software WinList
(Verity Software House).

Immunofluorescence Microscopy

To estimate the amount of M-phase cells,
control and treated cells were fixed with cold
(�208C) methanol and stained with the DNA
fluorochrome 40-6-diamidine-2-phenyl indole
(DAPI) using Vectashield Mounting Medium
with DAPI (Vector Laboratories, Burlingame,
USA). At least 1,000 cells were screened under
a fluorescence microscope (Axioskop, Zeiss,
Göttingen, Germany) and cells with mitotically
condensed chromatin (prophase to telophase)
were counted.

RESULTS

Topoisomerase Inhibitor Induced
Dephosphorylation of H3 Histones

To investigate the state of phosphorylation of
the H3 histones after induction of apoptosis,
Jurkat and HL60 cells were treated with the
topoisomerase inhibitor topotecan orHL60 cells
were treatedwith the topoisomerase II inhibitor
etoposide. Histones were extracted at different
times after induction and the phosphorylation
of H3 histones was analyzed using antibodies
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specific for phospho-histone H3 (Ser10) and
phospho-histone H3 (Ser28). The progression of
apoptosis was followed by analyzing oligonu-
cleosomal DNA fragmentation and the activity
of caspase-3.

After induction of HL60 cells with topotecan,
an increasing oligonucleosomal DNA fragmen-
tation and an increase of the caspase-3 activity
was observed 2 h after induction (Fig. 1A,B,
HL60þ topotecan). This apoptotic response of
HL60 cells to topoisomerase I inhibitors has
previously been demonstrated by us [Kratzme-
ier et al., 1999] and by other groups [Kantarjian,
1999]. A rapid dephosphorylation ofH3at Ser10

as well as at Ser28 started in the first hour after
induction. Six hours after induction of the cells
with topotecan phosphorylation at Ser10 and
Ser28was decreased below the limit of detection
(Fig. 1C).

Jurkat cells treated with topotecan also
showed a rapid dephosphorylation of the his-
tones H3 at Ser10 and Ser28 (Fig. 1C; Jurkatþ
topotecan). Apoptotic characteristics were first
observed after 4 h through an increase of
caspase-3 activity (Fig. 1A,B). Six hours after
induction, there was a strong apoptotic signal
for the chromatin fragmentation (Fig. 1A) and
caspase-3 activity (Fig. 1B).

Fig. 1. Dephosphorylation of H3 histones after treatment of
HL60 and Jurkat cells with topoisomerase inhibitors. HL60 and
Jurkat cells were treated with 328 nM topotecan or HL60 cells
were treated with 20 mM etoposide for 1, 2, 4, and 6 h. Frag-
mented DNA was isolated (A). The DNA size marker (M) was
lambda DNA/EcoRIþHindIII from MBI with fragments between

21,226 bp and 564 bp. Caspase-3 activity was measured in cell
lysates using the colorimetric substrate DEVD-AFC (B). Core
histones were purified as described and equal protein amounts
were separated by 15% SDS-PAGE and immunoblotted with
phospho-H3 (Ser10) antibody (p-H3 (Ser10)), phospho-H3
(Ser28) (p-H3 (Ser28)), and H3 antibody (C).
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In a second series of experiments, we treated
HL60 cells with the topoisomerase II inhibitor
etoposide. This also resulted in a rapid depho-
sphorylation of the H3 histones. The effect on
H3 phosphorylation was observed during the
first hour after induction and its progression
was faster than in case of the topotecan treat-
ment (Fig. 1C;HL60þ etoposide). The apoptotic
markers were not positive until 4 h after induc-
tion and then they abruptly turned to high
intensity (Fig. 1A,B).
In all the three assays, the dephosphorylation

of H3 at Ser10 and Ser28 started in the first
hour after induction. In these cases, no corre-
lation in timing and intensity with the detect-
able activation of apoptotic markers could be
observed.

Correlation Between the H3 Dephosphorylation
and the Decrease of M-phase Cells After

Treatment With Topoisomerase Inhibitors

Because of theknownassociation between the
phosphorylation state of the H3 histones and
the M-phase of the cell cycle, we analyzed
whether the dephosphorylation of H3 histones
observed after treatment with topoisomerase
inhibitors was caused by a decrease of mitotic
cells. For this reason, we counted under the
microscope the cells with mitotically condensed
chromatin, i.e., cells from prophase to telo-
phase, after DAPI-staining. We then compared
this distribution with the state of dephosphor-
ylation of the H3 histones at Ser10 and Ser28.
With all the three assays (HL60 cells with
topotecan or etoposide, Jurkat cells with topo-
tecan), a dramatic decrease of the number of
mitotic cells could be observed that corres-
ponded to the dephosphorylation of the H3
histones at Ser10 and Ser28 (Fig. 2). Two hours
after induction, the decrease of the phos-
phorylation at Ser10 was slightly slower than
that of Ser28. This can be explained by the fact
that the mitotically linked phosphorylation
of H3 at Ser10 can be found from late G2 to
metaphase and at Ser28 for a shorter time,
namely, from prophase to metaphase [Goto
et al., 2002].
We further confirmed our results in case of

the topotecan treated Jurkat cells, where a
rapid decrease of the H3 phosphorylation in the
first hour of induction had been observed
(Fig. 1C), by analyzing the share of cdc2 phos-
phorylated at Tyrosine 15 (Tyr15). This phos-
phorylation inhibits the activity of the cdc2

kinase that is necessary for the entry into theM-
phase [Norbury et al., 1991].

We treated Jurkat cells with topotecan for 1
and 2 h, and determined the DNA content and
the phosphorylation of cdc2 at Tyr15 by flow
cytometry (Fig. 3). The analysis of G2/M phase
cells in the control revealed two populations
regarding the phosphorylation of cdc2 at Tyr15.
One small portion of the cells was negative in
relation to this phosphorylation. These are the
M-phase cells. Themain portion of the cells was
positive in respect to this phosphorylation at
Tyr15, they represent the cells in G2 (Fig. 3C,
control).Onehourafter inductionof Jurkat cells
with topotecan, therewasanobvious loss of cells
with cdc2 dephosphorylated at Tyr15 demon-
strating the decrease of M-phase cells (Fig. 3C,
1 h). A further decrease of cells with cdc2 de-
phosphorylated at Tyr15 could be observed 2 h
after induction (Fig. 3C, 2 h). Together these
results show an arrest at G2/M transition after
topotecan treatment, and thus a clear relation-
ship between thedecrease of the rate ofM-phase
cells and the dephosphorylation of H3 at Ser10
and Ser28 after apoptosis induction with topoi-
somerase inhibitors.

Fig. 2. Comparison of H3 phosphorylation with percentage of
cells with mitotically condensed chromatin. HL60 cells and Jukat
cells were treated with 328 nM topotecan or HL60 cells were
treated with 20 mM etoposide for 2 and 6 h or were not induced
(control, C). Core histones were extracted and immunoblots with
phospho-H3 (Ser10) and phospho-H3 (Ser28) antibody were
carried out. From the same experiment cells were stained with
the DNA binding fluorochrome DAPI and at least 1,000 cells
were examined by fluorescence microscopy and cells with
mitotically condensed chromatin (prophase to telophase) were
counted.
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Dephosphorylation of H1 Histones as
a Result of a Change of the Cell Cycle
Distribution After Apoptosis Induction

With Topoisomerase Inhibitors

We have previously described the depho-
sphorylation of H1 histone subtypes after topo-
tecan treatmentofHL60cells [Kratzmeier etal.,

2000]. Now we have investigated the phos-
phorylation state of the H1 histones of HL60
cells after treatment with etoposide and of
Jurkat cells after induction with topotecan so
as to compare these results with the kinetics of
the H3 histone dephosphorylation.

The phosphorylation state of the H1 histones
was analyzed using CZE. The migration time of

Fig. 3. Cell cycle arrest in G2 after topotecan treatment. After
treatment of Jurkat cells with 328 nM topotecan for 1 and 2 h
(untreated cells¼ control) they were analyzed by flow cytome-
try. Cells were double-labeled with propidium iodide to analyze
the cell cycle profile and with an antibody specific for cdc2
phosphorylated at tyrosine 15 (p-cdc2 (Tyr15)). The cell cycle

distribution was displayed (A) and a gate (R) was set around the
G2/M cells. A plot of the cell cycle distribution vs. p-cdc2 (Tyr15)
is shown in (B). The squares (R) enclose the gated G2/M cells. The
p-cdc2 (Tyr15) fluorescence histogram of the gated G2/M cells is
shown in (C). The p-cdc2 (Tyr15)-negative portion represents the
M-phase cells, while cells in G2 are positive for p-cdc2 (Tyr15).

Fig. 4. Comparison of the H1 dephosphorylation and the cell
cycle distribution after apoptosis induction with topoisomerase
inhibitors. HL60 and Jurkat cells were treated with 328 nM
topotecan and HL60 cells treated with 20 mM etoposide for 2 and
6 h or were not induced (control). H1 histones were purified by
perchloric acid extraction and subjected to CZE using fused silica
capillary. Absorbance data at 200 nm were continuously
recorded (A, C, E). The identities of the peaks within the total
H1 pattern with the three main H1 subtypes (H1.2, H1.4, and
H1.5) and their monophosphorylated forms (p-H1.2, p-H1.4,

and p-H1.5) are indicated with arrows as described previously
[Kratzmeier et al., 2000]. The higher phosphorylated forms
comigrate with the H1.2 and p-H1.2 peaks and even at later
migration times. The cell cycle distribution was measured
by flow cytometry and data were analyzed using the software
Modfit LT from Verity (B, D, F). The percentage distribution in
the different phases of the cell cycle is given by numbers in the
graphs. For example: HL60 untreated control cells with 36% in
G1-phase, 47% in S-phase, and 17% in G2/M-phase (36/47/17).
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the H1 histones increases with the number of
phosphate groups. Thus, the electrophorectic
mobility of the H1 histones is higher after
dephosphorylation, and a general dephosphor-
ylation of theH1histones results in a shift of the
peaks to the left, i.e., towards shorter migration
times [Kratzmeier et al., 2000].

After induction with both topotecan or etopo-
side, the HL60 cells reacted with a depho-
sphorylation of the H1 histones (Fig. 4A,E).
Jurkat cells also showed a dephosphorylation of
the H1 histones after induction with topotecan
(Fig. 4C). However, the progression was much
slower than in the case of the HL60 cells. In
addition, these data show that in analogy to the
H3 phosphorylation state, the kinetics of H1
histone dephosphorylation and the activation of
markers of apoptosis, i.e., DNA fragmentation
and caspase-3 activation (Fig. 1), are not tightly
correlated.

To determine if the observed dephosphoryla-
tion of theH1histones also results from changes
in the cell cycle phase distribution, we analyzed
the cell cycle distribution of the treated HL60
and Jurkat cells. It is known that the H1 sub-
types are progressively phosphorylated during

the cell cycle and this modification becomes
maximal during late G2 and mitosis [Bradbury
et al., 1973, 1974; Hohmann et al., 1976; Boggs
et al., 2000]. The number of attached phosphate
groups increases from zero to three in late
S-phase up to five to six at the G2/M transition
[Langan et al., 1981; Talasz et al., 1996]. It
should be kept in mind that the CZE electro-
pherograms are an overlay of patterns from the
H1 histones with various phosphorylation
levels extracted from the cells in the different
cell cycle phases.

Thedetermination of theDNAcontent byflow
cytometry revealed that the HL60 cells, both
after induction with topotecan as well as with
etoposide, showeda significant loss of S- andG2/
M-phase cells during the 6 h after induction
(Fig. 4B,F). In case of the Jurkat cells, a strong
decrease of the amount of G2/M-phase could be
observed 6 h after inductionwith topotecan, but
in contrast to the HL60 cells, no major change
in the amount of the S-phase cells occurred
(Fig. 4D). It canbe concluded that theHL60 cells
showed a more rapid dephosphorylation of the
H1 histones than the Jurkat cells because of
the decrease of S-phase and G2 cells in addition

Fig. 4. (Continued )
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to M-phase cells. In contrast, in case of the
Jurkat cells, there was just a small change in
the share of the S-phase cells and, therefore,
just a gradual dephosphorylation ofH1histones
occurred.
Thus, the dephosphorylation of the H1 his-

tones shown by the shift of the peaks of the CZE
electropherograms towards shorter migration
times is mainly correlated to the loss of S-phase
cells after apoptosis induction with topoisome-
rase inhibitors.
To further substantiate the strong correlation

of the observed CZE H1 histone patterns with
the cell cycle distribution, we analyzed the H1
phosphorylation state with CZE after arresting
HL60 cells in the different phases of the cell
cycle and compared this with the H1 phos-
phorylation pattern resulting from topotecan
treatment.
Treatment of HL60 cells with aphidicolin, an

inhibitor of DNA polymerase a, d, and e [Cheng
and Kuchta, 1993; Yamada and Itoh, 1994],
resulted in an accumulation of G1 and S-phase
cells (Fig. 5, aphidicolin). The H1 histones of
these cells were less phosphorylated than from
the untreated control cells, but they were more
phosphorylated than after apoptosis induction
with topotecan (Fig. 5, aphidicolin, topotecan).
This higher level of phosphorylation of the H1
histones after aphidicolin treatment resulted
from the portion of S-phase cells, as demon-
strated by the comparison with the H1 pattern
from the cells blockedwith the antimetabolite 5-
fluorouracil in S-phase [Longley et al., 2003]
(Fig. 5, fluorouracil). Because of the loss of
S-phase cells from the apoptotic topotecan
treated cells, the H1 histones are less phos-
phorylated than after aphidicolin treatment.
The arrest of HL60 cells in M-phase using
nocodazole, which inhibits the dynamics of
microtubules [Jordan et al., 1992], leads to the
expected hyperphosphorylation of the H1 his-
tones (Fig. 5, nocodazole).
We also checked whether the treatment with

these agents induces apoptosis. Only nocoda-
zole induced apoptosis in HL60 cells, whereas
neither after aphidocolin nor after 5-fluorour-
acil treatment apoptotic features could be
detected (data not shown). This indicates that
we can be sure that the observed dephosphor-
ylation after G1/S and S-phase arrest resulted
from the changed cell cycle distribution.
From our results we can conclude that the

observed dephosphorylation of theH1 aswell as

of the H3 histones is not directly connected to
the apoptotic process but is a consequence of
the change of the cell cycle distribution after
treatment of the leukemic cells with topoisome-
rase inhibitors.

DISCUSSION

Apoptotic cells undergo typicalmorphological
and physiological changes. One hallmark of
apoptotic cells is the condensation and frag-
mentation of chromatin [Rogalinska, 2002]. The
molecular details of these dynamic structural
changes in the cell nucleusare still unclear. It is,
however, conceivable that a major role in these
structural transitions is played by the histones
and their reversible posttranslational modifica-
tions.

So far, there are only few investigations about
histone modifications during the apoptotic
chromatin condensation and fragmentation.
In these studies, the phosphorylation state of
the histones was most frequently investigated
[reviewed in Th’ng, 2001; Loury and Sassone-
Corsi, 2003]. The only core histone modification
that seems to be uniquely associated with
apoptosis is the histone H2B phosphorylation,
which appears to be important for the chroma-
tin fragmentation [Ajiro, 2000; Cheung et al.,
2003]. A phosphorylation of H2A.X is induced
by DNA-double strand breaks and also by
apoptosis as triggered, for example, by anti-
Fas antibodies. It is discussed that this histone
modification is important for the packaging
of fragmented DNA into apoptotic bodies
[Rogakou et al., 1998, 2000; reviewed in Pilch
et al., 2003]. The results regarding the phos-
phorylation state of the H1 and H3 histones
after apoptosis induction are to some extent
controversial, depending on the cell line and
on the method used for apoptosis induction
[reviewed in Th’ng, 2001].

In a previous study, we were able to show a
rapid dephosphorylation of H1 histones after
apoptosis induction with the topoisomerase I
inhibitor topotecan [Kratzmeier et al., 2000].
Here we could show, using modification specific
antibodies for H3 histone phosphorylated at
Ser10 or Ser28, respectively, and capillary zone
electrophoresis, that both the H3 histones and
the H1 histones were dephosphorylated after
apoptosis induction by inhibition of the topoi-
somerase I or II. Surprisingly, the kinetics
of both histone dephosphorylations were not
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Fig. 5. Phosphorylation of H1 in the different phases of the cell
cycle. HL60 cells were arrested in different phases of the cell
cycle. Aphidicolin was used to block them at the G1/S transition,
5-fluorouracil for an S-phase arrest, and nocodazole to enrich M-
phase cells as described in ‘‘Materials and Methods.’’ In addition,
the uninduced (control) and cells with an 8 h topotecan treatment

were used. The cell cycle profile was analyzed by flow cytometry
(A). The percentage distribution in the different phases of the cell
cycle is given by numbers in the graphs as described in Figure 4.
H1 histones were extracted and subjected to CZE to analyze their
phosphorylation state (B).
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correlated with the appearance of the investi-
gated apoptotic features, the DNA fragmenta-
tion and the caspase-3 activity (see Figs. 1
and 4). These results suggest that the depho-
sphorylations are not directly linked to the
apoptotic process.
Previous analysis of the phosphorylation

state of H1 and H3 histones after apoptosis
induction has shown dephosphorylation as well
as phosphorylation of these proteins depending
on the cell line and on the agent used to induce
apoptosis. A suppression of the H1 and H3
histone phosphorylation in murine ascites
hepatoma cells by topoisomerase I inhibition
with 10-hydroxycamptothecin was shown by
Ling and Xu [1993], and Hendzel et al. [1998]
described the absence of phosphorylated his-
tones H1 and H3 in the apoptotic chromatin of
PC12 cells. A dephosphorylation of H1 and H3
histones has also been observed after apoptosis
induction of fibroblasts with TNF-a or anti-Fas
antibody in combination with cycloheximide
[Talasz et al., 2002]. These authors found that
cycloheximide alone did not induce apoptosis
but rapid H1 dephosphorylation, and they con-
clude that H1 dephosphorylation alone is not
able to induce apoptotic chromatin alteration.
Neither this nor any other investigation could
correlate the observed histone dephosphoryla-
tion with the structural changes of the chroma-
tin after apoptosis induction. Furthermore,
several reports show a correlation of apoptotic
chromatin changes and a phosphorylation ofH1
and H3 histones. But these observed phos-
phorylations were probably side effects of the
inducers which were either phosphatase inhi-
bitors [Lee et al., 1999; Enomoto et al., 2001] or
kinase activators, like cisplatin [Wang and
Lippard, 2004] and the fungal toxin gliotoxin
[Waring et al., 1997].
Due to the known relationship of the phos-

phorylation of the H1 and H3 histones to
cell cycle phases, we studied the correlation
between the cell cycle distribution and the state
of histone phosphorylation after apoptosis in-
duction with topoisomerase inhibitors. From
our results, we can conclude that the depho-
sphorylation of the histones H1 and H3, which
starts in the first hour after induction of HL60
and Jurkat cells with topoisomerase inhibitors,
directly reflects the decrease of S- and M-phase
cells. The rapid dephosphorylation of the H3
histones results from the decrease of M-phase
cells through a G2 arrest, and the dephosphor-

ylation of the H1 histones is more correlated to
the decrease of cells in S-phase. The loss of S-
phase cells is explained by the fact that HL60
cells exposed to topotecan or etoposide undergo
S-phase selective apoptosis [Endresen et al.,
1995;Huang et al., 2003]. The observed arrest of
cells in G2 is a common feature induced in
response to DNA damage, giving time to repair
the DNA lesions. A G2 arresting effect of
camptothecin, etoposide, and other topoisome-
rase inhibitors was also shown by other groups
[Del Bino et al., 1990; Roberge et al., 1990; Del
Bino et al., 1991; Dubrez et al., 1995], whereby
the camptothecin induced arrest could be
ascribed to the down regulation of cyclinB/cdc2
complex kinase activity [Tsao et al., 1992; Shao
et al., 1997].Mikhailov et al. [2004] showed that
topoisomerase II inhibitors delay entry into
mitosis, independent of ATM kinase by activa-
tion of the p38 MAPK checkpoint pathway.

On one hand, several investigations showed a
dephosphorylation of H1 and H3 histones after
apoptosis induction, especially with topoisome-
rase inhibitors; on the other hand, the cell cycle
arresting effect of topoisomerase inhibitors is
known and the mechanisms are partially eluci-
dated. In the present study, we could prove a
direct correlation of the dephosphorylation of
the H1 and H3 histones with the changes in the
cell cycle distribution as a result of treatment
with topoisomerase inhibitors. In conclusion,
investigations of apoptotic processes using
cycling cells should always consider the effects
of the apoptosis inducers on the cell cycle
progression. However, even if the dephosphor-
ylation of the H1 histones is a consequence of
arresting the cell cycle progression and the
specific loss of S-phase cells by the apoptotic
process, we cannot exclude that this depho-
sphorylation is important for the apoptotic
chromatin condensation and fragmentation.
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