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Introduction

Although daunomycin and adriamycin are considered effec-
tive antitumor drugs and have been used in the clinic for over 
40 years, their mechanism of action is still a matter of debate. 
Several mechanisms of cytotoxicity of these drugs have been 
proposed including inhibition of DNA replication and transcrip-
tion, generation of free radicals, generation of DNA crosslinks, 
and creation of DNA breaks following stalling of topoisomerase 
II.1-4 However, some of these mechanisms were observed in the 
presence of daunomycin that exceed the concentrations occur-
ring in plasma of treated patients.1 Thus, contributions of these 
effects to cytotoxicity exerted on tumor and untransformed cells 
in patients remains unclear.

Histone H1 is a principal factor responsible for stabiliza-
tion of chromatin higher order structures in cell nucleus.5 It is 
also known that chromatin higher order structures are a factor 
involved in control of gene expression.6 Thus, we tested a hypoth-
esis based on the assumption that cytotoxicity of daunomycin 
is mediated by exerting adverse effects on interaction between 
histone H1 and DNA.

We demonstrate that daunomycin at clinically achievable con-
centrations causes dissociation of H1.1 histones from DNA and 
subsequent disruption of spatial organization of chromatin and 
nuclear structure. Replication and transcription are not halted; 
however, the characteristic subnuclear distribution of transcrip-
tion and replication sites in the nucleus is lost. These observa-
tions suggest that daunomycin-induced dissociation of histones 
H1 and a subsequent loss of higher order chromatin structures 
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are important components of the mechanism of cytotoxicity of 
this drug.

Results

Daunomycin-induced dissociation of H1.1 histones from DNA 
and aggregation of chromatin. The influence of daunomycin 
on interaction between histones and DNA was studied in live 
cells exposed to clinically relevant as well as higher drug concen-
trations. When added to culture medium, daunomycin readily 
crossed the plasma membrane and entered the nucleus (Fig. 1A 
and B). The fluorescence of daunomycin which entered cell inte-
riors became detectable in cytoplasmic vesicles, the Golgi appa-
ratus, and chromatin within minutes after adding the drug to 
culture medium (Fig. 1B and C).7,8 Although daunomycin is 
known to readily intercalate into DNA, however, the intensity of 
fluorescence of daunomycin in the nuclei of live cells was much 
lower than in the cytoplasm (Fig. 1C). This unexpectedly low 
intensity of nuclear fluorescence is likely to reflect a limited access 
and a reduced ability of daunomycin to bind DNA in situ, as 
well as quenching of daunomycin fluorescence upon intercala-
tion into DNA.9,10 Following formaldehyde fixation, the drug 
was released from the Golgi apparatus and was bound by nuclear 
DNA (Fig. 1D–G). Unlike in the nucleus, the drug accumulated 
in the Golgi was not tightly bound as demonstrated by its release 
during a fixation procedure.

In order to investigate the influence of DNA-intercalated 
daunomycin on chromatin structure, we studied cells express-
ing H1.1 histone tagged with GFP. First, cells were exposed to 
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a high concentration of daunomycin (1000, 2000, or 2500 nM) 
for 120  min. Accumulation of daunomycin in cells caused a 
decrease of the intensity of fluorescence of GFP-H1.1 (Fig. 2A 
and B). At the same time, histone GFP-H1.1 accumulated in 
nucleoli (Fig. 2C and D). Subsequently chromatin appeared to 
aggregate in numerous small foci (Fig. 2C). No accumulation 
of H2B core histones in nucleoli was detected. This decrease 
of GFP-H1.1 fluorescence in chromatin may have arisen due 
to two reasons—the dissociation of linker histones from DNA 
and quenching of fluorescence of GFP-H1.1 bound to DNA by 
the intercalating daunomycin.11 The drug-driven dissociation of 
endogenous H1.1 histones from DNA (Fig. 2E and F) was also 
detected by immunofluorescence. However, nucleolar binding of 
the H1.1 histones which had been dissociated from DNA was not 
detected by immunofluorescence since the dissociated H1.1 his-
tones were not fixed by formaldehyde. The translocated histones 
were washed out from nucleoli during the subsequent steps of the 
immunofluorescence procedure (data not shown).

In order to assess the contributions of fluorescence quenching 
and histone dissociation from DNA to the observed decrease of 
fluorescence we first studied the process of quenching in formal-
dehyde fixed cells (Fig. 3A). Quenching of GFP-H1.1 was depen-
dent on the concentration of daunomycin, whereas quenching 
of the GFP tag on the H2B core histones was only very weak 
(Fig. 3A and B). As expected, no accumulation of histones in the 
nucleoli of fixed cells was detected (Fig. 3C).

In order to further elucidate the influence of dissociation of 
H1.1 histones from DNA on the structure of the nucleus, we 
incubated live cells with stepwise increasing concentrations of 
daunomycin (20–30 min for each concentration) and analyzed 
subsequent images of the same selected cells (Fig. 3D). The 
nuclear structure was seen via H1 or H2B histone distribution. 
Chromatin aggregation was more conspicuous in cells express-
ing GFP-H2B than GFP-H1.1. In the GFP-H1.1 cells changes in 
subnuclear chromatin distribution were obfuscated by a gradual 
loss of the green signal resulting from GFP-H1.1 histones fluo-
rescence quenching and dissociation from DNA (Fig. 3D and 
E). Aggregation was first detected in perinucleolar heterochro-
matin, even at a drug concentration as low as 5 nM. A step-wise 
increase of daunomycin concentration up to 2500 nM in this 
cell culture caused further, more pronounced chromatin aggre-
gation (Fig. 3D) and dissociation of histone H1. Only a weak 
accumulation of H1.1 in nucleoli, similar to the process shown 
in Figure 2D, was observed during this prolonged incubation 
with daunomycin (1000 nM; Fig. 3D and F). It is possible that 
under conditions of this experiment, where the concentration of 
the drug was increasing quite slowly, efficient degradation of the 
dissociated histones occurred and the pool of the H1.1 detached 
histones available for translocation and binding in nucleoli was 
lower than in the case of a one-time rapid exposure to a high drug 
concentration, which is shown in Figure 2.

Daunomycin-induced H1.1 histone dissociation measured 
by flow cytometry. The experiments described above demon-
strate the dissociation of H1.1 histones from DNA in individ-
ual cells assessed by image cytometry. We asked whether the 
specific H1 histone dissociation can be measured in the whole 

Figure 1. Entry and subcellular localization of daunomycin in live HeLa 
cells. (A and B) Transmitted light and fluorescence images showing a 
cell in medium supplemented with daunomycin (500 nM; 30 min); scale 
bar 10 μm. (C) The intensities of fluorescence of daunomycin accumu-
lating in the region of the Golgi apparatus and in chromatin. (D–G) Im-
ages of a live cell exposed to daunomycin for 30 min and the same cell 
after formaldehyde fixation. Daunomycin is released from intracellular 
vesicles and Golgi apparatus upon fixation; thus flow cytometry of fixed 
cells detects only the DNA-bound drug (see below). (D and E) Transmit-
ted light images; (F and G) Fluorescence (the detection level in [F and 
G] is the same), scale bar 5 μm.
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degradation (Fig. 4A–C). Such a dissociation of H1.1 but not 
the core histones suggests that a loss of higher order chroma-
tin structures was not accompanied by dismantling of nucleo-
somes. The core histones were not dissociated until daunomycin 
reached a high concentration of 1 μM (Fig. 4B and C), sug-
gesting that nucleosomes can be dismantled by daunomycin 
only at high drug concentrations. Interestingly, a large propor-
tion of nucleosomes seem resistant to daunomycin, since even 

cell population by flow cytometry, at clinically relevant con-
centrations of daunomycin (25–250 nM). We addressed this 
question by studying the effects of a wide range of daunomy-
cin concentrations and 4 h as well as 24 h exposures, on the 
H1.1 linker and three core histones. At the low concentrations, 
only the fluorescence of H1.1 histones, but not the core his-
tones, was significantly reduced at DNA, suggesting a selective 
dissociation of the linker histone from DNA and subsequent 

Figure 2. Dissociation of H1.1 linker histones from DNA and translocation to nucleoli upon exposure to daunomycin. (A and B) Images and a graph 
showing a decrease of the intensity of green fluorescence of GFP-H1.1 after a 2 h exposure of live HeLa cells to daunomycin (1 or 2 μM); scale bar 
100 μm. (C) Images of histone GFP-H1.1, GFP-H2B, and daunomycin (0.5, 1, and 2 μM) in live cells. As the drug binds to DNA, chromatin aggregates and 
histones H1.1 but not H2B accumulate in nucleoli (arrows). (D) A ratio between the intensities fluorescence of GFP-H1.1 histones bound in nucleoli and 
to DNA outside of the nucleoli. At higher drug concentrations more histone H1.1 is translocated to nucleoli and the intensity of the nucleolar fluores-
cence of daunomycin exceeds that of chromatin by a factor of almost 4. (E and F) Dissociation of histone H1 from DNA in cells exposed to daunomycin, 
detected by immunofluorescence. Images and a graph showing the average fluorescence intensity of immunolabeled H1.1 histone detected in nuclei 
of untreated cells and in the treated cells, following fixation. The H1 histone, which dissociated from DNA, is washed out during the immunofluores-
cence procedure and escapes detection by this method, but the process can be observed directly under a microscope (data not shown); scale bar 
5 μm.
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at 10 000 nM, a concentration above which the remaining core 
histones could no longer be dissociated from DNA.

H1.1 histone dynamics in cells treated with daunomycin. 
Despite exposure to daunomycin at 500 nM and subsequent 
aggregation of chromatin, a subpopulation of H1.1 histones 
(~60%, Fig. 4) remained bound to DNA. FRAP experiments 
performed on the GFP-H1.1 histones, which remained asso-
ciated with the aggregated chromatin 30 and 120 min after 
administration of the drug showed that H1.1 histones were still 

at 10–20 μM daunomycin the fluorescence intensity of H2B, 
H3, or H4 core histones did not diminish below the level of 
40% of the initial value. Following a 24 h long incubation at 
low drug concentrations (25–50 nM) the amount of core H2B, 
H3, and H4 histones transiently increased (Fig. 4C) probably 
as a result of endoreplication of DNA (see below). Figure 4D 
demonstrates that the amount of daunomycin bound to DNA in 
the nucleus increased as a function of extracellular concentration 
of the drug. The binding sites appear to be close to saturation 

Figure 3. Dissociation of H1.1 histones and changes in architecture of chromatin in cells exposed to slowly increasing concentrations of daunomycin. 
(A) Images of fluorescence of GFP-H1.1, GFP-H2B, and daunomycin in formaldehyde-fixed cells incubated with increasing concentrations of the drug. A 
loss of the green signal is due entirely to fluorescence quenching; scale bar 2 μm. (B) A graph illustrating quenching of GFP on H1.1 and H2B histones 
by daunomycin. (C) A ratio between fluorescence intensities of histones GFP-H1.1 in nucleoli vs. nuclear DNA, in fixed cells. (D) Fluorescence intensity 
of histones GFP-H1.1 and GFP-H2B in live cells exposed to growing concentrations of daunomycin. A loss of the green signal is due primarily to H1.1 
histone dissociation and subsequent degradation. (E) A graph illustrating a decrease of fluorescence of GFP-H1 and GFP-H2B histones in live cells 
exposed to daunomycin. (F) A ratio between fluorescence intensities of histones GFP-H1.1 in nucleoli vs. nuclear DNA, in live cells, demonstrating ac-
cumulation of histone H1.1 in nucleoli at drug concentrations above 1 μM.
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Daunomycin and DNA replication. Inhibition of DNA syn-
thesis has been suggested as a possible mechanism of daunomy-
cin cytotoxicity.1,13,14 However, we found that DNA synthesis 
was only slightly decreased by daunomycin at 50 nM and sig-
nificantly reduced but not entirely abolished even at high con-
centrations of the drug (2500 nM) (Fig. 6). These observations 
suggest that DNA synthesis slowed down but was not halted, 
while the cell divisions seized (Fig. S1). Although replication 
was still occurring in cells treated with the drug, changes in 
spatial distribution of this process were apparent (Fig. 6A). 
In cells treated with daunomycin at concentrations exceeding 
50 nM the patterns of replication, which are characteristic for 
different stages of S phase, were missing. The DNA replication 
seemed to occur throughout the nucleus, resembling the pat-
tern characteristic for early S phase. This could be due to the 
arrest in early S phase as well as a loss of higher order chromatin 
structures.

Daunomycin and RNA synthesis. Microscopy studies using 
BrU incorporation showed that RNA synthesis decreased in 
daunomycin-treated cells, but was still present even at high drug 
concentrations (Fig. 6B and C). A significant decrease of incor-
poration of BrU was observed in cells exposed for 24 h to dauno-
mycin at 250 nM or higher. A “viability” test (MTT reduction 
assay) showed that the drug treatment (0–1000 nM, 24 h) did 
not cause immediate loss of cell metabolic activity (Fig. 6D).15 
Cell death occurred at later times, as indicated in Table S1. These 
observations suggest that RNA synthesis was not abolished, thus 

dynamic, i.e., exchanging with a mobile pool (Fig. 5). The recov-
ery of fluorescence was faster than in untreated cells (Fig. 5A), 
indicating a faster exchange rate and possibly a larger soluble 
pool. However, no such fast fluorescence recovery was observed 
after a 4 h incubation with daunomycin (Fig. 5B). Thus, the pos-
tulated increased pool of soluble H1 histones appears to be cre-
ated shortly after the cells are exposed to daunomycin (at a high 
concentration), but it is reduced later, possibly due to degradation 
of the unbound histones. The fact that the fluorescence recovery 
rate of H1 bound within daunomycin-aggregated chromatin is 
the same as in untreated cells suggests that there may exist some 
chromatin regions that are resistant to daunomycin intercalation.

Dynamics of point mutated histones H1. We further investi-
gated the dynamics of H1 histones altered by single point muta-
tions.12 Dynamics of three H1 histone mutants (K40A, R42A, 
and E62H) showed no significant difference between the treated 
and untreated cells (Fig. 5C). However, the mutant K69A, which 
is characterized by the shortest residence time, showed a signifi-
cantly faster fluorescence recovery in cells exposed to daunomy-
cin. In this mutant alanine in position 69 is replaced with lysine. 
This change affects the region of histone H1 molecule that binds 
to DNA. Clearly this substitution strongly influences the DNA 
binding properties of the whole protein, while the other three 
mutations do not show such a strong effect.12 This observation is 
in agreement with the notion that intercalation of daunomycin 
into DNA influences interaction between H1 linker histone and 
DNA in this particular region of the H1 molecule.

Figure 4. Daunomycin-induced dissociation of histones from DNA measured by flow cytometer. (A–C) Concentrations of linker (H1) and core (H2B, 
H3, and H4) histones in daunomycin-treated cells after 4 h or 24 h incubation with the daunomycin. (D) Fluorescence of daunomycin bound to DNA, in 
fixed cells, as function of the drug concentration (4 h incubation).
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level of phosphorylation of H2AX was similar after 2 and 24 h 
exposure to the drug (Fig. 7A).

Long-term observation of cells treated with various concen-
trations of daunomycin. The importance of various proposed 
cytotoxicity mechanisms is likely to be dependent on the con-
centration of the drug vs. the cell number and duration of the 
treatment. In order to search for a correlation between cell death 
and drug-induced dissociation of H1.1 histones, we performed 
long-term observation of drug-treated cells (Fig. S1; Table S1). 
At clinical concentrations of daunomycin (25–50 nM) no obvi-
ous adverse effects were seen in the first 4 h. Even after 24 h, only 
a few cells showed morphological signs of apoptosis. Figure S1 
reveals that 24 h after the beginning of drug exposure cells showed 

halting RNA production by daunomycin is unlikely to be a prin-
cipal cause of cytotoxicity of this drug.

Daunomycin and DNA damage (histone H2AX phos-
porylation). DNA strand brakes induced by daunomycin, due 
to stalling of topoisomerases, are thought to be involved in the 
mechanism of cytotoxicity of anthracycline drugs.4 We employed 
histone H2AX phosphorylation assay to detect DNA breaks.16 
At drug concentration typically present in plasma of patients 
(25 nM) only a modest increase of the number of γH2AX foci 
was detected (2–3 times, Fig. 7A and B). Higher concentrations 
of daunomycin (250 nM) were needed to cause widespread his-
tone H2AX phosphorylation (almost 5-fold increase of the num-
ber of γH2AX foci in comparison with the untreated cells). The 

Figure 5. Dynamics of histone GFP-H1.1 by FRAP. (A) FRAP of GFP-H1.1 in live HeLa cells exposed to 500 nM daunomycin for 0.5 h, indicating the 
presence of a mobile pool (open symbols, untreated; closed symbols, daunomycin-treated). (B) Dynamics of histone GFP-H1.1 returns to the level of 
untreated cells after 4 h incubation with daunomycin (500 nM). (C) Dynamics of four point mutants of GFP-H1.1, in 3T3 fibroblasts exposed to dauno-
mycin (500 nM, for 4 h; open symbols, untreated; closed symbols, daunomycin-treated). Note a different time scale in graphs representing mutants 
R42A and K69A characterized by a rapid rate of exchange.
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(Fig. 4) demonstrate that the drug concentration leading to cell 
damage and death (250 nM) observed 8 d after the daunomycin 
treatment (Fig. S1) is similar to the concentration leading to dis-
sociation of H1.1 histones from DNA and a loss of higher order 
chromatin structures.

Discussion

Daunomycin, chromatin structure, and mechanism of cyto-
toxicity. The results presented here demonstrate that dauno-
mycin causes dissociation of H1.1 histones from chromatin and 
induces changes in higher order chromatin organization, which 
ultimately lead to chromatin aggregation. A loss of chromatin 
structure due to dissociation of H1 histones from the DNA is 
consistent with the known role of the linker histone in maintain-
ing higher order chromatin structures.5,17,18 Interestingly, dauno-
mycin does not appear to lead to eviction of the core histones 
from DNA. This implies that in cells challenged with clinically 
relevant concentrations of daunomycin the nucleosomes are not 
dismantled. Since higher order chromatin structures are involved 
in control of gene expression, we postulate that the mechanism 
of cytotoxic action of daunomycin may be initiated by altering 
interactions between the linker histones and DNA.

The fate of the dissociated H1.1 histones. When the linker 
histones are expelled from DNA, a transient soluble pool of H1.1 
is created (Fig. 5). It is also possible that the detached histones 
are modified by daunomycin. It has been shown that daunomy-
cin can bind directly to histones, with a preference for the linker 
histone (although this was observed ex vivo, at very high drug 

no obvious signs of death, even after a treatment with 1000 nM 
daunomycin. Longer drug exposure times were required in order 
to cause morphological changes. Cell death occurred a few days 
after the drug treatment, even when the drug was no longer pres-
ent in the culture medium. After 48 h, a significant decrease of 
cell numbers occurred only in cultures exposed to high daunomy-
cin concentrations (>500 nM). After 192 h a significant decrease 
in cell number was seen even in a culture originally exposed to 25 
nM daunomycin. In a culture treated with 50 nM daunomycin, 
only single cells remained attached to substratum. These obser-
vations, combined with the data obtained by flow cytometry 

Figure 6. Replication and transcription in cells treated with daunomy-
cin. (A and B) Images of immunolabeled BrdU (A) and BrU (B) incorpo-
rated into DNA and RNA respectively, in daunomycin-treated cells; scale 
bar 5 μm (A) and 20 μm (B). (C) Relative amounts of RNA in daunomy-
cin-treated cells. (D) Cell viability after treatment with daunomycin, 
measured by the MTT assay.

Figure 7. DNA damage assessed by means of immunodetection of 
histone H2AX phosphorylation in daunomycin-treated cells (2 h and 
24 h). (A) Images of immunolabeled histone γH2AX in cells treated 
with increasing concentrations of daunomycin for 2 and 24 h; scale bar 
20 μm. (B) Average fluorescence intensity of immunolabeled histone 
γH2AX per cell, following 2 h treatment with daunomycin at different 
concentrations.
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to interpret our data as evidence of some DNA breakage result-
ing from daunomycin intercalation.22 Phosphorylation of H2AX 
in cells exposed to another anthracycline, DRAQ5, was also 
reported.23 However we also note that the absence of a clear evi-
dence in support of DNA double strand breaks in cells treated 
with anthracycline antibiotics under therapeutic conditions was 
reported.1 On the other hand it has been shown that histone 
phosphorylation may result from changes of chromatin struc-
ture which are unlikely to be associated with DNA breaks and 
cause no major loss of cell viability.24 Since our data demonstrate 
chromatin aggregation even at very low daunomycin concentra-
tions (5 nM, Fig. 3), we suggest that changes of chromatin struc-
ture caused by daunomycin via H1 histone depletion may lead 
to phosphorylation of H2AX, without any major increase in the 
number of DNA breaks.

Mechanism of daunomycin cytotoxicity. We demonstrate 
that at clinically relevant concentrations of daunomycin no 
immediate cell death, and no complete inhibition of replication, 
transcription and metabolic activity occur. Lethal drug effects 
become visible at a later time, days after the drug removal from 
the surrounding environment. Thus, based on the existing body 
of knowledge and the observations described above we postulate 
the following sequence of events: daunomycin enters a cell inte-
rior, becomes partly sequestered by endosomes and the Golgi; 
some molecules of the drug are pumped out by MDR mecha-
nisms. The molecules that reach the nucleus compete with H1.1 
histone for binding sites on a DNA double helix. Once a molecule 
of daunomycin has intercalated into DNA, the structure of the 
double helix changes so that the affinity of H1 histone for the 
altered polymer is decreased. The pool of mobile H1.1 transiently 
increases, but a part of the pool of soluble H1.1 is degraded, 
whereas the remaining H1.1 molecules reach the nucleolus and 
bind to RNA. Dissociation of H1.1 from DNA is dependent on 
the concentration of daunomycin, leads to a loss of higher order 
chromatin structures and ultimately interferes with transcription 
and replication.

Materials and Methods

Daunomycin and cells. Daunomycin (Sigma) stock solutions 
were kept frozen and thawed prior to adding to cell cultures. 
HeLa cells were cultured according to standard procedures. 
HeLa cells expressing histones tagged with eGFP were kindly 
provided by Dr T Kanda, Dr H Kimura, and Prof PR Cook.25,26 
3T3 cells with histone H1 point mutants were kindly provided 
by Dr DT Brown.12

Microscopy and live cell imaging. Bio-Rad MRC1024 
confocal system (Bio-Rad Microscience) was used.27 GFP and 
daunomycin were excited simultaneously by 488 nm light. 
Optical filters used were: primary dichroic 510DCLP, second-
ary 565DRLP, emission 540/30, and 585 LP. Live cells were pre-
pared and imaged as described previously.11,27

Immunolabeling of BrdU, BrU, H1, and H2AX. BrU or 
BrdU was added to culture medium for 2 h or 30 min respec-
tively; subsequently the cells were washed with PBS and fixed 
with formaldehyde.28 0.5% Triton X-100 was used to permeate 

concentrations).19,20 Such histone alteration is likely to be rec-
ognized by the cellular protein quality control machinery and 
may lead to H1.1 degradation.21 We cannot exclude the possibil-
ity that the exciting light, which we have to use in the imaging 
experiments, accelerates degradation of the modified histones as 
well. Interestingly, however, we did not observe H1.1 histone deg-
radation in cells exposed to DRAQ5—a different anthracycline 
derivative. DRAQ5 causes dissociation of H1.1 histone from 
DNA and, to a lesser degree, dissociation of the core histones as 
well.11 The molecules of H1.1, which are expelled from DNA by 
daunomycin appear to accumulate in nucleoli readily (Fig. 2). 
Interestingly, the H1 mutants with reduced affinity to DNA were 
also reported to accumulate in nucleoli.12 Thus, nucleolus appears 
to be the default localization for H1 histones that were dissoci-
ated from DNA following drug intercalation or due to a lower 
binding constant resulting from a mutation.

Some H1 histones remain associated with DNA and are still 
dynamic. The weaker binding of an H1 point mutant to DNA 
in the presence of daunomycin is consistent with the notion that 
daunomycin alters the binding sites for this histone. However, 
daunomycin does not expel all H1 histone molecules from DNA 
and leaves the core histones in place (Fig. 4). The dynamics of 
these bound H1 histones is unaffected by daunomycin. It is thus 
justified to postulate that in live cells intercalation of dauno-
mycin into DNA pushes bases apart and causes a change of the 
DNA structure which alters the binding sites for histones H1. 
Alteration of the binding sites could, in turn, decrease the affin-
ity of binding of H1 histones to the daunomycin-decorated DNA 
and result in shifting the balance toward the unbound pool of 
H1. Thus, an interesting question remains—whether the mol-
ecules of H1 histone that remain in contact with DNA and are 
characterized by an unaltered dynamic behavior, are bound in 
short DNA stretches between the intercalated molecules of dau-
nomycin or whether some large areas of DNA are resistant to 
daunomycin intercalation and maintain a normal association 
with H1. This could happen if some shielding chromatin proteins 
were bound exclusively in discrete areas of DNA. Even if the size 
of such intercalator-resistant DNA regions were relatively large, 
i.e., many thousands of bases, they would still be unresolvable by 
standard confocal microscopy which we used in this study.

Daunomycin perturbs but does not halt replication and 
transcription. Replication and transcription are not halted by 
daunomycin at clinically relevant concentrations. High dauno-
mycin concentrations (above 2 μM) are needed to stop replica-
tion and transcription. In this respect daunomycin differs from 
supravital DNA binding agents like DRAQ5, Hoechst, and 
Syto17 which significantly reduce replication and transcription 
(Wójcik and Dobrucki, unpublished data). Thus, we postulate 
that daunomycin-induced dissociation of H1.1 histone that leads 
to a collapse of higher order chromatin structures, perturbs the 
control of DNA and RNA synthesis.

DNA damage in daunomycin-treated cells. We observed 
slightly elevated levels of phosphorylation of histone γH2AX 
after exposure of cells to clinically relevant concentrations of 
daunomycin (Fig. 7). Since phosphorylation of histone H2AX is 
a generally accepted marker of DNA strand brakes, it is possible 
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cell membranes. DNA in cells exposed to BrdU was denatured 
with 2 M HCl. Incubation in 3% BSA before addition of the 
primary antibody was performed in order to prevent nonspecific 
binding of the antibody. After 1 h incubation with the primary 
antibody (anti BrdU/Bru or anti H1 or anti-H2AX) cells were 
washed with PBS, and goat anti-mouse secondary antibody 
labeled with AlexaFluor 488 was added for the next 1 h incu-
bation. Cells were washed with PBS and confocal images were 
recorded.

FRAP studies of histone dynamics. Bleaching of eGFP-H1.1 
in HeLa cells was performed in a square 8.65 μm × 8.65 μm, ND 
filter 10%, 4 scans. When recording fluorescence recovery, 512 × 
512 pixel images were collected in 60 sec intervals for 1440 sec. 
In 3T3 cells with histone H1 point mutations bleached square 
was 2 μm × 2 μm, ND filter 30%, 1 scan, intervals between 
collected recovery images were adjusted to the mutant’s dynam-
ics.12 Image processing and manual measurements of fluorescence 
recovery were done using ImagePro Plus software.

Flow cytometry. Cells were seeded on 40 mm Petri dish, vari-
ous amounts of daunomycin were added to culture medium and 
cells were incubated for 4 or 24 h. Then cells were washed with 
PBS, trypsinized and 4% formaldehyde was added for 15 min. 
Subsequently cells were washed with PBS and flow cytometry 
measurements were performed, using a CyFlow ML flow cytom-
eter (Partec GmbH). A red laser diode (635 nm) was used for 
excitation of daunomycin, a solid-state blue laser (488 nm) was 
used for excitation of GFP.
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