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Chromatin as an old and new anticancer target

Jacques Nesfies @ ', Katerina Gurova ® 2*, Jay Sarthy ©® 3, Gabor Szabd

Recent genome-wide analyses identified chromatin modifiers as one of the most
frequently mutated classes of genes across all cancers. However, chemother-
apies developed for cancers involving DNA damage remain the standard of care
for chromatin-deranged malignancies. In this review we address this conundrum
by establishing the concept of ‘chromatin damage’: the non-genetic damage to
protein-DNA interactions induced by certain small molecules. We highlight
anthracyclines, a class of chemotherapeutic agents ubiquitously applied in oncol-
ogy, as an example of overlooked chromatin-targeting agents. We discuss our
current understanding of this phenomenon and explore emerging chromatin-
damaging agents as a basis for further studies to maximize their impact in modern
cancer treatment.

A better look at DNA damage for chemotherapeutic activity

Despite recent developments in targeted therapies, conventional chemotherapy (see Glossary)
remains the standard of care for many cancers. One reason for the continued use of ‘old
chemotherapy’ in cancer is that drug resistance is more difficult to develop as most drugs target
DNA. While targeted therapy may be more specific, it can easily result in the development of
drug resistance through acquisition of mutations or activation of parallel signaling pathways.
Inter-patient and intra-patient heterogeneity of tumors further limits the efficacy of targeted agents
[1-3]. As aresult, chemotherapy — such as with platinum compounds and/or anthracyclines —
remains a cornerstone in cancer treatment despite severe side effects.

Many chemotherapy drugs directly or indirectly target DNA or DNA-related processes such as
replication, nucleotide synthesis, or maintenance of DNA topology (Box 1 and Figure 1, Key figure).
It is believed that tumor cells are more sensitive to agents targeting DNA due to the defective
DNA repair and the fact that mitotic cells cannot handle DNA damage. When cancer cells divide
faster than healthy cells, this automatically induces a therapeutic window [4]. This belief persists
despite a subset of cancers, such as pediatric malignancies, having low mutational burdens
and relatively intact DNA repair pathways [5,6]. While most childhood cancers can be effec-
tively treated with chemotherapy [7], pediatric cancer patients generally have significantly
shortened lifespans and lower quality of life after intense chemotherapy cycles [8].

Chemotherapy is associated with more side effects than targeted therapies. Whether these side
effects are related to DNA damage is unclear since different DNA-damaging drugs have different
side effects. For example, most DNA-damaging drugs cause myelosuppression and gastrointes-
tinal toxicity [9]. While platinum compounds cause peripheral neuropathy, hepatotoxicity, and
retinopathy [10], the widely used anthracyclines cause cardiotoxicity [11]. Moreover, DNA-
damaging drugs can be genotoxic and result in therapy-induced secondary cancers and
infertility by increasing the DNA mutation rate [12].

The notion of DNA damage being the primary mechanism of anticancer activity of all DNA-
targeting agents should be reconsidered in view of recent observations. Some anthracycline
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Box 1. DNA binding and DNA damage

Small molecules can form covalent or non-covalent bonds with DNA. Covalent DNA binders cause DNA damage following
chemical modification of DNA (platinum compounds and alkylating agents). Non-covalent molecules bind DNA via
hydrogen bonding, Van der Waals forces, -1t interactions, etc. These compounds do not cause direct DNA damage.
Non-covalent binding of small molecules to DNA may occur via intercalation between base pairs, or binding to minor or
major grooves of the DNA helix.

Covalent and non-covalent bulky compounds interfere with the activity of enzymes that use DNA as a substrate (e.g., DNA
polymerases), which may lead to replication fork collapse and single- or double-strand breaks. A special case of these en-
zymes are the topoisomerases. These are among the first established and most widely used targets of anticancer agents.
Importantly, these enzymes perform at least two catalytic activities: they cut DNA (single or double strand) and then ligate.
DNA breaks from podophyllotoxins or camptothecins are the results of inhibition of topoisomerase ligation. These
compounds do not bind to naked DNA but only DNA that is cleaved and bound by topoisomerases.

Anthracyclines are another class of topoisomerase inhibitors which intercalate into naked DNA. There are still uncertainties
about the mechanism of topoisomerase inhibition by these compounds since there is no crystal structure of a DNA-
topoisomerase—anthracycline complex. At a therapeutically relevant concentration of anthracyclines, topoisomerase Il can-
not cleave DNA. This mode of inhibition does not lead to DNA breaks. The same intercalation mode of topoisomerase inhi-
bition is found for curaxins. However, some anthracyclines, such as doxorubicin, cause DNA breaks in cells. The most likely
reason is direct chemical reaction with DNA due to the presence of specific chemical moieties, some of which were recently
identified [35]. Other anthracyclines lack reactive moieties (aclarubicin), binding DNA and inhibiting topoisomerase Il without
causing DNA damage.

variants are DNA-binding compounds with anticancer activity, but they do not cause detectable
DNA damage in mammalian cells [13-15]. Moreover, the anticancer activity of some of these
agents is stronger than that of structurally similar DNA-damaging drugs, and at the same time
they are much less likely to cause long-term side effects [13,14,16]. Rather than causing DNA
damage, these compounds disturb the packaging of DNA into chromatin, leading to chromatin
destabilization and histone loss from chromatin at specific loci (Box 2 and Figure 1). Interestingly,
the anthracyclines clinically used in the Western world for cancer treatment (doxo-, dauno-, epi-,
and idarubicin) induce DNA breaks as well as disturbing the packaging of DNA, and thus may
have at least two mechanisms of cytotoxicity.

In this review we discuss the mechanisms of chromatin destabilization by DNA-binding
small molecules, its cytotoxic effects, and therapeutic opportunities. The development of
chemotherapies that alter chromatin structure represents a new strategy for improving
the efficacy and safety of cancer therapeutics and may define a new target for further
drug development.

The effect of DNA-binding compounds on chromatin

When DNA-binding compounds were initially identified over five decades ago, it was quickly no-
ticed that they cause DNA unwrapping from nucleosomal cores in cell-free conditions, and loss of
histones from chromatin in cells [17-19]. Nucleosome destabilizing effects were observed with
many DNA-intercalating compounds [17,20,21], as well as with some compounds binding within
the DNA minor groove [22]. However, these studies went largely unnoticed by the cancer
community, which traditionally attributed the cytotoxic and anticancer activity of DNA-binding
compounds to their ability to induce DNA damage or breakage. For example, it was shown
that while etoposide and doxorubicin are both categorized as DNA-damaging drugs, they have
different therapeutic effects. Etoposide is not efficient as a single agent, whereas doxorubicin
monotherapy is the standard of care for the treatment of soft-tissue sarcomas and many other
tumors, including breast and ovarian cancer and many leukemias [23-25]. The reason for the clin-
ical superiority of doxorubicin monotherapy was unknown until it was noticed that doxorubicin
causes histone eviction from chromatin in cancer cells [15,26].
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Glossary

Acute myeloid leukemia (AML): a
type of hematological malignancy.
Anthracyclines: a group of antibiotics
which include those produced by certain
strains of Streptomyces and half-
synthetic variants. Anthracyclines poison
topoisomerase Il and are one of the
major types of chemotherapeutic
anticancer agent. Examples are
doxorubicin, daunorubicin, and
aclarubicin.

Camptothecins: a group of
chemotherapy drugs structurally similar
to camptothecin; they are inhibitors of
topoisomerase |. Examples are
camptothecin (CPT), irinotecan, and
topotecan.

Chemotherapy: cancer treatment
which utilizes drugs that do not target
tumor-specific factors, but rather factors
important for cell division in both normal
and tumor cells, unlike targeted therapy
where drugs inhibit factors more
selective for tumor tissue.

Chromatin: a nucleoprotein complex of
DNA with histone and non-histone
proteins, a form of organization of
genomic DNA in eukaryotes.

Curaxins: a structurally similar group of
carbazole-based experimental
anticancer agents. An example is
CBLO137.

DNA methyltransferases: enzymes
that add a methyl group to the cytosine
base of DNA.

Genotoxicity: ability to cause genetic
mutations.

Histone acetyl transferases (HATSs):
enzymes that add acetyl groups to
histones.

Histone chaperones: nuclear factors
that bind histone proteins and facilitate
their assembly into nucleosomes.
Histone deacetylases (HDACs):
enzymes that remove acetyl groups
from histones.

Linker DNA: the DNA between
neighboring nucleosomes.
Nucleosomal DNA: the DNA helix that
wraps around a nucleosome core.
Podophyllotoxins (PDPHSs): a group
of chemotherapeutic anticancer agents,
inhibitors of topoisomerase. Examples
are etoposide and teniposide.
‘Readers’: proteins that recognize and
bind histone post-translational
modifications.

Secondary cancers: tumors
emerging in patients as the result of an
earlier treatment of unrelated (primary)
cancer.
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Figure 1. Two major mechanisms of DNA damage are shown on the right on the green background (see also details in Box 1).
Small molecules can chemically react with DNA via alkylation, such as cyclophosphamide (CP), by cutting DNA in nuclease-like
manner (bleomycin), or by interfering with enzymes using DNA as a substrate: for example, binding to a cleavable complex of
DNA with topoisomerase |, such as camptothecin (CPT), or with topoisomerase I, such as podophyllotoxins (PDPHSs).
Platinum compounds covalently bind to DNA either in a trans (different DNA strands) or a cis (the same DNA strand) manner.
Major mechanisms of chromatin damage are shown on the left on the blue background. They include non-covalent binding
to DNA and interfering with DNA-histone interactions. Some drugs, such as the most commonly used anthracyclines and
cisplatin, cause a combination of DNA and chromatin damage (yellow background). Anthracyclines intercalate with DNA and
cause histone eviction, but they also inhibit topoisomerases, and some of them can cause reactive oxygen species (ROS)-
dependent DNA oxidation. Cisplatin chemically reacts with and bends DNA, causing DNA to unwrap from the nucleosome.
Figure created with BioRender.

The anticancer activity of anthracyclines, the group of drugs to which doxorubicin belongs, is
attributed to multiple mechanisms, including poisoning of topoisomerase Il, inhibition of DNA
replication and transcription, and induction of reactive oxygen species (ROS) [27]. However,
the major reason for cancer cell death stemming from all these mechanisms was believed to be
DNA damage until a variant anthracycline, aclarubicin (Figure 1), was identified as an effective an-
ticancer drug in the treatment of patients with acute myeloid leukemia (AML) [28,29]. Unlike
doxorubicin, aclarubicin causes no DNA damage while still inducing histone eviction [13-16,26].

After these discoveries, the difference between etoposide and doxorubicin efficacy was revisited.
Etoposide was shown to induce DNA breaks at topoisomerase |l sites, including the well charac-
terized site at 11923 underlying treatment-related KMT2A-rearranged acute leukemias [30]. Spe-
cifically, etoposide binds to the DNA-topoisomerase complex when DNA has already been
cleaved by the topoisomerase and inhibits DNA ligation, leading to DNA breaks [31]. However,
anthracyclines inhibit the nucleolytic activity of topoisomerase at therapeutic concentrations
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Topoisomerases: enzymes that
relieve DNA helix over- or under-twisting
as well as knotted DNA helices by
catalyzing DNA cleavage, relaxation, and
relegation, thus permitting changes in
DNA topology.

‘Writers’: enzymes that add post-
translational modifications to histones
such as methylation, acetylation,
ubiquitination.

Z-DNA: DNA in the form of a left-
handed helix, opposite to the right-
handed B-DNA under physiological
conditions.
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Box 2. Chromatin and chromatin damage

Chromatin is a nucleoprotein complex. The nucleosome is a unit of chromatin, consisting of histone core, four pairs of core
histone proteins (H2A, H2B, H3 and H4), wrapped with 147 bp of DNA ~1.7 times. The histone core may be viewed as a
disk with centrally located tetramer of two H3 and two H4 histones and two dimers of H2A and H2B attached from the
front and back of the tetramer. Nucleosomal DNA wraps the disk starting from an H2A/H2B dimer, then covering the
ridge of the tetramer, exiting via the second H2A/H2B dimer. Nucleosomes are connected by 40-60 bp of linker DNA.
Nucleosomes may be locked down with linker histone H1 binding to the DNA at entry and exit sites and the core histones.
Histone proteins have multiple variants and post-translational modifications, some of which transmit instructions as which
regions may or may not be made accessible for processes, such as transcription and DNA repair.

The binding of small molecules to DNA alters the stability of nucleosomes via different mechanisms: stretching of DNA,
untwisting of the helix, reducing the DNA negative charge (most of DNA ligands are positively charged), and altering
DNA flexibility. This leads to DNA unwrapping from the core, making histones prone to loss from chromatin. We refer to
this phenomenon as histone eviction from chromatin, and accumulation of free histones in non-chromatin cell compart-
ments as chromatin damage. In some physiological situations, histones are removed by chromatin remodelers, and in this
case they are ‘accompanied’ by histone chaperones, which mitigates the consequences of chromatin damage.

The relationship between DNA-damaging and chromatin-damaging activities of small molecules has not been firmly estab-
lished. We propose that these two activities can be fully separated for some types of molecules, at least in their short-term
effects. However, in the long term, DNA damage is accompanied by disassembly of chromatin to provide access to the
DNA repair machinery. By contrast, naked DNA is more exposed to water molecules, which are a source of ROS, and
therefore ‘secondary’ DNA damage is sometimes observed upon treatment of cells with ‘pure’ chromatin-damaging
agents. However, emergence of significant amounts of naked DNA following chromatin damage leads to cell death,
and it is hard to discern the exact mechanisms of DNA damage in a dying cell. Chromatin damage may also remove
the histone variant H2AX that is phosphorylated for DNA repair. For instance, drugs such as doxorubicin that combine
chromatin damage with DNA damage result in slower DNA repair.

[32]. DNA-damaging activity of some anthracyclines stems from their ability to cause metal-ion-
dependent DNA oxidation [33]. However, in addition, doxorubicin evicts numerous histones,
including H2AX. Phosphorylated H2AX is an important marker for the DNA-damage response,
which leads to DNA repair [34]. Eviction of H2AX induces considerably slower DNA repair in
cells exposed to doxorubicin, unlike cells exposed to etoposide which does not evict H2AX
[26]. It is likely that the slowed DNA repair after doxorubicin treatment induces more efficient
cell death, but also allows accumulation of mutations, increasing the chances of the develop-
ment of secondary tumors [13].

Comparison of different anthracyclines showed that histone-evicting activity correlates best with
antineoplastic effects, whereas cardiotoxicity, infertility, and secondary cancers are associated
with DNA damage [13,14,35]. These correlations are best illustrated by the anthracycline variant
aclarubicin that only evicts histones, and lacks the ability to induce cardiotoxicity and promote
secondary cancers as compared with the classical genotoxic anthracyclines [13,36,37]. Varia-
tions can easily be made within the chemical space of anthracyclines to generate variants that
have lost their DNA damage activities while maintaining histone-eviction activity. Surprisingly,
these ‘histone eviction only’ variants have not lost any cytotoxic activity, unlike the variants that
only are able to induce DNA breaks, like amrubicin, which is a relatively poor cytotoxic
anthracycline. These data suggest that histone eviction is the major cytotoxic activity in the clas-
sical anthracyclines used in the clinic [13,14,35,38].

Similar to some anthracyclines, another group of DNA-intercalating compounds, curaxins

(Figure 1), lack DNA-damaging activity but have antineoplastic effects [39]. These compounds
were discovered in a screen for pb3 activation in tumor cells, where DNA-damaging compounds

4 Trends in Cancer, Month 2024, Vol. xx, No. xx


CellPress logo

Trends in Cancer

did not activate p53 [40]. Curaxins bind to DNA via insertion of a carbazole moiety between base
pairs and side chains into minor and major grooves of DNA. Curaxins have demonstrated anti-
cancer activity in multiple preclinical cancer models [39,41-45]. Their cytotoxicity to tumor cells
has also been correlated to their ability to destabilize nucleosomes and to cause histone eviction
[39,46,47]. At the same time, their DNA-damaging activity was undetectable in mammalian cells
[39,46,48]. Like aclarubicin, the curaxin CBL0137, acting only by histone eviction, does not
increase the incidence of therapy-induced tumors and infertility in mice when compared with
doxorubicin [39,44].

Collectively, the data obtained with anthracycline variants and curaxins suggest that chromatin
destabilization may be the major cytotoxic activity when compared with DNA damage. This
‘new activity’ present in old cancer drugs provides new opportunities for further drug develop-
ment. Since different anthracyclines target different genomic areas for histone eviction [36,49],
this may have different effects on specific tumors with a different (epi)genetic makeup.

Distinguishing DNA damage from chromatin damage

DNA damage (Box 1) is defined as any chemical modification of DNA resulting in the breaking of
existing covalent bonds (e.g., DNA breaks) or the forming of new ones (e.g., platinum adducts),
whereas chromatin damage (Box 2) refers to the loss of histones from chromatin due to the
change in the biophysical properties of DNA (e.g., length, charge, twist, and flexibility) and disrup-
tion of histone-DNA interactions. For some molecules, DNA damage and chromatin damage are
almost inseparable (Figure 1). For example, cis-platinum compounds, which bind covalently to
the same DNA strand, cause a bend in the DNA helix, leading to chromatin damage [47,50].
Trans-platinum compounds, which bind to opposite DNA strands and cause similar DNA dam-
age but no bending, are very poor anticancer agents [51]. However, for many other compounds
there is no direct connection between DNA and chromatin damage (Figure 1). In an attempt to
separate DNA-damaging activity of anthracyclines from their chromatin-damaging activity, the
chemical space of anthracyclines was explored, and many variants were made and tested. Com-
parison of anticancer activity of these variants demonstrated that chromatin damage rather than
DNA damage is the dominant anticancer activity, as illustrated by aclarubicin, an anthracycline
variant that acts exclusively by inducing chromatin damage and is an effective drug for patients
with AML [14,15,26,35,36,52]. DNA-damaging compounds in the anthracycline group probably
cause DNA damage via induction of ROS due to the conversion of quinone to semiquinone by a
number of reductases in cells [53,54]. However, the doxorubicin analog amrubicin is poorly cyto-
toxic, despite inducing ROS formation [55]. Thus, release of histones along with other proteins
from chromatin may be a dominant cytotoxic mechanism used by anthracycline and curaxin can-
cer drugs.

Chromatin-damaging compounds differ from other epigenetic therapies

The common property of intercalators sets chromatin-damaging drugs apart from other epige-
netic drugs, which act by directly inhibiting chromatin modulators, such as chromatin ‘writers’
[e.g., DNA methyltransferases, histone deacetylases (HDACs)] and ‘readers’
(e.g., bromodomain proteins). Chromatin damage induced by intercalators is a spontaneous
process and does not involve specific enzymes. Consequently, mutations in critical enzymes
may not affect the chromatin-damaging activity of anthracyclines or curaxins. However, differ-
ent degrees of pre-existing chromatin destabilization or the level of expression of histone
chaperones may influence the sensitivity of cells to chromatin-damaging therapy. Since
anthracyclines have different chromatin specificities [36,49], different drugs may affect tumors
with a different chromatin state. Consistent with these mechanistic differences, the HDAC
inhibitors — such as valproic acid, tucidinostat, or panobinostat — synergize with doxorubicin
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and curaxins by making DNA more accessible and changing the chromatin state for histone
eviction [56-60]. This possible synergy may lead to more effective cancer therapies.

While chromatin damage by anthracyclines and curaxins has a global impact on genomic struc-
tures [61,62], including those not marked by specific epigenetic marks [36], epigenetic drugs af-
fect only specific modifications. In addition, altering epigenetic marks often requires long drug
exposure as these modifications are relatively stable. However, chromatin-damaging drugs
work very swiftly in evicting histones (in a matter of minutes) [26,47]. This implies that first using
chromatin-damaging drugs to release the epigenetically marked histones, followed by a mainte-
nance treatment with epigenetic drugs, could be an interesting combination treatment for epige-
netic modifications in regions defined by the anthracyclines used.

Cellular consequences of chromatin damage

The immediate and specific effect of chromatin damage is the destabilization and disassembly of
nucleosomes and release of histone proteins into non-chromatin nuclear compartments, for ex-
ample, in nucleoli (Box 3), and in the cytoplasm [63] (Figure 2). Both anthracyclines and curaxins
also disrupt 3D genome organization [61,62,64]. Besides effects on nucleosomes, these drugs

Box 3. Cellular consequences of chromatin damage

The following phenomena are observed in cells upon treatment with chromatin-damaging compounds. Although some of
them have similarities with the effects of DNA damage, they have features specific to chromatin damage. Mechanisms of
some of these effects are not fully understood. However, they are important for the short- and long-term consequences of
chromatin damage.

Chromatin trapping (c-trapping) of FACT

FACT does not bind assembled nucleosomes that are fully wrapped with DNA since FACT-binding epitopes are hidden.
When DNA is unwrapped from the histone core, these epitopes become exposed and available for FACT binding. FACT
can also bind DNA in a non-sequence-dependent manner. DNA unwrapping from a nucleosome caused by chromatin-
damaging agents first results in exposure of histone epitopes, which are bound by different domains of FACT [47].
When DNA is significantly unwrapped, it accumulates negative supercoils and can transit to a left-handed DNA helix,
known as Z-DNA. FACT binds Z-DNA via the C terminal domain of its SSRP1 subunit.

Nucleolar histone accumulation (NuHA)

NuHA is observed in the case of histone expression from a strong exogenous promoter or chromatin damage. All four core
histones and linker histone H1 can accumulate in nucleoli in curaxin- and aclarubicin-treated cells [46,47]. Interestingly,
NuHa is not observed in doxorubicin-treated cells, although some histones are detected in the cytoplasm. It remains un-
clear whether nucleoli serve as buffers for extra histones, or whether this accommodation just disrupts nucleolus function
leading to ‘ribosomal stress’.

Activation of p53

Activation of p53 in response to chromatin damage occurs via accumulation of p53 protein, similar to the DNA damage
response, but in the absence of post-translational modifications characteristic of DNA damage. There is also no detectable
activation of upstream kinases, such as ATM, ATR, CHK1, and CHK2 [39,48]. After chromatin damage, p53 accumulates
at higher levels than after DNA damage, but its transcriptional activity is comparable with its activity after DNA damage,
probably due to lower activity of the unmodified protein [48]. One possible mechanism of p53 activation is phosphorylation
of serine 392 by casein kinase 2 in complex with FACT [100], and another may be related to NuHA: histones accumulated
in nucleoli may disrupt nucleolar chaperones binding to MDM2 inhibitors, leading to their eviction from nucleoli and binding
to MDM2, allowing p53 accumulation.

Activation of the type | interferon-sensitive genes

Activation of the type | interferon-sensitive genes is a major transcriptional response to the curaxin CBLO137 in cells, mice,
and humans [72]. Potential mechanisms may include accumulation of dsRNA, most probably due to divergent transcrip-
tion from pericentromeric and centromeric regions becoming accessible to the transcription machinery due to chromatin
decondensation.
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Figure 2. Cellular consequences of DNA and chromatin damage (green and blue shapes respectively) (see
also Box 3) and their clinical manifestations (white shapes). Figure created with BioRender.

disrupt the DNA binding of other proteins, including HMGBH1, linker histones, transcription
factors, and CTCF [61,65,66]. The chromatin-binding protein landscape is thus altered by
these anticancer drugs.

Changes in nucleosome occupancy may have a very strong effect on the binding of chromatin-
associated factors. The histone chaperone FACT (facilitates chromatin transcription) [39,47]
(Box 3) is an important example. FACT binds histone oligomers through different domains of
two subunits, SSRP1 and SPT16. However, FACT binding sites are not exposed when the his-
tone core is wrapped with DNA. This leads to FACT binding to chromatin at the regions of high
transcription, where nucleosomes are frequently unwrapped due to passage of RNA polymer-
ases [67]. In the case of chromatin damage, nucleosomes become unwrapped in different ge-
nomic regions, leading to FACT binding away from sites of transcription, referred to as
chromatin trapping or c-trapping of FACT (Box 3) [47]. Intercalators can also affect binding of
topoisomerases to DNA, and these can be trapped on chromatin by anthracyclines
[14,16,66,68].

Histones are positively charged proteins capable of non-specific binding to any nucleic acid, in-
cluding RNA with an affinity 100 times higher than DNA [69]. When histones are mixed with
DNA at physiological salt concentration, they do not form nucleosomes, but irregular nucleo-
protein precipitates. In non-chromatin-damaging conditions, such as during replication or DNA
repair, non-chromatin histones are bound by histone chaperones [70]. Histone chaperones
shield the positive charge of histones, allowing their proper assembly before exposure to DNA,
thus preventing irregular binding to nucleic acids. Evicted histones can be transported into the
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cytoplasm to interact with mitochondria for apoptosis induction [63]. Although the consequences
of free histone accumulation in cells are poorly studied, microinjection of free histones was shown
to result in apoptosis [7 1], suggesting that histone release following chromatin-damaging drug
treatment may be a trigger for cell death.

Chromatin damage and transcription

Chromatin-damaging compounds activate transcription at lower concentrations and generally in-
hibit transcription at higher — often toxic — concentrations [48]. Increased transcription is exempli-
fied by p53 targets or interferon-sensitive genes [39,72] (Box 3). It is unclear how chromatin
damage activates the signaling pathways controlling these genes or, alternatively, how transcrip-
tion of these genes is activated due to the disassembly of nucleosomes at the promoters of these
genes allowing access to the transcription machinery [48].

The effect of chromatin-damaging drugs on transcription can be interpreted in terms of the
twin-supercoiling domain model [73]. When RNA polymerase is engaged in transcription, it
pushes forward a denaturation bubble, which results in a wave of positive torsion (over-winding
of the double helix) ahead and a wave of negative torsion behind. Topoisomerases sense
and relieve the torsion by transient cleavage and ligation reactions to prevent stalling that
would otherwise inhibit transcription [74]. The DNA that wraps around a nucleosome is nega-
tively supercoiled. Consequently, the positive torsion ahead of an RNA polymerase forces
nucleosome unwrapping. DNA intercalators, by changing the nucleosome-constrained
supercoiling of DNA, could facilitate its unwinding from the nucleosome and enhance transcrip-
tion. Alternatively, if intercalators stabilize the cleavage complexes of both topoisomerase | and
I, they may impede RNA polymerase transit.

By contrast with most anthracyclines, DNA intercalation by aclarubicin does not cause DNA dam-
age [16], but it similarly alters transcription [15,26]. Aclarubicin treatment may evict histones in
genes to stimulate elongation by RNA polymerase Il (RNAPII). In addition, this may increase chro-
matin accessibility at promoters, especially at closely spaced divergent ones, where increased
negative supercoiling concentrated between diverging RNAPIIs could increase drug binding to
accumulate chromatin damage [75]. As the transcriptional effects of detoxified doxorubicin [13]
and other chromatin-damaging intercalating drugs are investigated, it will be interesting to deter-
mine whether they have similar torsion-mediated effects on genes transcribed by different RNA
polymerases.

Cytotoxicity of chromatin damage

Cytotoxicity caused by chromatin damage may stem from several non-exclusive mechanisms, in-
cluding transcriptional dysregulation, toxicity of free histones, disruption of ribosomes caused by
nucleolar histone accumulation, loss of function of chromatin regulators (such as FACT), or acti-
vation of stress-related pathways (such as p53 or interferon type I) (Figure 2 and Box 3) [39,72].
Although the last two factors may play a role in cytotoxicity, they are not major factors, since cells
with disabled p53 or interferon receptor still die from chromatin-damaging agents, though at
higher drug concentrations [39,72].

An important distinction between cytotoxic effects of chromatin-damaging agents from DNA-
damaging agents is the absence of senescence, as observed for curaxins [48]. Cells either die
from curaxins or resume proliferation upon compound removal. The latter may appear disadvan-
tageous for cancer treatment. However, induction of senescence may also be deleterious for
tumor treatment, since senescent cells are resistant to cell death and produce proinflammatory
factors, manipulating the tumor microenvironment into a more drug-resistant state.
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Activation of antitumor immune responses by chromatin damage

The efficacy of curaxin CBL0137, as well as of anthracyclines, is stronger in immune-
competent than immune-deficient mice [76,77]. This is surprising, as both agents are
lymphodepleting and myelosuppressive (Figure 2). However, these drugs can induce type | in-
terferon responses in tumor cells, which makes them visible to the immune system [72,78] de-
spite concurrent inhibition of the proinflammatory nuclear factor kB (NF-kB) [39]. This could be
a basis for a phenomenon called chemo-immunotherapy, where chemotherapy strongly
boosts anticancer immune responses. Doxorubicin treatment activates cyclic GMP-AMP syn-
thase (cGAS)- stimulator of interferon genes (STING) detection of cytoplasmic DNA emerging
from DNA breaks caused by topoisomerase inhibition [77,78]. However, CBL0O137 does not
cause DNA breaks suggesting alternative mechanisms of IFN type activation (Box 3). Other
mechanisms of immune system activation may include formation of Z-DNA [47,79] or acti-
vation of major histocompatibility complex (MHC) genes, as well as inactivation of immuno-
suppressive factors [76]. In addition, chromatin damage may change the transcription
program in immune cells, such as decondensing chromatin in regulatory T cells (Tregs)
and in exhausted T cells, thus changing their phenotype from immunosuppressive to proac-
tive. Tumor cells may also die through a phenomenon called immunogenic cell death that
then boosts immune responses [80]. In summary, anticancer drugs, such as curaxins and
anthracyclines, have multiple effects on the immune system to further detect and eliminate
cancer cells.

Why are tumor cells more sensitive to chromatin damage than normal cells?
We propose that tumor cells are more vulnerable to chromatin-damaging therapy due to their
more dynamic and less stable chromatin state. This is also suggested from dose-response ex-
periments on cell lines with DNA damage or histone-evicting anthracycline variants [13,36]. The
question is, then, how does chromatin damage provide a therapeutic window for cancer treat-
ment? This is unclear. It has been shown that nucleosomes become generally more dynamic
during oncogenic transformation [81], which may make transformed and tumor cells more sen-
sitive to chromatin-damaging drugs [48]. However, chromatin-damaging drugs like aclarubicin
can also affect normal tissue, especially white blood cells [82]. However, while nucleosome
instability is emerging as a novel cancer driver [83-90], massive nucleosome destabilization
is lethal in eukaryotes [91,92].

Nucleosome stability defines DNA access to the transcriptional machinery. Tumor cells are
characterized by phenotypic plasticity [93], which requires easy and fast transition between dif-
ferent transcriptional programs. Normally, these transitions are limited by chromatin organiza-
tion, including stable nucleosomes at the promoters of silenced genes and location of silenced
genomic regions in non-transcribed nuclear territories. Destruction of chromatin organizationin
tumor cells may be achieved if nucleosome stability is reduced genome-wide, such that all
chromatin in cells is less condensed. This not only makes access of transcription factors to
DNA easier, it also enables chromatin fibers to be more flexible and mobile, which would facilitate
random promoter—enhancer contacts and switches of transcriptional programs [83]. Conse-
quently, if chromatin in tumor cells undergoes higher histone turnover, then lower concentrations
of chromatin-damaging drugs would be required for losing histones from chromatin and would ini-
tiate cell death. Indeed, anthracyclines bind better to open chromatin [26,36,49]. The chromatin
state is then important for allowing histone eviction by chromatin-damaging cancer drugs. Different
anthracyclines target different genomic regions for histone eviction [36], and may then be better for
tumors with a defined chromatin state. If so, this would open the doors of chromatin-defined per-
sonalized therapy with anthracycline drugs that have already been shown to be effective across
many tumor types.
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Concluding remarks

To realize the full potential of chromatin-damaging therapy, as well as associated risks, better
understanding of biology and chemistry of chromatin-damaging compounds is needed
(see Outstanding questions).

Currently clinical experience with chromatin-damaging drugs is limited. Aclarubicin was first used
in patients in the late 1970s in Phase 1 trials for refractory liquid and solid malignancies. Interest
stemmed from two findings in preclinical models: reduced cardiotoxicity and increased uptake
in cancer cells resistant to doxorubicin and daunorubicin via overexpression of multidrug resis-
tance 1 (MDR1) [28,29]. Phase 1/2 trials in heavily pretreated patients with acute myeloid and
lymphoid leukemias showed encouraging results. In one study, 11/25 AML patients (44%)
achieved complete remission. No cases of depressed cardiac function were identified, despite in-
clusion of patients ranging from the ages of 2 to 80 years [37,94,95]. Aclarubicin was also used in
place of daunorubicin in a Phase 1 pediatric AML trial and showed a similar response rate as dau-
norubicin (80.0 versus 82.2%) [96,97]. However, when aclarubicin was tested as monotherapy in
breast and lung cancer, no significant clinical response was observed, perhaps because of poor
distribution in those tissues [98,99]. Taken together, these results illustrate that the class of
anthracyclines should be divided to a series of different drugs that should be optimized for spe-
cific tumor types.

Curaxin CBLO137 has been tested in Phase 1 dose-escalation studies in patients with relapsed and
refractory solid tumors, including breast cancers, sarcomas, liver cancer, and genitourinary malig-
nancies (NCT01905228). No complete responses were observed, though several patients had sta-
ble disease or partial responses. Side effect profiles were quite manageable and included
photosensitivity and thrombocytopenia. Because of the favorable side effect profile, CBLO137
could be administered for as long as 24 months. CBL0137 is now being tested in trials with
children and young adults with solid tumors and central nervous system malignancies
(NCT04870944), as monotherapy in melanomas and sarcomas (NCT03727789), and in combina-
tion with ipilimumalb and nivolumab in melanoma (NCT05498792). To define the prospects of chro-
matin-damage therapy, clinical trials are needed to compare efficacy and safety of compounds
causing only DNA damage, both DNA and chromatin damage, and only chromatin damage. The ac-
tivity of aclarubicin-based therapies in the treatment of patients with AML already indicate the clinical
applicability of chromatin-damaging therapy. In addition, side effects of the currently used
anthracyclines, such as infertility and treatment-induced secondary tumors, are usually not consid-
ered a major issue or simply not followed by the treating oncologists. Yet they may be controlled by
anthracycline or curaxin variants that employ only chromatin damage as anticancer activity. Intro-
ducing such drugs will also improve quality of life and decrease health costs for cancer survivors
later in life. Chromatin damage as a concept in drug development provides a new opportunity to de-
velop less toxic and more efficacious therapies that are poised to make cancer treatment more ac-
cessible, equitable, and applicable to all patients, regardless of age, disease, or comorbidity status.
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Outstanding questions

How does chromatin damage affect
the epigenetic state of tumor cells?

Does the chromatin state of tumors
confer selectivity to chromatin-
damaging drugs?

How is chromatin selectivity of
anthracycline drugs defined? And how
does this relate to tumor targeting of
these drugs?

How does chromatin damage translate
into cell death?

How can the optimal anthracycline
variant be selected given the genomic
status of a tumor type?

Can chromatin-damaging drugs be
improved?

Does the eviction of non-histone chro-
matin proteins other than histones
contribute to chromatin damage?


CellPress logo

Trends in Cancer

References

1.

N

o

o

~

oo

11.

12.

18.

14.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Ramon, Y.C.S. et al. (2020) Clinical implications of intratumor
heterogeneity: challenges and opportunities. J. Mol. Med.
(Ber)) 98, 161-177

. McGranahan, N. and Swanton, C. (2017) Clonal heterogeneity

and tumor evolution: past, present, and the future. Cell 168,
613-628

. Sharma, A. et al. (2019) Non-genetic intra-tumor heterogeneity is

amajor predictor of phenotypic heterogeneity and ongoing evolu-
tionary dynamics in lung tumors. Cell Rep. 29, 2164-2174 €5

. Cheung-Ong, K. et al. (2013) DNA-damaging agents in cancer

chemotherapy: serendipity and chemical biology. Chem. Biol.
20, 648-659

. Gedminas, J.M. and Laetsch, T.W. (2022) Targeting the DNA dam-

age response in pediatric malignancies. Expert. Rev. Anticancer.
Ther. 22,1099-1113

. Lawrence, M.S. et al. (2013) Mutational heterogeneity in cancer

and the search for new cancer-associated genes. Nature 499,
214-218

. Siegel, D.A. et al. (2020) Pediatric cancer mortality and survival

in the United States, 2001-2016. Cancer 126, 4379-4389

. Hernadfoi, M.V. et al. (2024) Burden of childhood cancer and

the social and economic challenges in adulthood: a systematic
review and meta-analysis. JAMA Pediatr., 240642 https://doi.
org/10.1001/jamapediatrics.2024.0642

. van den Boogaard, W.M.C. et al. (2022) Chemotherapy side-

effects: not all DNA damage is equal. Cancers (Basel) 14, 627

. Lazic, A. et al. (2020) Insights into platinum-induced peripheral

neuropathy — current perspective. Neural Regen. Res. 15,
1623-1630

Volkova, M. and Russel, R., 3rd (2011) Anthracycline cardiotoxicity:
prevalence, pathogenesis and treatment. Curr. Cardiol. Rev. 7,
214-220

Demoor-Goldschmidt, C. and de Vathaire, F. (2019) Review of
risk factors of secondary cancers among cancer survivors. Br.
J. Radiol. 92, 20180390

Qiao, X. et al. (2020) Uncoupling DNA damage from chromatin
damage to detoxify doxorubicin. Proc. Natl. Acad. Sci. U. S. A.
117, 15182-15192

Wander, D.P.A. et al. (2020) Doxorubicin and aclarubicin: shuf-
fling anthracycline glycans for improved anticancer agents.
J. Med. Chem. 63, 12814-12829

. Yang, F. et al. (2013) Doxorubicin enhances nucleosome turn-

over around promoters. Curr. Biol. 23, 782-787

van der Zanden, S.Y. et al. (2021) New insights into the activities
and toxicities of the old anticancer drug doxorubicin. FEBS J.
288, 6095-6111

Grimmond, H.E. and Beerman, T. (1982) Alteration of chromatin
structure induced by the binding of adriamycin, daunorubicin
and ethidium bromide. Biochem. Pharmacol. 31, 3379-3386
Paoletti, J. (1979) Relaxation of chromatin structure induced by
ethidium binding. Involvement of the intercalation process. Eur.
J. Biochem. 100, 531-539

Jerzmanowski, A. et al. (1978) Effect of ethidium bromide on the
digestion of chromatin DNA with micrococcal nuclease.
Biochim. Biophys. Acta 521, 493-501

Bartkowiak, J. et al. (1989) Selective displacement of nuclear
proteins by antitumor drugs having affinity for nucleic acids.
Proc. Natl. Acad. Sci. U. S. A. 86, 5151-5154

McMurray, C.T. and van Holde, K.E. (1986) Binding of ethidium
bromide causes dissociation of the nucleosome core particle.
Proc. Natl. Acad. Sci. U. S. A. 83, 8472-8476

Fitzgerald, D.J. and Anderson, J.N. (1999) Selective nucleo-
some disruption by drugs that bind in the minor groove of
DNA. J. Biol. Chem. 274, 27128-27138

Licht, J.D. et al. (1994) Phase IV trial of daily oral etoposide in
the treatment of advanced soft-tissue sarcoma. Cancer
Chemother. Pharmacol. 34, 79-80

Tian, Z. and Yao, W. (2023) Chemotherapeutic drugs for soft
tissue sarcomas: a review. Front. Pharmacol. 14, 1199292
Wang, B.C. et al. (2021) Doxorubicin/adriamycin monotherapy
or plus ifosfamide in first-line treatment for advanced soft tissue
sarcoma: a pooled analysis of randomized trials. Front. Oncol.
11, 762288

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

Pang, B. et al. (2013) Drug-induced histone eviction from open
chromatin contributes to the chemotherapeutic effects of doxo-
rubicin. Nat. Commun. 4, 1908

Kciuk, M. et al. (2023) Doxorubicin — an agent with multiple
mechanisms of anticancer activity. Cells 12, 659

Ogawa, M. et al. (1979) Clinical study of aclacinomycin A. Cancer
Treat. Rep. 63, 931-934

Umezawa, K. et al. (1978) Mutagenicity of aclacinomycin A and
daunomycin derivatives. Cancer Res. 38, 1782-1784

Cowell, I.G. and Austin, C.A. (2023) DNA fragility at the KMT2A/
MLL locus: insights from old and new technologies. Open Biol.
18, 220232

Wu, C.C. et al. (2011) Structural basis of type Il topoisomerase
inhibition by the anticancer drug etoposide. Science 333,
459-462

Tewey, K.M. et al. (1984) Adriamycin-induced DNA damage
mediated by mammalian DNA topoisomerase Il. Science 226,
466-468

Martins-Teixeira, M.B. and Carvalho, |. (2020) Antitumour
anthracyclines: progress and perspectives. ChemMedChem
15, 933-948

Seo, J. et al. (2012) Genome-wide profiles of H2AX and
gamma-H2AX differentiate endogenous and exogenous DNA
damage hotspots in human cells. Nucleic Acids Res. 40,
5965-5974

van Gelder, M.A. et al. (2023) Re-exploring the anthracycline
chemical space for better anti-cancer compounds. J. Med.
Chem. 66, 11390-11398

Qiao, X. et al. (2023) Diverging the anthracycline class of anti-
cancer drugs for superior survival of acute myeloid leukemia
patients. MedRxiv, Published online November 24, 2023.
https://doi.org/10.1101/2023.11.23.23298950

Wojnar, J. et al. (1989) Clinical studies on aclacinomycin A
cardiotoxicity in adult patients with acute non-lymphoblastic
leukaemia. Folia Haematol. Int. Mag. Klin. Morphol. Blutforsch.
116, 297-303

Hulst, M.B. et al. (2022) Anthracyclines: biosynthesis, engineer-
ing and clinical applications. Nat. Prod. Rep. 39, 814-841
Gasparian, A.V. et al. (2011) Curaxins: anticancer compounds
that simultaneously suppress NF-kappaB and activate p53 by
targeting FACT. Sci. Transl. Med. 3, 95ra74

Gurova, K.V. et al. (2004) p53 pathway in renal cell carcinoma is
repressed by a dominant mechanism. Cancer Res. 64,
1951-1958

Barone, T.A. et al. (2017) Anticancer drug candidate CBL0137,
which inhibits histone chaperone FACT, is efficacious in preclin-
ical orthotopic models of temozolomide-responsive and
-resistant glioblastoma. Neuro-Oncology 19, 186-196
Burkhart, C. et al. (2014) Curaxin CBLO137 eradicates drug re-
sistant cancer stem cells and potentiates efficacy of gemcita-
bine in preclinical models of pancreatic cancer. Oncotarget 5,
11038-11053

Carter, D.R. et al. (2015) Therapeutic targeting of the MYC sig-
nal by inhibition of histone chaperone FACT in neuroblastoma.
Sci. Transl. Med. 7, 312ra176

Koman, L.E. et al. (2012) Targeting FACT complex suppresses
mammary tumorigenesis in Her2/neu transgenic mice. Cancer
Prev. Res. (Phila.) 5, 1025-1035

Somers, K. et al. (2020) Potent antileukemic activity of curaxin
CBL0137 against MLL-rearranged leukemia. Int. J. Cancer
146, 1902-1916

Nesher, E. et al. (2018) Role of chromatin damage and chromatin
trapping of FACT in mediating the anticancer cytotoxicity of DNA-
binding small molecule drugs. Cancer Res. 78, 1431-1443
Safina, A. et al. (2017) FACT is a sensor of DNA torsional stress
in eukaryotic cells. Nucleic Acids Res. 45, 1925-1945

Luzhin, A. et al. (2023) Comparison of cell response to chroma-
tin and DNA damage. Nucleic Acids Res. 51, 11836-11855
Pang, B. et al. (2015) Chemical profiling of the genome with
anti-cancer drugs defines target specificities. Nat. Chem. Biol.
11, 472-480

Firouzi Niaki, E. et al. (2020) Interactions of cisplatin and dauno-
rubicin at the chromatin level. Sci. Rep. 10, 1107

¢ CellP’ress
OPEN ACCESS

Trends in Cancer, Month 2024, Vol. xx, No. xx 11



http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0005
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0005
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0005
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0010
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0010
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0010
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0015
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0015
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0015
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0020
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0020
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0020
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0025
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0025
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0025
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0030
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0030
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0030
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0035
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0035
https://doi.org/10.1001/jamapediatrics.2024.0642
https://doi.org/10.1001/jamapediatrics.2024.0642
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0045
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0045
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0050
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0050
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0050
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0055
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0055
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0055
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0060
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0060
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0060
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0065
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0065
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0065
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0070
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0070
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0070
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0075
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0075
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0080
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0080
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0080
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0085
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0085
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0085
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0090
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0090
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0090
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0095
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0095
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0095
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0100
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0100
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0100
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0105
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0105
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0105
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0110
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0110
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0110
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0115
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0115
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0115
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0120
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0120
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0125
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0125
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0125
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0125
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0130
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0130
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0130
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0135
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0135
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0140
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0140
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0145
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0145
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0150
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0150
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0150
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0155
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0155
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0155
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0160
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0160
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0160
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0165
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0165
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0165
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0170
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0170
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0170
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0170
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0175
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0175
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0175
https://doi.org/10.1101/2023.11.23.23298950
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0185
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0185
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0185
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0185
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0190
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0190
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0195
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0195
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0195
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0200
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0200
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0200
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0205
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0205
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0205
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0205
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0210
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0210
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0210
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0210
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0215
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0215
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0215
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0220
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0220
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0220
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0225
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0225
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0225
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0230
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0230
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0230
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0235
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0235
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0240
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0240
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0245
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0245
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0245
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0250
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0250
CellPress logo

¢? CellPress
OPEN ACCESS

51.

52.

53.

54.

56.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

12

Pizarro, A.M. et al. (2013) Metal-DNA coordination complexes.
In Comprehensive Inorganic Chemistry Il (Poeppelmeier,
J.RAK., ed.), pp. 751-784, Elsevier

Wander, D.P.A. et al. (2021) Synthetic (N,N-dimethyl)doxorubicin
glycosyl diastereomers to dissect modes of action of anthracycline
anticancer drugs. J. Organomet. Chem. 86, 5757-5770
Cappetta, D. et al. (2017) Oxidative stress and cellular response
to doxorubicin: a common factor in the complex milieu of
anthracycline cardiotoxicity. Oxidative Med. Cell. Longev.
2017, 1521020

Taatjes, D.J. et al. (1997) Redox pathway leading to the alkyl-
ation of DNA by the anthracycline, antitumor drugs adriamycin
and daunomycin. J. Med. Chem. 40, 1276-1286

Salvatorelli, E. et al. (2012) Pharmacokinetic characterization of
amrubicin cardiac safety in an ex vivo human myocardial strip
model. Il. Amrubicin shows metabolic advantages over doxoru-
bicin and epirubicin. J. Pharmacol. Exp. Ther. 341, 474-483
Catalano, M.G. et al. (2006) Valproic acid, a histone deacetylase
inhibitor, enhances sensitivity to doxorubicin in anaplastic thy-
roid cancer cells. J. Endocrinol. 191, 465-472

Yu, Z. et al. (2023) Chem-map profiles drug binding to chroma-
tin in cells. Nat. Biotechnol. 41, 12656-1271

Xiao, L. et al. (2022) The combination of curaxin CBLO137 and
histone deacetylase inhibitor panobinostat delays KMT2A-
rearranged leukemia progression. Front. Oncol. 12, 863329
Xiao, L. et al. (2021) Dual targeting of chromatin stability by the
curaxin  CBLO137 and histone deacetylase inhibitor
panobinostat shows significant preclinical efficacy in neuroblas-
toma. Clin. Cancer Res. 27, 4338-4352

Ehteda, A. et al. (2021) Dual targeting of the epigenome via
FACT complex and histone deacetylase is a potent treatment
strategy for DIPG. Cell Rep. 35, 108994

Kantidze, O.L. et al. (2019) The anti-cancer drugs curaxins tar-
get spatial genome organization. Nat. Commun. 10, 1441
Wang, T. et al. (2023) Chemical-induced phase transition and
global conformational reorganization of chromatin. Nat.
Commun. 14, 5556

Nanasi, P., JrJr., P., JrJr., P., P., Jret al. (2020) Doxorubicin in-
duces large-scale and differential H2A and H2B redistribution in
live cells. PLoS One 15, e0231223

Stefanova, M.E. et al. (2023) Doxorubicin changes the spatial
organization of the genome around active promoters. Cells
12, 2001

Bosire, R. et al. (2022) Doxorubicin impacts chromatin binding
of HMGBH1, histone H1 and retinoic acid receptor. Sci. Rep.
12,8087

Lu, K. et al. (2021) Curaxin-induced DNA topology alterations
trigger the distinct binding response of CTCF and FACT at the
single-molecule level. Biochemistry 60, 494-499

Gurova, K. et al. (2018) Structure and function of the histone
chaperone FACT - resolving FACTual issues. Biochim.
Biophys. Acta Gene Regul. Mech., S1874-9399(18)30159-7.
https://doi.org/10.1016/j.bbagrm.2018.07.008

Qiu, Z. et al. (2018) ATR/CHK1 inhibitors and cancer therapy.
Radiother. Oncol. 126, 450-464

Peng, H.F. and Jackson, V. (1997) Measurement of the fre-
quency of histone displacement during the in vitro transcription
of nucleosomes: RNA is a competitor for these histones.
Biochemistry 36, 12371-12382

Hammond, C.M. et al. (2017) Histone chaperone networks
shaping chromatin function. Nat. Rev. Mol. Cell Biol. 18,
141-158

Konishi, A. et al. (2003) Involvement of histone H1.2 in apopto-
sis induced by DNA double-strand breaks. Cell 114, 673-688
Leonova, K. et al. (2018) TRAIN (Transcription of Repeats Acti-
vates INterferon) in response to chromatin destabilization induced
by small molecules in mammalian cells. eLife 7, e30842

Liu, L.F. and Wang, J.C. (1987) Supercoiling of the DNA tem-
plate during transcription. Proc. Natl. Acad. Sci. U. S. A. 84,
7024-7027

Gartenberg, M.R. and Wang, J.C. (1992) Positive supercoiling
of DNA greatly diminishes mRNA synthesis in yeast. Proc.
Natl. Acad. Sci. U. S. A. 89, 11461-11465

Trends in Cancer, Month 2024, Vol. xx, No. xx

75.

76.

7.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

Wooten, M. et al. (2023) Aclarubicin stimulates RNA polymer-
ase |l elongation at closely spaced divergent promoters. Sci.
Adv. 9, eadg3257

Chen, M. et al. (2021) Stimulation of an anti-tumor immune re-
sponse with ‘chromatin-damaging’ therapy. Cancer Immunol.
Immunother. 70, 2073-2086

Zitvogel, L. et al. (2008) Immunological aspects of cancer che-
motherapy. Nat. Rev. Immunol. 8, 59-73

Sistigu, A. et al. (2014) Cancer cell-autonomous contribution of
type | interferon signaling to the efficacy of chemotherapy. Nat.
Med. 20, 1301-1309

Zhang, T. et al. (2022) ADAR1 masks the cancer immunothera-
peutic promise of ZBP1-driven necroptosis. Nature 606,
594-602

Garg, A.D. et al. (2017) Trial watch: immunogenic cell death in-
duction by anticancer chemotherapeutics. Oncoimmunology 6,
1386829

Sandlesh, P. et al. (2020) Prevention of chromatin destabiliza-
tion by FACT is crucial for malignant transformation. iScience
23,101177

Jin, J. et al. (2013) Homoharringtonine-based induction regi-
mens for patients with de-novo acute myeloid leukaemia: a mul-
ticentre, open-label, randomised, controlled phase 3 trial.
Lancet Oncol. 14, 599-608

Gurova, K. (2022) Can aggressive cancers be identified by the
‘aggressiveness’ of their chromatin? Bioessays 44, 2100212
Morgan, M.A. and Shilatifard, A. (2015) Chromatin signatures of
cancer. Genes Dev. 29, 238-249

Nacev, B.A. et al. (2019) The expanding landscape of
‘oncohistone' mutations in human cancers. Nature 567, 473-478
Reddy, K.L. and Feinberg, A.P. (2013) Higher order chromatin
organization in cancer. Semin. Cancer Biol. 23, 109-115
Song, S.H. and Kim, T.Y. (2017) CTCF, cohesin, and chromatin
in human cancer. Genomics Inform. 15, 114-122

Valencia, A.M. and Kadoch, C. (2019) Chromatin regulatory
mechanisms and therapeutic opportunities in cancer. Nat. Cell
Biol. 21, 152-161

Bennett, R.L. et al. (2019) A mutation in histone H2B represents
anew class of oncogenic driver. Cancer Discov. 9, 1438-1451
Chew, G.L. et al. (2021) Short H2A histone variants are
expressed in cancer. Nat. Commun. 12, 490

Goswami, . et al. (2022) FACT maintains nucleosomes during
transcription and stem cell viability in adult mice. EMBO Rep.
23, e53684

Hu, Z. et al. (2014) Nucleosome loss leads to global transcrip-
tional up-regulation and genomic instability during yeast aging.
Genes Dev. 28, 396-408

Burkhardt, D.B. et al. (2022) Mapping phenotypic plasticity
upon the cancer cell state landscape using manifold learning.
Cancer Discov. 12, 1847-1859

Machover, D. et al. (1984) Phase I-Il study of aclarubicin for
treatment of acute myeloid leukemia. Cancer Treat. Rep. 68,
881-886

Wearll, R.P., Jr (1986) Aclacinomycin A: clinical development of a
novel anthracycline antibiotic in the haematological cancers.
Drugs Exp. Clin. Res. 12, 275-282

Fengler, R. et al. (1987) Aggressive combination chemotherapy
of bone marrow relapse in childhood acute lymphoblastic
leukemia containing aclacinomycin-A: a multicentric trial.
Haematol. Blood Transfus. 30, 493-496

Fink, F.M. et al. (1990) Treatment of Childhood Acute
Nonlymphocytic Leukemia: Cooperative Austrian-Hungarian
Study AML-IGCI-84, 1990. Springer Berlin Heidelberg, Berlin,
Heidelberg, pp. 233-236

Forastiere, A.A. et al. (1983) Phase |l trial of aclarubicin in ad-
vanced breast cancer: a cancer and leukemia group B study.
Cancer Treat. Rep. 67, 1137-1138

Kramer, B.S. et al. (1986) Phase Il evaluation of aclarubicin in
lung cancer: a Southeastern Cancer Study Group Trial. Cancer
Treat. Rep. 70, 803-804

Keller, D.M. et al. (2001) A DNA damage-induced p53 serine
392 kinase complex contains CK2, hSpt16, and SSRP1. Mol.
Cell 7, 283-292

Trends in Cancer


http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0255
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0255
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0255
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0260
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0260
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0260
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0265
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0265
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0265
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0265
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0270
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0270
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0270
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0275
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0275
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0275
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0275
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0280
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0280
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0280
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0285
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0285
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0290
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0290
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0290
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0295
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0295
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0295
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0295
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0300
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0300
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0300
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0305
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0305
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0310
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0310
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0310
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0315
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0315
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0315
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0320
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0320
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0320
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0325
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0325
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0325
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0330
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0330
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0330
https://doi.org/10.1016/j.bbagrm.2018.07.008
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0340
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0340
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0345
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0345
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0345
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0345
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0350
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0350
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0350
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0355
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0355
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0360
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0360
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0360
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0365
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0365
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0365
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0370
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0370
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0370
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0375
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0375
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0375
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0380
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0380
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0380
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0385
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0385
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0390
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0390
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0390
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0395
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0395
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0395
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0400
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0400
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0400
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0405
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0405
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0405
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0410
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0410
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0410
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0410
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0415
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0415
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0420
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0420
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0425
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0425
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0430
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0430
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0435
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0435
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0440
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0440
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0440
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0445
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0445
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0450
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0450
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0455
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0455
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0455
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0460
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0460
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0460
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0465
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0465
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0465
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0470
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0470
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0470
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0475
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0475
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0475
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0480
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0480
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0480
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0480
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0485
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0485
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0485
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0485
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0490
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0490
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0490
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0495
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0495
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0495
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0500
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0500
http://refhub.elsevier.com/S2405-8033(24)00095-5/rf0500
CellPress logo

	Chromatin as an old and new anticancer target
	A better look at DNA damage for chemotherapeutic activity
	The effect of DNA-binding compounds on chromatin
	Distinguishing DNA damage from chromatin damage
	Chromatin-damaging compounds differ from other epigenetic therapies
	Cellular consequences of chromatin damage
	Chromatin damage and transcription
	Cytotoxicity of chromatin damage
	Activation of antitumor immune responses by chromatin damage
	Why are tumor cells more sensitive to chromatin damage than normal cells?
	Concluding remarks
	Acknowledgments
	Declaration of interests
	References




