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ABSTRACT: Histone H1 is a family of nucleosomal proteins that exist in a number of subtypes. These
subtypes can be modified after translation in various ways, above all by phosphorylation. Increasing levels
of H1 phosphorylation has been correlated with cell cycle progression, while both phosphorylation and
dephosphorylation of histone H1 have been linked to the apoptotic process. Such conflicting results may
depend on which various apoptosis-inducing agents cause apoptosis via different apoptotic pathways and
often interfere with cell proliferation. Therefore, we investigated the relation between apoptosis and H1
phosphorylation in Jurkat cells after apoptosis induction via both the extrinsic and intrinsic pathways and
by taking cell cycle effects into account. After apoptosis induction by anti-Fas, no significant
dephosphorylation, as measured by capillary electrophoresis, or cell cycle-specific effects were detected.
In contrast, H1 subtypes were rapidly dephosphorylated when apoptosis was induced by camptothecin.
We conclude that histone H1 dephosphorylation is not connected to apoptosis in general but may be
coupled to apoptosis by the intrinsic pathway or to concomitant growth inhibitory signaling.

DNA in the eukaryotic cell nuclei is compacted into
chromatin by various proteins. The repeating unit of chro-
matin is the nucleosome. In the nucleosome core particle,
146 bp of DNA is wound around a protein octamer consisting
of two copies of each core histone, H2A, H2B, H3, and H4.
Histone H1 binds at (or near) the DNA entry-exit point on
the nucleosome (1) and to the linker DNA, thereby stabilizing
higher-order chromatin structure. The human histone H1
complement consists of at least nine subtypes, namely,
H1.1-H1.5, H1°, H1t, H1.x, and oocyte-specific H1. The
amount and composition of the H1 histones vary during
embryonic development and cell differentiation (2). The role
of H1 in chromatin has been debated. Most researchers agree
that histone H1 stabilizes the nucleosome and higher-order
chromatin structure, and that it is in some way involved in
gene regulation.

The significance of having multiple subtypes remains
unclear. Evolutionary data indicate that subtype differentia-
tion is functional (3). However, several knockout experiments
have demonstrated a remarkable redundancy of H1 subtypes,

where the remaining subtypes seem to compensate for the
loss of the others and maintain the H1-to-nucleosome ratio
(4).

Histone H1 is also subject to various post-translational
modifications. H1 phosphorylation may play a role in gene
regulation, DNA repair, DNA replication, chromatin con-
densation, and apoptosis. H1 subtypes have been reported
to incorporate phosphate groups during the cell cycle (5);
recently, a number of H1 phosphorylation sites were mapped
to serines in SP(K/A)K motifs in interphase chromatin, while
during mitosis, H1.5 phosphorylation took place only at
threonines (6). Histone H1 binding to chromatin is highly
dynamic (7), and phosphorylation of H1 may cause an
increased level of dissociation of H1 from chromatin (8, 9).

Apoptosis takes place in multicellular organisms during,
for example, development, function of the immune system,
maintenance of tissue homeostasis, and protection against
DNA damage and cytotoxic agents (10, 11). Misregulation
or nonfunctional apoptosis may cause, for instance, cancer,
autoimmune disease, and neurodegenerative disease. Apo-
ptosis is executed along two different pathways, the extrinsic
pathway or the intrinsic (mitochondrial) pathway. The
extrinsic pathway is triggered by activation of death recep-
tors, like Fas (CD95) and tumor necrosis factor (TNF),1 while
the intrinsic pathway is activated by extra- or intracellular
stress, for example, caused by DNA-damaging agents (12).

Histone H1 is believed to be involved in the apoptotic
process in various ways. It is known to interact with and
activate the major apoptotic nuclease, DFF40 (CAD in mice),
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which cleaves the linker DNA between nucleosomes in
chromatin during apoptosis (13, 14). H1.2 has been shown
to play a direct role in the apoptotic signaling process
following induction with X-ray irradiation or etoposide
treatment, both of which give double-strand breaks, but not
with other stimuli like TNF-R or UV irradiation. All H1
subtypes translocated to the cytoplasm after irradiation, but
only H1.2 induced release of cytochrome c from mitochon-
dria (15).

In response to low doses of ionizing radiation, dephos-
phorylation of H1 has been shown to occur (16). Dephos-
phorylation of some histone H1 subtypes during apoptosis
has also been assumed to correlate with the initiation of
apoptotic DNA fragmentation (17). In further experiments,
this laboratory found that the dephosphorylation of H1
subtypes was an effect of alterations in cell cycle distribution
promoted by topotecan instead of apoptosis (18) and that
the state of H1 phosphorylation was not related to DNA
fragmentation (19). H1 dephosphorylation was also reported
in apoptotic NIH 3T3 cells (20). Other studies have reported
increased levels of H1 phosphorylation following apoptosis
induction in thymocytes with the phosphatase inhibitors
calyculin A and okadaic acid; the increased level of phos-
phorylation was presumed to correlate with the triggering
of DNA fragmentation (21, 22).

These conflicting data prompted us to investigate the H1
phosphorylation pattern in apoptotic Jurkat cells, taking cell
cycle effects into account. Since histones, including H1, are
released to the cytoplasm during the apoptotic process in
Jurkat cells using anti-Fas or staurosporine and this release
correlates in time with DNA fragmentation (23), we aimed
to study H1 phosphorylation during early apoptosis. Apop-
tosis was induced via two different apoptotic pathways. Our
results show that following Fas ligation, neither significant
dephosphorylation of H1 subtypes nor any cell cycle
alterations were detected, even though a large proportion of
apoptotic cells were present. In contrast, histone H1 became
rapidly dephosphorylated after camptothecin treatment, again
without significant cell cycle alterations in the whole cell
population, but selective apoptosis of G1 and S phase cells
was confirmed. We conclude that histone H1 dephosphory-
lation is not connected to early apoptosis in general, but
possibly to apoptosis via the intrinsic pathway or to affiliated
growth inhibitory signaling.

EXPERIMENTAL PROCEDURES

Cell Culture. Jurkat cells (clone E6.1 from ECACC) were
cultured at 37 °C with 5% CO2 in RPMI 1640 supplemented
with 10% (v/v) fetal bovine serum, penicillin (60 µg/mL),
streptomycin (100 µg/mL), and L-glutamine (2 mM) (all
Gibco, Paisley, Scotland, U.K.). The cells were subcultivated
three times per week and kept at a density of 0.1-1 × 106

cells/mL. The day before apoptosis induction, the cells were
seeded at a density of 0.25 × 106 cells/mL, to be in log
growth phase with approximately 0.5 × 106 cells/mL for
induction. The cell cultures were screened for mycoplasma
and found to be negative.

Apoptosis Induction. Apoptosis was induced by adding
either camptothecin (Cam, 5 µM, dissolved in DMSO)
(Sigma, St. Louis, MO) or anti-Fas (25 ng/mL) (CH-11,
Medical & Biological Laboratories, Nagoya, Japan) to the

cell cultures. The cells were incubated for 2, 4, or 6 h at 37
°C with 5% CO2. The cell concentration was determined
prior to apoptosis induction and after incubation using a Z2
Coulter counter (Beckman Coulter, Fullerton, CA) or a
Guava cell counter (Guava Technologies Inc., Hayward, CA).

Apoptosis Detection. Apoptosis was detected using annexin
V-PE apoptosis detection kit I (BD Biosciences Pharmingen,
San Diego, CA). Annexin V was conjugated with phyco-
erythrin (PE). To ensure measurement of early apoptosis,
the cells were counterstained with 7-aminoactinomycin D
(7-AAD) for detection of plasma membrane integrity.
Annexin V-positive and 7-AAD-negative cells were consid-
ered early apoptotic cells. The cells were prepared according
to the manufacturer’s recommendations. Annexin-PE and
7-AAD fluorescence intensities were detected within 1 h
using filter sets BP 575/26 and 670 LP at a BD LSR flow
cytometer after excitation with an argon 488 nm laser. FSC
and SSC were also detected; 15000 nongated events were
collected. Compensation was set using single-stained samples.
FSC and SSC were plotted; the cells were gated to exclude
cell debris of low FSC and SSC, and fluorescence intensities
for annexin-PE versus 7-AAD were plotted using BD
CellQuest Pro (BD Biosciences). A quadrant marker was
applied to discriminate nonapoptotic (PE-negative and
7-AAD-negative), apoptotic (PE-positive and 7-AAD-nega-
tive), late apoptotic/necrotic (PE-positive and 7-AAD-
positive), and severely damaged cells (PE-negative and
7-AAD-positive). The two latter populations were added to
give a late apoptotic/necrotic population.

The fraction of apoptotic cells with active caspases in the
samples and the cell cycle status of the nonapoptotic and
apoptotic populations were determined using the Vybrant
FAM poly caspases assay kit (Molecular Probes, Eugene,
OR). The Vybrant FAM poly caspases assay kit detects active
caspases using a fluorescent inhibitor of caspases (FLICA),
which attaches a fluoromethyl ketone (FMK) moiety with a
carboxyfluorescein (FAM) reporter to a caspase-specific
sequence, valine-alanine-aspartic acid (VAD). The reagent
is cell-permeant and stains live cells. Unbound reagent is
removed from the cell by washing. Detection of the remain-
ing fluorescence gives the quantity of active caspases. To
detect only intact cells, propidium iodide (PI) was used as a
counterstain. FAM-positive and PI-negative cells are con-
sidered early apoptotic. For simultaneous measurement of
the cell cycle distribution of apoptotic and nonapoptotic cells
in the sample, Hoechst 33342 stain was added to samples
during cell preparation.

To identify active caspases, samples were prepared ac-
cording to the manufacturer’s recommendations. After
preparation, the samples were transferred to ice until they
were analyzed using a BD LSR flow cytometer. Samples
were excited using a 488 nm argon laser and a UV laser. PI,
FAM, and Hoechst 33342 fluorescence were detected using
filter sets LP 670, BP 530/28, and LP 380, respectively.
Forward and side scatter were also obtained, and 30000
nongated particles were analyzed. Compensation was set
between FAM and PI. Cells were gated by FSC and SSC to
exclude cell debris of low FSC and SSC, and plots of FAM
fluorescence against PI were obtained using CellQuest.
Nonapoptotic (FAM-negative and PI-negative), apoptotic
(FAM-positive and PI-negative), and late apoptotic/necrotic
cell populations (PI-positive) were distinguished. The cell
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cycle distribution of FAM-negative and PI-negative popula-
tions and FAM-positive and PI-negative populations was
determined using ModFit LT (Verity Software House,
Topsham, ME).

Cell Cycle Analysis. The cell cycle distribution of the total
samples was determined using a method developed by
Vindelöv (24). All chemicals were obtained from Sigma.
Briefly, 106 cells were pelleted and resuspended in 50 µL of
PBS; 180 µL of solution A (trypsin) was added, and the
samples were incubated for 10 min and tubes inverted a few
times. Then 180 µL of solution B (trypsin inhibitor and
ribonuclease A) was added, and samples were incubated for
an additional 10 min. This was performed at room temper-
ature. Thereafter, 150 µL of solution C (propidium iodide
and spermine tetrahydrochloride) was added, and the samples
were placed on ice in the dark until they were analyzed. PI
fluorescence was detected using a BP 575/26 filter on a BD
LSR flow cytometer, as well as FSC and SSC. Fluorescence
histograms of PI were analyzed using ModFit LT after gating
cell nuclei by FSC and SSC to exclude debris of low FSC
and SSC.

Extraction of H1 Histones. H1 histones were extracted with
perchloric acid (PCA) from whole cells as described previ-
ously (25) with some minor changes. In control experiments,
H1 extraction was performed from isolated nuclei as well
as whole cells. All chemicals were obtained from Sigma
unless otherwise indicated. All centrifugation steps were
performed at 4 °C, and the samples were kept on ice. To all
buffers and PCA were added 4-(2-aminoethyl)benzenesulfo-
nyl fluoride hydrochloride (AEBSF), �-mercaptoethanol, and
Na2S2O5 (Merck, Darmstadt, Germany) to final concentra-
tions of 1, 10, and 50 mM, respectively. All tubes and tips
were siliconized. Briefly, approximately 75 × 106 Jurkat cells
were harvested by centrifugation at 300g for 10 min. The
cells were resuspended in STKM buffer [250 mM sucrose,
50 mM Tris-HCl (pH 7.5), 25 mM KCl, and 5 mM
MgCl2 ·6H2O (Merck)] and centrifuged as described above.
The cell pellet was resuspended in 1 mL of STKM buffer
with 0.2% Triton X-100 (Merck), vortexed, and incubated
for 10 min on ice. Nuclei were collected by centrifugation
at 1500g for 10 min and washed once again with STKM
without Triton. The permeabilization steps were omitted
when H1 was extracted from whole cells.

Cell pellets containing nuclei or whole cells were extracted
with 4 volumes of 5% PCA for 1 h on ice with occasional
vortexing. After extraction, the samples were centrifuged for
10 min at 10000g, and the supernatant was moved to a new
tube where 100% TCA was added to give a final concentra-
tion of 20%. The samples were vortexed; 300 µg of
protamine sulfate was added, and samples were vortexed
again and left at 4 °C overnight. Then the samples were
centrifuged at 10000g for 10 min, and the supernatant was
removed. The samples were washed once with acetone
(Merck) and 1% HCl, centrifuged at 10000g for 10 min, and
then washed in pure acetone and centrifuged as described
above. The samples were dissolved in water with 0.01 M
�-mercaptoethanol and centrifuged for 7 min at 6000g. The
supernatant was moved to a new tube and lyophilized using
a Speed-Vac (Heraeus Christ RVC 2-25, Heraeus-Christ,
Osterode am Harz, Germany). Samples were kept at -20
°C until they were analyzed.

Capillary Electrophoresis. High-performance capillary
electrophoresis (HPCE) was performed on a Beckman
P/ACE 2100 system. Data collection and postrun data
analyses were performed using P/ACE and System Gold
software (Beckman Instruments). The capillary cartridge used
was fitted with 75 µm internal diameter fused silica with a
total length of 67 cm (60 cm to the detector). An untreated
capillary was used in all experiments. Protein samples were
injected by pressure, and detection was performed by
measuring UV absorption at 200 nm. Separation of H1
histones was performed as described previously (26, 27). All
runs were performed at a constant voltage (12 kV) and at a
capillary temperature of 25 °C.

RESULTS

Exponentially growing Jurkat cells were treated with anti-
Fas or Cam for 2, 4, or 6 h. For each sample, three sets of
measurements were performed: (1) cell cycle distribution of
the whole cell population, (2) apoptosis by annexin-V, and
(3) apoptosis simultaneously with cell cycle distribution using
the active caspase assay. Furthermore, histone H1 was
extracted by PCA either from whole cells or from nuclei
and separated by HPCE. Each set of experiments was
repeated at least three times. The cell concentration of all
samples was determined before apoptosis induction and at
the times indicated for analysis. For all samples, it was found
to be equal to or slightly higher after incubation with
apoptosis inducers than before apoptosis induction (data not
shown).

The apoptotic response of the samples was measured using
annexin V, and the mean fractions of the nonapoptotic,
apoptotic, and late apoptotic/necrotic populations were
determined. Representative fluorescence plots from control,
anti-Fas 6 h, and Cam 6 h are shown in Figure 1. The average
proportions of the various populations are presented in Table
1, and the time course of the apoptotic response is illustrated
in Figure 2A. For both inducers, the magnitude of the
apoptotic response increased with time to 40% (anti-Fas) and
53.5% (Cam), while the level of late apoptotic/necrotic cells
remained low (<12%) for both substances.

The apoptotic response was also determined by the active
caspase assay. Simultaneously, cell cycle distributions of the
nonapoptotic and apoptotic populations were analyzed using
Hoechst 33342 staining. Typical fluorescence plots of control,
anti-Fas 6 h, and Cam 6 h are presented in Figure 3 (top
part) with discrimination of the nonapoptotic (R1, FAM-
negative and PI-negative), apoptotic (R2, FAM-positive and
PI-negative), and late apoptotic/necrotic (R3, PI-positive) cell
populations. Statistics for the three gated regions (R1, R2,
and R3) were calculated. Mean fractions of these populations
are presented in Table 2, and progression of the apoptotic
response over time is demonstrated in Figure 2B. The fraction
of apoptotic cells after anti-Fas treatment was high (50.6%)
already after 2 h but decreased slightly over time, while Cam
treatment produced a rather weak apoptotic response (19.4%
after 2 h), remaining at this level for 4 and 6 h. The level of
late apoptotic/necrotic cells was low in the control sample
(3.4%) but rapidly increased to 41.3% (anti-Fas 6 h) and
46% (Cam 6 h) during incubation with the two substances
(Figure 2B).

Hoechst 33342 fluorescence histograms were obtained for
the nonapoptotic and apoptotic populations and are illustrated
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by the control and 6 h samples in Figure 3 (bottom part).
Cell cycle distribution was analyzed using ModFit LT (data
not shown).

After being treated with Cam for 2 h, the apoptotic cell
population [19.4% (Table 2)] exhibited a very high propor-
tion of both G1 and S phase cells (Figure 4B), while the
nonapoptotic population exhibited a decrease in the level of
S phase cells (Figure 4A) compared to the control (Figure
3A1). After being treated with Cam for 4 h, the apoptotic
cells were primarily in the G1 phase, but still with a large
fraction of S phase cells (Figure 4D), while the nonapoptotic
population showed a substantially reduced level of S phase
cells (Figure 4C) compared to the control (Figure 3A1). After
the cells had been treated with Cam for 6 h, most of the
apoptotic cells were in the G1 phase (Figure 3C2). Compared
to 2 or 4 h of Cam treatment, a further reduction in the S
phase fraction was seen (Figure 3C2), while the nonapoptotic
population was nearly devoid of S phase cells (Figure 3C1),
indicating that apoptosis was selectively induced by Cam in
late G1 and early S phase cells.

The cell cycle phase distribution of the whole population
of Cam-treated samples remained approximately the same
as the control. Representative DNA histograms of control
and 6 h samples are shown in panels A and C of Figure 5,
respectively.

After apoptosis induction by anti-Fas, the cell cycle
distributions of the apoptotic and nonapoptotic cell popula-
tions remained virtually unchanged. As illustrated by the 6 h
sample, no major difference was seen between nonapoptotic
(Figure 3B1) and apoptotic cells (Figure 3B2), and both
populations also exhibited approximately the same cell cycle
distribution as the control cells (Figure 3A1). Furthermore,
PI staining of the total populations of anti-Fas-treated samples
revealed no significant alterations in cell cycle distribution,
as illustrated by the 6 h sample in Figure 5B, compared with
the control (Figure 5A). These results demonstrate that
apoptosis occurred in all cell cycle phases.

The number of cell nuclei exhibiting sub-G1 fluorescence
was low after anti-Fas (Figure 5B) and Cam treatment
(Figure 5C). These results indicate that only low levels of
fragmented DNA were present in the apoptotic samples. This
conclusion was further confirmed by DNA laddering experi-
ments showing only tendencies for a DNA smear at 4 h and
internucleosomal cleavage at 6 h (data not shown).

FIGURE 1: Annexin V analysis of Jurkat cells: bottom left quadrant, nonapoptotic cell population (PE-negative and 7-AAD-negative); top
left quadrant, apoptotic cell population (PE-positive and 7-AAD-negative); and right quadrants, late apoptotic/necrotic cell populations
(7-AAD-positive). (A) Control cells. (B) Anti-Fas 6 h. (C) Cam 6 h.

Table 1: Annexin-V Analysis of Jurkat Cell Samples after Apoptosis
Induction (mean ( standard deviation; n ) 3)a

sample nonapoptotic (%) apoptotic (%)
late apoptotic/
necrotic (%)

control 92.7 ( 1.3 1.7 ( 1.3 5.6 ( 0.3
anti-Fas 2 h 75.7 ( 2.3 17.6 ( 1.6 6.7 ( 2.4
anti-Fas 4 h 59.2 ( 6.9 31.6 ( 4.9 9.2 ( 2.0
anti-Fas 6 h 48.5 ( 6.3 40.0 ( 6.5 11.5 ( 0.1
Cam 2 h 85.3 ( 1.3 8.1 ( 1.4 6.6 ( 1.0
Cam 4 h 49.2 ( 4.9 42.7 ( 3.5 8.1 ( 1.3
Cam 6 h 35.4 ( 9.4 53.5 ( 7.9 11.1 ( 2.8

a The nonapoptotic population is annexin-PE-negative and 7-AAD-
negative; the apoptotic population is annexin-PE-positive and 7-AAD-
negative, and the late apoptotic/necrotic population is 7-AAD-positive.

FIGURE 2: Time course of apoptotic response measured by (A)
annexin and (B) the active caspase assay.
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PCA-extracted histone H1 from exponentially growing
control cells was analyzed by HPCE (Figure 6A). To prove
the designation of individual unphosphorylated and phos-
phorylated H1 variants, H1 histones were first separated by
RP-HPLC into two fractions, one containing H1.5 and one
containing the remaining subtypes, H1.2-H1.4, as described
previously (6). The first fraction was then reanalyzed by
HPCE which allowed a clear assignment of unphosphorylated
H1.5 and its phosphorylated forms, i.e., H1.5p0, H1.5p1,
H1.5p2, and H1.5p3 (Supporting Information, Figure S1),
in accordance with previous results (6). The second RP-
HPLC fraction was further subjected to hydrophilic interac-
tion liquid chromatography separation as described previ-
ously (6), resulting in six fractions containing H1.2p0,

H1.3p0, H1.2p1, H1.4p0, H1.4p1, and H1.4p2 which were
identified by mass spectrometry (unpublished data). These
fractions were then used in mixing experiments (Supporting
Information, Figure S2) to identify the peaks appearing in
Figure 6. The migration order coincides exactly with recently

FIGURE 3: Detection of active caspases and cell cycle analysis of nonapoptotic and apoptotic cell populations: (A) control cells, (B) anti-Fas
6 h, and (C) Cam 6 h. Gate R1, nonapoptotic cell population (FAM- and PI-negative); gate R2, apoptotic cell population (FAM-positive
and PI-negative); and gate R3, late apoptotic/necrotic cell population (PI-positive). Panels A1, B1, and C1 are cell cycle analyses using
Hoechst 33342 of nonapoptotic populations. Panels B2 and C2 are cell cycle analyses using Hoechst 33342 of apoptotic populations.

Table 2: Apoptosis Analysis by Active Caspase Assay (mean (
standard deviation; n ) 3)a

sample nonapoptotic (%) apoptotic (%)
late apoptotic/
necrotic (%)

control 95.1 ( 1.6 1.5 ( 1.0 3.4 ( 0.9
anti-Fas 2 h 22.2 ( 9.2 50.6 ( 12.0 27.2 ( 2.8
anti-Fas 4 h 20.8 ( 17.4 46.1 ( 16.5 33.1 ( 1.1
anti-Fas 6 h 18.3 ( 11.6 40.4 ( 10.7 41.3 ( 1.9
Cam 2 h 66.8 ( 3.4 19.4 ( 3.9 13.8 ( 0.6
Cam 4 h 43.7 ( 7.3 22.5 ( 9.2 33.8 ( 1.9
Cam 6 h 35.3 ( 9.3 18.7 ( 6.8 46.0 ( 2.8

a The nonapoptotic population is FAM-negative and PI-negative; the
apoptotic population is FAM-positive and PI-negative, and the late
apoptotic/necrotic population is PI-positive.

FIGURE 4: Hoechst 33342 histograms of nonapoptotic and apoptotic
populations of camptothecin-treated cells: (A) Cam 2 h and
nonapoptotic population, (B) Cam 2 h and apoptotic population,
(C) Cam 4 h and nonapoptotic population, and (D) Cam 4 h and
apoptotic population.
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published results (19, 28) obtained using the HPCE procedure
developed in our laboratory.

Camptothecin treatment resulted in a major dephospho-
rylation of H1 subtypes after 2 h (Figure 6E) compared to
the control (Figure 6A). The most prominent changes after
Cam treatment were a clear increase in the level of
unphosphorylated H1.5 (peak 1) and H1.4 (peak 2) subtypes
and a decrease in the level of monophosphorylated H1.2
together with triphosphorylated H1.5 (peak 8) (Table 3). This
dephosphorylation became even more evident after 4 (Figure
6F) and 6 h (Figure 6G). Since the number of nonapoptotic
cells remained relatively high during Cam treatment (Tables
1 and 2), our results indicate that dephosphorylation was
almost complete in the apoptotic cells or that dephosphory-
lation started before the appearance of the apoptotic markers.
The corresponding phosphorylation pattern of H1 subtypes

in the anti-Fas-treated samples (Figure 6B-D) remained
approximately unchanged compared to that of the control
(Figure 6A). After 6 h, a slight increase in the level of
unphosphorylated H1.5 was observed (Figure 6D).

DISCUSSION

Histone H1 has previously been shown to be involved in
apoptosis in various ways, but conflicting data have been
obtained on the histone H1 phosphorylation pattern in
apoptotic cells (17–20, 22). In this study, apoptosis was
induced in Jurkat cells using anti-Fas and camptothecin that
induce apoptosis along the two well-characterized pathways,
the receptor-mediated, extrinsic pathway and the intrinsic
pathway, respectively, to determine any differences in the
H1 phosphorylation pattern between these pathways. We
hypothesized that cell cycle effects may have affected
previous studies of H1 phosphorylation and its connection
to apoptosis, and we therefore combined apoptosis measure-
ments with cell cycle analyses.

To ensure that cytoplasmic H1 did not escape our attention,
we extracted H1 from whole cells as well as from isolated
nuclei and analyzed the H1 subtypes and their phosphorylated
forms by HPCE. No differences were detected between these
samples, indicating that no selective loss of H1 variants
occurred (data not shown). We also managed to obtain a
high degree of apoptosis (up to 53.5%) within 6 h, without
cellular DNA being highly fragmented and without extensive
alterations in cellular size and membrane integrity.

Different apoptotic pathways are known to activate certain
caspases at different times, while activation of others is a
general feature of the apoptotic process. The number of
different caspases that becomes activated and their level of
activation is probably higher after anti-Fas apoptosis induc-
tion than after Cam induction (Figure 2B). Phosphatidylserine
externalization is generally a later event than pan-caspase
inhibitor binding (29). This is also illustrated by our results
after apoptosis induction by anti-Fas, where a large fraction
of cells with activated caspases (Figure 2B) preceded the
maximum annexin response (Figure 2A). However, both
inducers caused a substantial increase in the proportion of
late apoptotic/necrotic cells as measured by the active caspase
assay (Figure 2B) compared with annexin (Figure 2A). This
can be explained by the addition of Hoechst 33342, which
most likely enhanced the apoptotic effect of the inducers.

After apoptosis induction with anti-Fas, we detected only
minor changes in the H1 phosphorylation pattern, indicating
that the H1 subtypes in apoptotic Jurkat cells remained highly
phosphorylated (Figure 6B-D). A small increase in the level
of unphosphorylated H1.5 (Figure 6D and Table 3) was
observed, suggesting that some initial H1 dephosphorylation
may occur at this point. However, since the full H1 subtype
phosphorylation pattern cannot be extracted quantitatively,
this is not enough evidence to conclude that a biologically
significant general H1 dephosphorylation occurred after anti-
Fas treatment for 6 h, although it cannot be completely ruled
out. Such an initial H1 dephosphorylation, maybe only of
certain H1 subtype phosphorylation sites, is not unexpected
and may be related to early events in growth inhibitory
signaling. Furthermore, no or only minor changes were
detected in the cell cycle distribution of Jurkat cells following
induction of apoptosis by anti-Fas (Figure 5B). While this

FIGURE 5: Cell cycle analyses of entire cell populations: (A) control
cells, (B) anti-Fas 6 h, and (C) Cam 6 h.
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agrees with some previous observations (30, 31), other
studies have indicated S phase arrest (32), apoptosis during
the G1-S transition (33), or surviving cells preferentially
being in the S+G2/M phase (34) following anti-Fas treatment
of Jurkat cells. One study concluded that at low anti-Fas
concentrations G0/G1 phase cells have a greater tendency
to go into apoptosis, while at higher anti-Fas concentrations,

no cell cycle preferences could be detected (35). However,
these differences may be due to the use of different strains
of Jurkat cells, different anti-Fas antibodies or other Fas
ligands, and various concentrations of cells and antibodies
and/or ligands. Variations in induction times and the use of
different agents that can cause cell cycle alterations may also
affect the results. In our study, we used a reasonably low
anti-Fas concentration that still resulted in a strong apoptotic
response in a short time, during which the cells were
relatively undamaged. To the best of our knowledge, this is
the first observation of a preserved H1 phosphorylation
pattern during early apoptosis.

We also show that camptothecin-induced apoptosis of
Jurkat cells prompted dephosphorylation of histone H1 after
2 h, accompanied by apoptosis of primarily G1 and S phase
cells. No loss of cells was detected within 6 h of camptoth-
ecin-induced apoptosis. The cell cycle distribution of the
whole samples was not affected, and only minor DNA

FIGURE 6: HPCE separations of perchloric acid-extracted H1 from Jurkat cells (whole cells): (A) exponentially growing control cells, (B)
anti-Fas 2 h, (C) anti-Fas 4 h, (D) anti-Fas 6 h, (E) Cam 2 h, (F) Cam 4 h, and (G) Cam 6 h. The peak designations are unphosphorylated
H1.5 (1), unphosphorylated H1.4 (2), monophosphorylated H1.5 (3), monophosphorylated H1.4 (4), unphosphorylated H1.3 (5),
diphosphorylated H1.5 together with unphosphorylated H1.2, and possibly also diphosphorylated H1.4 (6), monophosphorylated H1.3 (7),
and monophosphorylated H1.2 together with triphosphorylated H1.5 (8).

Table 3: Experimental Variations of HPCE Peak Heights (mean (
standard deviation) Measured as a Percentage of the Sum of all Eight
Peak Heights

sample peak 1 (%) peak 2 (%) peak 8 (%) n

control 14.9 ( 1.0 6.1 ( 0.8 20.0 ( 1.4 4
anti-Fas 2 h 15.0 ( 1.9 6.3 ( 1.1 19.4 ( 1.0 4
anti-Fas 4 h 15.3 ( 1.5 7.4 ( 0.5 18.2 ( 1.5 4
anti-Fas 6 h 21.0 ( 0.6 8.3 ( 1.8 16.7 ( 1.8 3
Cam 2 h 29.0 ( 2.4 13.8 ( 0.6 8.0 ( 0.3 3
Cam 4 h 34.5 ( 1.2 15.2 ( 0.6 5.9 ( 0.4 3
Cam 6 h 37.2 ( 1.0 16.8 ( 1.6 5.0 ( 0.2 3
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fragmentation was observed, which was probably due to the
short incubation time. Camptothecin is a topoisomerase I
inhibitor which binds to the DNA-topoisomerase complex,
thereby causing DNA single-strand breaks. These are con-
verted to double-strand breaks upon DNA replication, leading
to S-phase-specific apoptosis mediated by caspases (36, 37),
and camptothecin has previously been shown to induce
apoptosis in G1/S Jurkat cells (38). Furthermore, Kratzmeier
et al. (17) found that apoptosis in HL60 cells by topotecan
treatment caused rapid H1 dephosphorylation. However, the
H1 dephosphorylation in their system was later concluded
to result from cell cycle effects caused by the topoisomerase
I inhibitor topotecan, which promoted S phase selective
apoptosis and selective loss of S and G2/M phase cells (18).
Moreover, when using topotecan and Jurkat cells, a major
decrease in the number of G2/M cells was found, but only
a small change in the proportion of S phase cells, and this
was accompanied by slower progression of dephosphoryla-
tion of H1 histones than for the HL60 system (18). In
contrast, when using Jurkat cells and camptothecin, we
observed a rapid dephosphorylation of H1 histones, which
was not connected to changes in the cell cycle distribution
or specific cell loss. Moreover, preliminary data from our
laboratory indicate that a similar H1 dephosphorylation
pattern was obtained after gamma-irradiation (25 Gy, incuba-
tion time of 2-6 h) of Jurkat cells without a major change
in the cell cycle distribution (data not shown). We therefore
conclude that the previous studies of H1 dephosphorylation
were most likely affected by cell cycle alterations caused
by the inducing agents, while our results indicate that the
detected H1 dephosphorylation is connected to the apoptotic
process and/or growth inhibitory signaling preceding changes
in the total cell cycle distribution.

The absence of phosphorylated H1 in apoptotic chromatin
from serum-deprived PC12 cells has been suggested (39).
A decrease in the level of phosphate incorporation in histone
H1 and dephosphorylation of H1 subtypes was noted after
apoptosis induction in NIH 3T3 cells by TNFR or anti-Fas
together with cycloheximide (20). Also, prolonged treatment
with only TNFR resulted in decreased levels of H1 phos-
phorylation and apoptosis, while cycloheximide treatment
alone resulted in the same extent of H1 dephosphorylation
that is seen with both substances, but no apoptosis. Interest-
ingly, by caspase inhibition, the H1 dephosphorylation in
the TNFR and anti-Fas/cycloheximide systems could be
inhibited (20). Treatment of Jurkat cells with ionizing
radiation also caused a transient dephosphorylation of histone
H1 (16). On the other hand, when apoptosis was induced in
thymocytes by phosphatase inhibitors, the level of histone
H1 phosphorylation increased (21, 22). Cell cycle distur-
bances may play a role in H1 phosphorylation changes in
these experiments, as well as side effects caused by the
apoptosis-inducing agents used, for example, the protein
synthesis inhibitor cycloheximide, phosphatase inhibitors, or
ionizing radiation. Furthermore, a decreased level of phos-
phate incorporation may not be equivalent to the actual level
of dephosphorylation of H1 histones. We here show that after
induction of apoptosis by anti-Fas, where the cell cycle was
virtually unaffected, the H1 phosphorylation pattern remained
approximately unchanged.

In conclusion, following induction of apoptosis with anti-
Fas, the histone H1 phosphorylation pattern remained

unchanged, as did cell cycle distribution, despite a large
fraction of apoptotic cells. This result indicates that in Jurkat
cells, histone H1 maintains a high degree of phosphorylation
in the early phase of anti-Fas-induced apoptosis. On the other
hand, after camptothecin treatment, histone H1 became
rapidly and extensively dephosphorylated. We conclude that
histone H1 dephosphorylation is not a general feature in
apoptosis but may be coupled to apoptosis by the intrinsic
pathway or to concomitant growth inhibitory signaling.
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SUPPORTING INFORMATION AVAILABLE

HPCE separation of H1 histones from Jurkat cells before
RPC fractionation overlaid with H1.5 histones from RPC
fraction 1 (Figure S1) and HPCE separation of H1 histones
from Jurkat cells mixed with purified H1 fractions (Figure
S2). This material is available free of charge via the Internet
at http://pubs.acs.org.
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