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Abstract
Doxorubicin is one of the most important anti-cancer chemotherapeutic drugs, being widely used
for the treatment of solid tumors and acute leukemias. The action of doxorubicin and other
anthracycline drugs has been intensively investigated during the last several decades, but the
mechanisms that have been proposed for cell killing remain disparate and controversial. In this
review, we examine the proposed models for doxorubicin action from the perspective of the
chromatin landscape, which is altered in many types of cancer due to recurrent mutations in
chromatin modifiers. We highlight recent evidence for effects of anthracyclines on DNA torsion
and chromatin dynamics that may underlie basic mechanisms of doxorubicin-mediated cell death
and suggest new therapeutic strategies for cancer treatment.
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1. Introduction
Doxorubicin (also called adriamycin) belongs to a class of compounds with similar
structures, called anthracyclines. Like daunorubicin, the first anthracycline compound to be
described, doxorubicin was isolated from Streptomyces peucetius, a soil bacterium [1, 2].
Doxorubicin has shown great efficacy in cancer cell killing for both solid and liquid tumors,
but the emergence of drug resistance and potential side effects such as heart muscle damage
after doxorubicin treatment are major limitations for successful cancer treatment [3]. Despite
the extensive usage in the clinics, the molecular mechanism(s) by which doxorubicin causes
cell death or cardiotoxicity remains unclear. Thus, understanding the action of doxorubicin
and related anthracycline drugs may provide clues for enhancing cancer cell killing and
reducing side effects. A number of models have been proposed for doxorubicin-mediated
cell death, including topoisomerase II poisoning, DNA adduct formation, oxidative stress,
and ceramide overproduction [4–6]. However, the models remain disparate and
controversial. A deeper understanding of the basic molecular interactions of doxorubicin
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within the cell is required to understand how doxorubicin kills cancer cells and causes side
effects.

Anthracycline drugs such as doxorubicin are mostly planar molecules that preferentially
intercalate between neighboring DNA base pairs, anchored on one side by one or more sugar
moieties that sit in the DNA minor groove (Fig. 1). When DNA is topologically constrained,
as in the case of plasmid circles, the strand separation that occurs during intercalation
unwinds the double helix and produces DNA supercoils, resulting in increased torsional
stress. Linear genomes of eukaryotes are partitioned into independent topological domains
by protein factors such as insulator binding protein CTCF [7], so each domain is topological
constrained. In vitro studies suggest that torsional stress can affect the structure and
dynamics of nucleosomes, the repeating unit of chromatin composed of DNA wrapped
around octameric histone cores [8, 9]. Interestingly, recent in vivo studies implicate
doxorubicin in nucleosome eviction and replacement [10, 11]. Taken together, torsion-
induced nucleosome destabilization is emerging as a significant molecular mechanism for
the action of doxorubicin and related anthracycline drugs.

2. Models for doxorubicin-mediated cell death
A number of mechanisms have been proposed for doxorubicin-mediated cell death.
However, some of these such as inhibition of DNA and RNA synthesis are only seen at
doses higher than the clinical dose (~ 40 to 60 mg/m2) [4] (Table 1). Here, we examine the
proposed mechanisms for doxorubicin action in clinically relevant drug doses.

2.1. Topoisomerase II poisoning
Topoisomerases are highly conserved enzymes that are present in virtually all life forms,
from bacteria to humans, and they regulate DNA topology to facilitate DNA replication,
transcription, and other nuclear processes. Many anticancer and antibacterial drugs target
topoisomerases for cell killing, such as camptothecins, etoposide, and quinolones [12]. The
most parsimonious model for doxorubicin action involves topoisomerase II poisoning,
resulting in double-strand DNA breaks and cell death at clinically relevant drug
concentrations [3, 4]. Topoisomerase II is an ATP-dependent enzyme that exists in two
isoforms in humans, topoisomerase IIα and topoisomerase IIβ. The enzyme binds DNA
supercoils and entangled DNA, breaks both strands of one DNA duplex, passes the other
duplex through the resulting gap and reseals the break. This process results in the release of
torsional stress formed during biological processes such as DNA replication and
transcription (discussed below) [12]. In addition, topoisomerase II is essential for
decatenation of DNA during mitosis, and deficiency in topoisomerase II prevents normal
cytokinesis resulting in cell death [13]. Etoposide, a topoisomerase II poison, traps
topoisomerase II at breakage sites, stabilizes the cleavage complex and impedes DNA
resealing [14]. Doxorubicin has been hypothesized to function in a similar way [15] and it
has been shown that topoisomerase II levels determine the effectiveness of doxorubicin
treatment in a mouse model of lymphoma [16]. However, there are many examples in which
doxorubicin-mediated cell killing is independent of topoisomerase II. For example,
doxorubicin was shown to cause cell death independent of topoisomerase II in a
promyelocytic leukemic cell line [17]. In addition, doxorubicin as well as another
anthracycline drug, aclarubicin, which does not trap topoisomerase II, evicts histones
independent of topoisomerase II leading to cell death [10, 18]. These findings suggest that
anthracycline-induced topoisomerase II poisoning by trapping topoisomerase II at cleavage
sites is unlikely to be the only mechanism of cancer cell killing by anthracycline drugs.

The anti-cancer activity of doxorubicin is attributable to killing of dividing cells, where
topoisomerase IIα is the major form of the enzyme. However, heart muscle failure is a side
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effect that results from damage to non-dividing cells, where topoisomerase IIβ is the major
form. Indeed, cardiomyocyte-specific deletion of topoisomerase IIβ has been shown to
protect mice from developing doxorubicin-induced heart failure [19]. Inhibitors of
topoisomerase II have also been shown to protect cardiomyocytes from doxorubicin-induced
toxicity [20]. These findings suggest that trapping topoisomerase IIβ by doxorubicin in non-
dividing heart cells underlies doxorubicin-induced cardiotoxicity.

2.2. DNA adduct formation
As a DNA intercalator, doxorubicin prefers the intercalation site containing adjacent GC
base pairs, probably due to specific hydrogen-bond formation between doxorubicin and
guanine (Fig. 1a) [21–23]. Formation of doxorubicin-DNA adducts has been shown to
activate DNA damage responses and induce cell death independent of topoisomerase II [17,
24]. Importantly, doxorubicin-DNA adducts are detectable at clinically relevant drug
concentrations, suggesting that doxorubicin-DNA adducts form during chemotherapy [25].
The interaction between doxorubicin and DNA can be stabilized by a covalent bond
mediated by cellular formaldehyde that is generated by free radical reactions from carbon
sources such as lipids and spermine [26, 27]. This interaction involves formation of a
covalent bond between doxorubicin and guanine on one strand of DNA mediated by
formaldehyde and of a hydrogen bond between doxorubicin and guanine on the opposing
strand (Fig. 1a). Interestingly, higher levels of formaldehyde have been detected in
doxorubicin-sensitive tumor cells compared to resistant tumor cells and normal cells [28,
29]. The formation of more doxorubicin-DNA adducts might contribute to increased
effectiveness of the drug in doxorubicin-sensitive tumor cells.

The discovery of the covalent doxorubicin-DNA adduct has led to a new approach to
improve the anticancer activity of doxorubicin. Compounds that release formaldehyde upon
hydrolysis, such as pivaloyloxymethyl butyrate (AN-9), butyroyloxymethyl-diethyl
phosphate (AN-7), and hexamethylenetetramine (HMTA), have been developed and utilized
in combination with doxorubicin. AN-9 showed a synergy with doxorubicin in cancer cell
killing as well as in overcoming doxorubicin resistance to varying degrees by increasing
DNA adduct levels [30, 31]. In addition, the combination of AN-7 and doxorubicin has been
shown to enhance its anticancer activity, to protect against doxorubicin-induced toxicity in
neonatal rat cadiomyocytes, and to prevent weight loss in mice [32, 33].

Despite the evidence that DNA adducts form during doxorubicin treatment, DNA adduct
formation is unlikely to be the major mechanism of doxorubicin action, because clinical
doses result in only 4.4 ± 1.0 adducts/107 base pair DNA, which accounts for just a small
fraction of total doxorubicin [25].

2.3. Oxidative stress
The quinone structure of doxorubicin can be oxidized to a semiquinone radical through
addition of one electron, mediated by a number of NAD(P)H-oxidoreductases [5, 34].
Semiquinone radicals quickly react with oxygen to generate superoxide and hydrogen
peroxide causing DNA damage. Additionally, doxorubicin is an iron chelator and the
doxorubicin-iron complex catalyzes the conversion of hydrogen peroxide to highly reactive
hydroxyl radicals [35]. Thus, doxorubicin-induced release of free radicals may cause
oxidative stress, resulting in DNA damage and cell death [3].

A study using gas chromatography/mass spectrometry has shown that after 72 to 96 hours of
slow intravenous infusion of doxorubicin with a steady level of 0.1 μM in the plasma, DNA
base oxidation increased up to 4-fold in peripheral blood mononuclear cells from breast
cancer patients [36]. Oxidized DNA bases were also detected in a cardiac cell line and
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normal breast epithelial cells [37, 38]. These findings suggest that free radical-induced DNA
damage indeed happens early after doxorubicin treatment. If free radical formation accounts
for doxorubicin-mediated cell killing, free radical scavengers would rescue cell death after
doxorubicin treatment. Free radical scavengers have been used in the clinic as protectants
against doxorubicin-induced cardiotoxicity but many of them failed, suggesting that free
radical formation is not the only mechanism of cardiotoxicity [39].

In addition to direct DNA damage by free radical formation, administration of low doses of
doxorubicin can result in increased levels of oxidative metabolism [40], which might have
multiple effects on components of the chromatin landscape. For example, 2-oxoglutarate is
involved in redox cycling reactions in cellular metabolism, and is also the cofactor for JmjC
domain-containing histone lysine demethylases [41]. Another enzyme co-factor that is
regulated by oxidative metabolism is NAD(P), which is the substrate for ADP-ribosylation
reactions, including ADP-ribosylation of histones [42]. Although it is an intriguing
possibility that the effects on chromatin by alterations in these enzymes resulting from
doxorubicin-induced oxidative changes can lead to DNA damage, other possibilities need to
be considered. For example, when a histone acetyl group is removed by a histone
deacetylase (HDAC), the acetate anion that is released is co-exported with a proton out of
the cell, thus incrementally raising the intracellular pH (pHi) [43]. The hyperacetylation of
histones that results from administration of histone deacetylase inhibitors prevents release of
acetate and protons, thus lowering pHi and potentially decreasing cancer cell survivability in
an acidic environment. So although HDAC inhibitors have dramatic effects on global
histone lysine acetylation levels and can alter the chromatin landscape, these chromatin
effects might not be relevant to the anti-cancer effect of the drug. By the same reasoning,
potential effects of doxorubicin on histone modification might have as-yet undiscovered
metabolic effects that are independent of their effects on the chromatin landscape.

2.4. Ceramide overproduction
In addition to the generation of free radicals and the increase in oxidative metabolism,
doxorubicin treatment increases ceramide levels [44–47]. Ceramide is a lipid molecule
consisting of a sphingosine and a fatty acid that is involved in a variety of cellular processes
including growth arrest, apoptosis, and senescence [6]. Interestingly, exogenous cell-
permeable ceramide sensitizes cancer cells to doxorubicin-induced cell death [48]. In
addition, doxorubicin treatment increases ceramide levels in doxorubicin-sensitive MCF-7
cells but not in doxorubicin-resistant MCF-7-AdrR cells, suggesting that ceramide levels
might mediate doxorubicin resistance. Indeed, up-regulation of glucosylceramide synthase
(GCS), an enzyme that converts ceramide to glucosylceramide, is associated with cellular
resistance to doxorubicin, whereas suppression of GCS restores sensitivity to doxorubicin
resulting in cell death [49–52]. Recently, doxorubicin has been reported to have a new role
in blocking proliferation of cancer cells through stimulation of ceramide synthesis and
enhancement of proteolysis of a membrane-bound protein CREB3L1 [53]. Interestingly,
CREB3L1 expression level is associated with cellular sensitivity to doxorubicin, although its
expression is not required for other anti-cancer drugs such as etoposide, bleomycin, or
paclitaxel to inhibit cell growth. Surprisingly, no cell death was observed after doxorubicin
treatment in this study [53]. It is possible that inhibition of cell proliferation makes cells less
susceptible to doxorubicin, as doxorubicin preferentially kills dividing cells. These findings
suggest that ceramide overproduction might be specifically involved in sensitizing cancer
cells to doxorubicin treatment, but this upstream effect is unlikely to involve changes in the
chromatin landscape.
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3. Doxorubicin, DNA torsion, and chromatin structure
The disparate models described above underscore the controversies surrounding the multiple
modes of doxorubicin action within the cell. Next we consider the possibility that the
intercalation of doxorubicin between DNA bases has a direct effect on chromatin that
ultimately results in cancer cell killing. Specifically, we focus on the consequences of
doxorubicin intercalation into DNA and ask what effect if any this event might have on
chromatin structure and dynamics.

3.1. DNA topology and chromatin
When an anthracycline molecule enters the cell, it diffuses into the nucleus and intercalates
into DNA. Anthracyclines are bound to DNA so stably that daunorubicin autofluorescence
has been used by cytogenetics for Q-banding chromosomes, whereby AT-rich regions
fluoresce brightly and GC-rich regions quench [54]. Intercalation of anthracyclines pushes
apart the flanking base pairs (Fig. 1b). Because each base pair is stacked in 36°
counterclockwise rotation relative to the pair below, intercalation has topological
consequences. In covalently closed circular DNA, the two strands are wound around each
other a certain number of times, called the linking number (Lk). When the DNA circle is
relaxed, Lk is equal to the number of turns in the double helix, or the twist (Tw), which is
roughly 1 turn per 10.5 base pairs. Changes in the relaxed value of Lk results in torsional
stress that manifests itself as changes in Tw and/or writhe (Wr), which is the number of
times the double-stranded DNA crosses itself, commonly known as supercoiling. Writhe can
be described as positive or negative, depending on whether supercoiling occurs in right- or
left-handed direction, respectively.

These topological aspects are most evident in bacteria, whose circular genomes exist in a
tightly regulated topological state. However, linear genomes of eukaryotes can also be
described using the same topological terms, as the genome is partitioned into independent
topological domains whose borders are restricted [7]. Thus, changes in Lk, Tw, and Wr in
one domain do not transfer to another. The wrapping of the DNA around the octameric
histones in a left-handed direction generates one negative Wr per nucleosome. Thus,
nucleosomes constrain negative supercoiling.

3.2. Torsional stress and nucleosome destabilization
Cellular processes that require access to DNA inevitably alter its topological state,
producing torsional stress. These processes include DNA replication, transcription,
recombination, and repair. During replication, helicases that separate the two strands alter
the Lk and produce torsional stress, resulting in waves of positive supercoiling downstream
of the helicase. Similarly, transcription by RNA Polymerase II (RNAPII) results in
denaturation of DNA at the transcription bubble. The subsequent rotation of the DNA
relative to RNAPII during transcription creates domains of positive and negative supercoils
downstream and upstream, respectively, as predicted by the twin-supercoiled domain model
[55, 56]. Furthermore, enzymes that remove or replace nucleosomes alter the supercoiling
levels. For example, the nucleosome remodeler SWI/SNF is known to generate negative
supercoils [57, 58].

Torsional stress can be detrimental, affecting the overall structure and integrity of DNA.
Furthermore, changes in Tw and/or Wr can deregulate processes such as replication,
transcription, and nucleosome stability (discussed below). For example, accumulation of
positive torsion leads to transcriptional inhibition in over 80% of all genes in yeast [59, 60].
To counteract torsional stresses generated during various DNA-based processes, cells utilize
topoisomerases, thereby altering Lk. As discussed above, doxorubicin can inhibit
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topoisomerase II in the cleaved form and thus directly cause double-strand breaks. However,
as a DNA intercalator, doxorubicin primarily alters DNA topology. Single molecule
measurements show that intercalation of one doxorubicin molecule relaxes the natural twist
of the double helix by −27° [61], suggesting significant underwinding in the presence of the
drug. Such a change in Tw in the negative direction introduces compensatory positive
torsional strain on the DNA. Increases in torsional stress can affect many different
processes, but because over 80% of eukaryotic DNA is complexed in nucleosomes, perhaps
the most immediate effect is directly on nucleosome structure and dynamics.

Nucleosomes are quite sensitive to torsional changes. Single molecule in vitro studies show
that nucleosome assembly stalls when DNA is under positive torsional stress [62] whereas
negative supercoiling promotes assembly [63]. Another in vitro study showed a preferential
exchange of nucleosomes from positively to negatively supercoiled DNA [64]. Furthermore,
the presence of positive torsional stress seems to induce a structural change in the
nucleosome, presumably resulting in a more open complex where the H2A/H2B dimers
somewhat dissociate from the tetramer core [8, 9]. This kind of restructuring may render the
nucleosome less stable.

3.3. Doxorubicin and nucleosome dynamics
The unwinding of DNA upon doxorubicin intercalation may produce sufficient positive
torsional stress to destabilize nucleosomes, which would serve as a direct mechanism for
action of the drug. Indeed, a study from our laboratory tested this hypothesis using a recently
developed strategy to measure nucleosome turnover, the disassembly and subsequent
reassembly of nucleosomes. Using metabolic labeling of newly synthesized proteins
followed by affinity purification, newly incorporated H3/H4 core particles can be analyzed
by tiling array or next generation sequencing [65, 66]. The method is called covalent
attachment of tags to capture histones and identify turnover, CATCH-IT. By comparing
nucleosome turnover profiles in mouse squamous cell carcinoma cells before and after
doxorubicin treatment at a concentration of 0.34 μM, we found that doxorubicin enhances
nucleosome turnover around active gene promoters, despite a minor effect on gene
expression level. This enhancement is independent of the DNA damage response proteins,
p53 and ATM. This latter point is important as p53 is mutated in many human cancers and
both ATM and p53 have been implicated in the response of tumors to doxorubicin therapy
[67, 68]. Interestingly, a similar effect on nucleosome turnover was observed by treating the
cells with another anthracycline drug, aclarubicin, which inhibits topoisomerase II without
causing DNA double strand breaks [18] indicating that anthracycline drug intercalation into
DNA may play a direct role in enhancing nucleosome turnover [11]. Another study showed
that anthracycline drugs including doxorubicin and aclarubicin, but not etoposide, evict
histones from regions of accessible chromatin in both human melanoma cell lines and acute
myeloid leukemia blasts from patients, leading to impairment of DNA repair and apoptosis
[10]. Additionally, this study found that 9 μM doxorubicin evicts histones in topoisomerase
IIα-depleted cells, suggesting that topoisomerase IIα is not required for doxorubicin-induced
histone eviction [10]. Taken together, these studies suggest that inhibition of topoisomerase
II could further exacerbate torsional strain by anthracycline drug intercalation, leading to
enhancement of nucleosome turnover downstream of promoters.

Topoisomerase inhibitors can have dramatic effects on chromatin-associated processes,
including replication and transcription. The positive torsion generated ahead of RNA
polymerase [55] can potentially unwrap nucleosomes, which are negatively supercoiled, and
destabilize them [69]. We have found that inhibitors of both topoisomerase I and II cause
both increased positive torsion and increased nucleosome turnover in gene bodies and vice-
versa in intergenic regions of Drosophila cells [70]. The net effect of topoisomerase-
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mediated enhancement of torsion in gene bodies is to further destabilize nucleosomes during
RNA polymerase transit, thus increasing exposure of DNA to processes that can cause DNA
breaks, such as free radicals, and ultimately cell death. Nucleosome destabilization might
also be promoted by SWI/SNF-class remodelers which act to evict nucleosomes at
promoters, countered by ISWI/CHD-class remodelers that act to stabilize nucleosomes in
gene bodies [71]. In this way, doxorubicin intercalation into promoters and genes might act
by interfering with the balance between maintaining promoters free of nucleosomes while
preventing loss of nucleosomes during transcription. This model may account for the
observation that anthracycline drugs, including aclarubicin, increase somatic recombination
in a Drosophila in vivo assay for DNA damage [72].

4. Future directions
Over the last several decades, many different modes of doxorubicin action have been
reported, which is consistent with the broad spectrum of activity of the drug in cancer
treatment. As discussed above, intercalation of doxorubicin into DNA leading to torsional
stress and nucleosome destabilization may account for the basic mechanism of
anthracycline-mediated cell killing. Surveying the effects of other intercalating drugs on
chromatin structure and dissecting the mechanistic link between this and cancer cell killing
may lead to the development of better anticancer drugs. Interestingly, another intercalating
drug, voreloxin, a quinolone derivative, has been recently found to act similarly to
anthracyclines in killing cancer cells, and intercalation is required for voreloxin-mediated
cell death [73]. Voreloxin holds promise as an alternative to anthracyclines, as it does not
generate high levels of reactive oxygen species, which can contribute to anthracycline-
mediated cardiotoxicity [39, 73].

The fact that relatively high doses of anthracyclines (9 μM) used in one study caused histone
eviction and apoptosis [10], whereas low sublethal doses (0.1–0.4 μM) used in another study
nevertheless caused global nucleosome turnover and a DNA damage response [11], raises
the possibility that downward dosage adjustments might be considered for current clinical
protocols based on the maximum tolerated dose. The effect of anthracyclines on
destabilizing nucleosomes also suggests that combining anthracyclines and other drugs that
destabilize nucleosomes may have synergistic effects in cancer cell killing. For example,
valproic acid, an HDAC inhibitor approved for clinical use as an anticonvulsant and mood-
stabilizing drug, increases the activity of doxorubicin and leads to tumor regression and
chromatin decondensation when used in combination with another anthracycline drug,
epirubicin [74–76]. The development of new drugs that destabilize nucleosomes have the
potential of enhancing the therapeutic efficacy of anthracycline drugs while reducing side
effects.

Acknowledgments
We thank S. Ramachandran for helping generate the figure of structure of doxorubicin-DNA adduct. This work was
supported by NIH grant R01 ES020116 (S.H. and C.J.K.), NIH grant U54 CA143862 (S.H.), the Howard Hughes
Medical Institute (S.H.), and NSF Graduate Research Fellowship DGE-0718124 (S.S.T.).

References
1. Arcamone F, Cassinelli G, Fantini G, Grein A, Orezzi P, Pol C, Spalla C. Adriamycin, 14-

hydroxydaunomycin, a new antitumor antibiotic from S. peucetius var. caesius. Biotechnol Bioeng.
1969; 11:1101–1110. [PubMed: 5365804]

2. Di Marco A, Gaetani M, Scarpinato B. Adriamycin (NSC-123,127): a new antibiotic with antitumor
activity. Cancer Chemother Rep. 1969; 53:33–37. [PubMed: 5772652]

Yang et al. Page 7

Biochim Biophys Acta. Author manuscript; available in PMC 2015 January 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



3. Thorn CF, Oshiro C, Marsh S, Hernandez-Boussard T, McLeod H, Klein TE, Altman RB.
Doxorubicin pathways: pharmacodynamics and adverse effects. Pharmacogenet Genomics. 2011;
21:440–446. [PubMed: 21048526]

4. Gewirtz DA. A critical evaluation of the mechanisms of action proposed for the antitumor effects of
the anthracycline antibiotics adriamycin and daunorubicin. Biochem Pharmacol. 1999; 57:727–741.
[PubMed: 10075079]

5. Minotti G, Menna P, Salvatorelli E, Cairo G, Gianni L. Anthracyclines: molecular advances and
pharmacologic developments in antitumor activity and cardiotoxicity. Pharmacol Rev. 2004;
56:185–229. [PubMed: 15169927]

6. Senchenkov A, Litvak DA, Cabot MC. Targeting ceramide metabolism--a strategy for overcoming
drug resistance. J Natl Cancer Inst. 2001; 93:347–357. [PubMed: 11238696]

7. Dixon JR, Selvaraj S, Yue F, Kim A, Li Y, Shen Y, Hu M, Liu JS, Ren B. Topological domains in
mammalian genomes identified by analysis of chromatin interactions. Nature. 2012; 485:376–380.
[PubMed: 22495300]

8. Bancaud A, Conde e Silva N, Barbi M, Wagner G, Allemand JF, Mozziconacci J, Lavelle C,
Croquette V, Victor JM, Prunell A, Viovy JL. Structural plasticity of single chromatin fibers
revealed by torsional manipulation. Nat Struct Mol Biol. 2006; 13:444–450. [PubMed: 16622406]

9. Bancaud A, Wagner G, Conde ESN, Lavelle C, Wong H, Mozziconacci J, Barbi M, Sivolob A, Le
Cam E, Mouawad L, Viovy JL, Victor JM, Prunell A. Nucleosome chiral transition under positive
torsional stress in single chromatin fibers. Mol Cell. 2007; 27:135–147. [PubMed: 17612496]

10. Pang B, Qiao X, Janssen L, Velds A, Groothuis T, Kerkhoven R, Nieuwland M, Ovaa H,
Rottenberg S, van Tellingen O, Janssen J, Huijgens P, Zwart W, Neefjes J. Drug-induced histone
eviction from open chromatin contributes to the chemotherapeutic effects of doxorubicin. Nat
Commun. 2013; 4:1908. [PubMed: 23715267]

11. Yang F, Kemp CJ, Henikoff S. Doxorubicin Enhances Nucleosome Turnover around Promoters.
Curr Biol. 2013; 23:782–787. [PubMed: 23602475]

12. Pommier Y, Leo E, Zhang H, Marchand C. DNA topoisomerases and their poisoning by anticancer
and antibacterial drugs. Chem Biol. 2010; 17:421–433. [PubMed: 20534341]

13. Carpenter AJ, Porter AC. Construction, characterization, and complementation of a conditional-
lethal DNA topoisomerase IIalpha mutant human cell line. Mol Biol Cell. 2004; 15:5700–5711.
[PubMed: 15456904]

14. Wu CC, Li TK, Farh L, Lin LY, Lin TS, Yu YJ, Yen TJ, Chiang CW, Chan NL. Structural basis of
type II topoisomerase inhibition by the anticancer drug etoposide. Science. 2011; 333:459–462.
[PubMed: 21778401]

15. Nitiss JL. Targeting DNA topoisomerase II in cancer chemotherapy. Nat Rev Cancer. 2009; 9:338–
350. [PubMed: 19377506]

16. Burgess DJ, Doles J, Zender L, Xue W, Ma B, McCombie WR, Hannon GJ, Lowe SW, Hemann
MT. Topoisomerase levels determine chemotherapy response in vitro and in vivo. Proc Natl Acad
Sci U S A. 2008; 105:9053–9058. [PubMed: 18574145]

17. Swift LP, Rephaeli A, Nudelman A, Phillips DR, Cutts SM. Doxorubicin-DNA adducts induce a
non-topoisomerase II-mediated form of cell death. Cancer Res. 2006; 66:4863–4871. [PubMed:
16651442]

18. Sorensen BS, Sinding J, Andersen AH, Alsner J, Jensen PB, Westergaard O. Mode of action of
topoisomerase II-targeting agents at a specific DNA sequence. Uncoupling the DNA binding,
cleavage and religation events. J Mol Biol. 1992; 228:778–786. [PubMed: 1335085]

19. Zhang S, Liu X, Bawa-Khalfe T, Lu LS, Lyu YL, Liu LF, Yeh ET. Identification of the molecular
basis of doxorubicin-induced cardiotoxicity. Nat Med. 2012; 18:1639–1642. [PubMed: 23104132]

20. Vavrova A, Jansova H, Mackova E, Machacek M, Haskova P, Tichotova L, Sterba M, Simunek T.
Catalytic Inhibitors of Topoisomerase II Differently Modulate the Toxicity of Anthracyclines in
Cardiac and Cancer Cells. PLoS One. 2013; 8:e76676. [PubMed: 24116135]

21. Chaires JB, Herrera JE, Waring MJ. Preferential binding of daunomycin to 5′ATCG and 5′ATGC
sequences revealed by footprinting titration experiments. Biochemistry. 1990; 29:6145–6153.
[PubMed: 2207063]

Yang et al. Page 8

Biochim Biophys Acta. Author manuscript; available in PMC 2015 January 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



22. Chaires JB, Fox KR, Herrera JE, Britt M, Waring MJ. Site and sequence specificity of the
daunomycin-DNA interaction. Biochemistry. 1987; 26:8227–8236. [PubMed: 2831939]

23. Chen KS, Gresh N, Pullman B. A theoretical investigation on the sequence selective binding of
adriamycin to double-stranded polynucleotides. Nucleic Acids Res. 1986; 14:2251–2267.
[PubMed: 3960721]

24. Forrest RA, Swift LP, Rephaeli A, Nudelman A, Kimura K, Phillips DR, Cutts SM. Activation of
DNA damage response pathways as a consequence of anthracycline-DNA adduct formation.
Biochem Pharmacol. 2012; 83:1602–1612. [PubMed: 22414726]

25. Coldwell KE, Cutts SM, Ognibene TJ, Henderson PT, Phillips DR. Detection of Adriamycin-DNA
adducts by accelerator mass spectrometry at clinically relevant Adriamycin concentrations.
Nucleic Acids Res. 2008; 36:e100. [PubMed: 18632763]

26. Taatjes DJ, Gaudiano G, Resing K, Koch TH. Alkylation of DNA by the anthracycline, antitumor
drugs adriamycin and daunomycin. J Med Chem. 1996; 39:4135–4138. [PubMed: 8863788]

27. Taatjes DJ, Gaudiano G, Resing K, Koch TH. Redox pathway leading to the alkylation of DNA by
the anthracycline, antitumor drugs adriamycin and daunomycin. J Med Chem. 1997; 40:1276–
1286. [PubMed: 9111302]

28. Kato S, Burke PJ, Koch TH, Bierbaum VM. Formaldehyde in human cancer cells: detection by
preconcentration-chemical ionization mass spectrometry. Anal Chem. 2001; 73:2992–2997.
[PubMed: 11467545]

29. Kato S, Burke PJ, Fenick DJ, Taatjes DJ, Bierbaum VM, Koch TH. Mass spectrometric
measurement of formaldehyde generated in breast cancer cells upon treatment with anthracycline
antitumor drugs. Chem Res Toxicol. 2000; 13:509–516. [PubMed: 10858324]

30. Cutts SM, Rephaeli A, Nudelman A, Hmelnitsky I, Phillips DR. Molecular basis for the synergistic
interaction of adriamycin with the formaldehyde-releasing prodrug pivaloyloxymethyl butyrate
(AN-9). Cancer Res. 2001; 61:8194–8202. [PubMed: 11719450]

31. Cutts SM, Nudelman A, Pillay V, Spencer DM, Levovich I, Rephaeli A, Phillips DR.
Formaldehyde-releasing prodrugs in combination with adriamycin can overcome cellular drug
resistance. Oncol Res. 2005; 15:199–213. [PubMed: 17822280]

32. Engel D, Nudelman A, Levovich I, Gruss-Fischer T, Entin-Meer M, Phillips DR, Cutts SM,
Rephaeli A. Mode of interaction between butyroyloxymethyl-diethyl phosphate (AN-7) and
doxorubicin in MCF-7 and resistant MCF-7/Dx cell lines. J Cancer Res Clin Oncol. 2006;
132:673–683. [PubMed: 16826403]

33. Rephaeli A, Waks-Yona S, Nudelman A, Tarasenko I, Tarasenko N, Phillips DR, Cutts SM,
Kessler-Icekson G. Anticancer prodrugs of butyric acid and formaldehyde protect against
doxorubicin-induced cardiotoxicity. Br J Cancer. 2007; 96:1667–1674. [PubMed: 17473824]

34. Berlin V, Haseltine WA. Reduction of adriamycin to a semiquinone-free radical by NADPH
cytochrome P-450 reductase produces DNA cleavage in a reaction mediated by molecular oxygen.
J Biol Chem. 1981; 256:4747–4756. [PubMed: 6262301]

35. Myers C. The role of iron in doxorubicin-induced cardiomyopathy. Semin Oncol. 1998; 25:10–14.
[PubMed: 9768818]

36. Doroshow JH, Synold TW, Somlo G, Akman SA, Gajewski E. Oxidative DNA base modifications
in peripheral blood mononuclear cells of patients treated with high-dose infusional doxorubicin.
Blood. 2001; 97:2839–2845. [PubMed: 11313279]

37. L’Ecuyer T, Sanjeev S, Thomas R, Novak R, Das L, Campbell W, Heide RV. DNA damage is an
early event in doxorubicin-induced cardiac myocyte death. Am J Physiol Heart Circ Physiol. 2006;
291:H1273–1280. [PubMed: 16565313]

38. Gajewski E, Gaur S, Akman SA, Matsumoto L, van Balgooy JN, Doroshow JH. Oxidative DNA
base damage in MCF-10A breast epithelial cells at clinically achievable concentrations of
doxorubicin. Biochem Pharmacol. 2007; 73:1947–1956. [PubMed: 17445777]

39. De Beer EL, Bottone AE, Voest EE. Doxorubicin and mechanical performance of cardiac
trabeculae after acute and chronic treatment: a review. Eur J Pharmacol. 2001; 415:1–11.
[PubMed: 11245845]

Yang et al. Page 9

Biochim Biophys Acta. Author manuscript; available in PMC 2015 January 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



40. Strigun A, Wahrheit J, Niklas J, Heinzle E, Noor F. Doxorubicin increases oxidative metabolism in
HL-1 cardiomyocytes as shown by 13C metabolic flux analysis. Toxicol Sci. 2012; 125:595–606.
[PubMed: 22048646]

41. Rotili D, Mai A. Targeting Histone Demethylases: A New Avenue for the Fight against Cancer.
Genes Cancer. 2011; 2:663–679. [PubMed: 21941621]

42. Kirkland JB. Niacin status impacts chromatin structure. J Nutr. 2009; 139:2397–2401. [PubMed:
19812221]

43. McBrian MA, Behbahan IS, Ferrari R, Su T, Huang TW, Li K, Hong CS, Christofk HR, Vogelauer
M, Seligson DB, Kurdistani SK. Histone acetylation regulates intracellular pH. Mol Cell. 2013;
49:310–321. [PubMed: 23201122]

44. Kawase M, Watanabe M, Kondo T, Yabu T, Taguchi Y, Umehara H, Uchiyama T, Mizuno K,
Okazaki T. Increase of ceramide in adriamycin-induced HL-60 cell apoptosis: detection by a novel
anti-ceramide antibody. Biochim Biophys Acta. 2002; 1584:104–114. [PubMed: 12385893]

45. Lucci A, Han TY, Liu YY, Giuliano AE, Cabot MC. Multidrug resistance modulators and
doxorubicin synergize to elevate ceramide levels and elicit apoptosis in drug-resistant cancer cells.
Cancer. 1999; 86:300–311. [PubMed: 10421266]

46. Delpy E, Hatem SN, Andrieu N, de Vaumas C, Henaff M, Rucker-Martin C, Jaffrezou JP, Laurent
G, Levade T, Mercadier JJ. Doxorubicin induces slow ceramide accumulation and late apoptosis in
cultured adult rat ventricular myocytes. Cardiovasc Res. 1999; 43:398–407. [PubMed: 10536670]

47. Chen Q, Denard B, Huang H, Ye J. Epigenetic silencing of antiviral genes renders clones of Huh-7
cells permissive for hepatitis C virus replication. J Virol. 2013; 87:659–665. [PubMed: 23115279]

48. Ji C, Yang B, Yang YL, He SH, Miao DS, He L, Bi ZG. Exogenous cell-permeable C6 ceramide
sensitizes multiple cancer cell lines to Doxorubicin-induced apoptosis by promoting AMPK
activation and mTORC1 inhibition. Oncogene. 2010; 29:6557–6568. [PubMed: 20802518]

49. Uchida Y, Itoh M, Taguchi Y, Yamaoka S, Umehara H, Ichikawa S, Hirabayashi Y, Holleran WM,
Okazaki T. Ceramide reduction and transcriptional up-regulation of glucosylceramide synthase
through doxorubicin-activated Sp1 in drug-resistant HL-60/ADR cells. Cancer Res. 2004;
64:6271–6279. [PubMed: 15342415]

50. Liu YY, Yu JY, Yin D, Patwardhan GA, Gupta V, Hirabayashi Y, Holleran WM, Giuliano AE,
Jazwinski SM, Gouaze-Andersson V, Consoli DP, Cabot MC. A role for ceramide in driving
cancer cell resistance to doxorubicin. Faseb J. 2008; 22:2541–2551. [PubMed: 18245173]

51. Liu YY, Han TY, Giuliano AE, Cabot MC. Ceramide glycosylation potentiates cellular multidrug
resistance. Faseb J. 2001; 15:719–730. [PubMed: 11259390]

52. Liu YY, Patwardhan GA, Bhinge K, Gupta V, Gu X, Jazwinski SM. Suppression of
glucosylceramide synthase restores p53-dependent apoptosis in mutant p53 cancer cells. Cancer
Res. 2011; 71:2276–2285. [PubMed: 21278235]

53. Denard B, Lee C, Ye J. Doxorubicin blocks proliferation of cancer cells through proteolytic
activation of CREB3L1. Elife. 2012; 1:e00090. [PubMed: 23256041]

54. Comings DE, Drets ME. Mechanisms of chromosome banding. IX. Are variations in DNA base
composition adequate to account for quinacrine, Hoechst 33258 and daunomycin banding?
Chromosoma. 1976; 56:199–211. [PubMed: 61106]

55. Liu LF, Wang JC. Supercoiling of the DNA template during transcription. Proc Natl Acad Sci U S
A. 1987; 84:7024–7027. [PubMed: 2823250]

56. Wu HY, Shyy SH, Wang JC, Liu LF. Transcription generates positively and negatively supercoiled
domains in the template. Cell. 1988; 53:433–440. [PubMed: 2835168]

57. Havas K, Flaus A, Phelan M, Kingston R, Wade PA, Lilley DM, Owen-Hughes T. Generation of
superhelical torsion by ATP-dependent chromatin remodeling activities. Cell. 2000; 103:1133–
1142. [PubMed: 11163188]

58. Thoma NH, Czyzewski BK, Alexeev AA, Mazin AV, Kowalczykowski SC, Pavletich NP.
Structure of the SWI2/SNF2 chromatin-remodeling domain of eukaryotic Rad54. Nat Struct Mol
Biol. 2005; 12:350–356. [PubMed: 15806108]

59. Gartenberg MR, Wang JC. Positive supercoiling of DNA greatly diminishes mRNA synthesis in
yeast. Proc Natl Acad Sci U S A. 1992; 89:11461–11465. [PubMed: 1333610]

Yang et al. Page 10

Biochim Biophys Acta. Author manuscript; available in PMC 2015 January 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



60. Joshi RS, Pina B, Roca J. Topoisomerase II is required for the production of long Pol II gene
transcripts in yeast. Nucleic Acids Res. 2012; 40:7907–7915. [PubMed: 22718977]

61. Salerno D, Brogioli D, Cassina V, Turchi D, Beretta GL, Seruggia D, Ziano R, Zunino F,
Mantegazza F. Magnetic tweezers measurements of the nanomechanical properties of DNA in the
presence of drugs. Nucleic Acids Res. 2010; 38:7089–7099. [PubMed: 20601682]

62. Gupta P, Zlatanova J, Tomschik M. Nucleosome assembly depends on the torsion in the DNA
molecule: a magnetic tweezers study. Biophys J. 2009; 97:3150–3157. [PubMed: 20006952]

63. Hizume K, Yoshimura SH, Takeyasu K. Atomic force microscopy demonstrates a critical role of
DNA superhelicity in nucleosome dynamics. Cell Biochem Biophys. 2004; 40:249–261. [PubMed:
15211026]

64. Clark DJ, Felsenfeld G. Formation of nucleosomes on positively supercoiled DNA. Embo J. 1991;
10:387–395. [PubMed: 1991452]

65. Teves SS, Deal RB, Henikoff S. Measuring genome-wide nucleosome turnover using CATCH-IT.
Methods Enzymol. 2012; 513:169–184. [PubMed: 22929769]

66. Deal RB, Henikoff JG, Henikoff S. Genome-wide kinetics of nucleosome turnover determined by
metabolic labeling of histones. Science. 2010; 328:1161–1164. [PubMed: 20508129]

67. Jiang H, Reinhardt HC, Bartkova J, Tommiska J, Blomqvist C, Nevanlinna H, Bartek J, Yaffe MB,
Hemann MT. The combined status of ATM and p53 link tumor development with therapeutic
response. Genes Dev. 2009; 23:1895–1909. [PubMed: 19608766]

68. Jackson JG, Pant V, Li Q, Chang LL, Quintas-Cardama A, Garza D, Tavana O, Yang P, Manshouri
T, Li Y, El-Naggar AK, Lozano G. p53-mediated senescence impairs the apoptotic response to
chemotherapy and clinical outcome in breast cancer. Cancer Cell. 2012; 21:793–806. [PubMed:
22698404]

69. Lee MS, Garrard WT. Transcription-induced nucleosome ‘splitting’: an underlying structure for
DNase I sensitive chromatin. EMBO J. 1991; 10:607–615. [PubMed: 2001676]

70. Teves SS, Henikoff S. Transcription-generated torsional stress destabilizes nucleosomes. Nat
Struct Mol Biol. 2013 In press.

71. Clapier CR, Cairns BR. The biology of chromatin remodeling complexes. Annu Rev Biochem.
2009; 78:273–304. [PubMed: 19355820]

72. Lehmann M, de Vilar SK, Franco A, Reguly ML, Rodrigues de Andrade HH. Activity of
topoisomerase inhibitors daunorubicin, idarubicin, and aclarubicin in the Drosophila Somatic
Mutation and Recombination Test. Environ Mol Mutagen. 2004; 43:250–257. [PubMed:
15141364]

73. Hawtin RE, Stockett DE, Byl JA, McDowell RS, Nguyen T, Arkin MR, Conroy A, Yang W,
Osheroff N, Fox JA. Voreloxin is an anticancer quinolone derivative that intercalates DNA and
poisons topoisomerase II. PLoS One. 2010; 5:e10186. [PubMed: 20419121]

74. Marchion DC, Bicaku E, Daud AI, Sullivan DM, Munster PN. In vivo synergy between
topoisomerase II and histone deacetylase inhibitors: predictive correlates. Mol Cancer Ther. 2005;
4:1993–2000. [PubMed: 16373714]

75. Catalano MG, Fortunati N, Pugliese M, Poli R, Bosco O, Mastrocola R, Aragno M, Boccuzzi G.
Valproic acid, a histone deacetylase inhibitor, enhances sensitivity to doxorubicin in anaplastic
thyroid cancer cells. J Endocrinol. 2006; 191:465–472. [PubMed: 17088416]

76. Marchion DC, Bicaku E, Daud AI, Sullivan DM, Munster PN. Valproic acid alters chromatin
structure by regulation of chromatin modulation proteins. Cancer Res. 2005; 65:3815–3822.
[PubMed: 15867379]

77. Cutts SM, Nudelman A, Rephaeli A, Phillips DR. The power and potential of doxorubicin-DNA
adducts. IUBMB Life. 2005; 57:73–81. [PubMed: 16036566]

78. Wu S, Ko YS, Teng MS, Ko YL, Hsu LA, Hsueh C, Chou YY, Liew CC, Lee YS. Adriamycin-
induced cardiomyocyte and endothelial cell apoptosis: in vitro and in vivo studies. J Mol Cell
Cardiol. 2002; 34:1595–1607. [PubMed: 12505058]

79. Wang S, Konorev EA, Kotamraju S, Joseph J, Kalivendi S, Kalyanaraman B. Doxorubicin induces
apoptosis in normal and tumor cells via distinctly different mechanisms. intermediacy of
H(2)O(2)- and p53-dependent pathways. J Biol Chem. 2004; 279:25535–25543. [PubMed:
15054096]

Yang et al. Page 11

Biochim Biophys Acta. Author manuscript; available in PMC 2015 January 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 1.
Structure of the doxorubicin-DNA complex. (a) Doxorubicin forms a covalent bond (shown
in red) with guanine on one strand of DNA mediated by formaldehyde and hydrogen bonds
with guanine on the opposing strand [77]. (b) A structure of intercalation of doxorubicin into
DNA. Doxorubicin intercalates into DNA and pushes apart the flanking base pairs with the
sugar moiety sitting in the minor groove.
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Table 1

Actions of doxorubicin and their corresponding drug dose

Doxorubicin dose a Reference

Topoisomerase II poisoning 0.4 μM [4]

DNA adduct formation 0.025 μM [25]

Free radical formation 0.1 μM [36]

Ceramide overproduction 0.3 μM [44]

Histone eviction 0.34 μM [11]

Cardiomyocyte apoptosis 0.1 μM [78]

Ovarian cancer cell apoptosis 0.5 μM [79]

a
The drug dose varies between different cell types.
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