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“No kind action ever stops with itself. One kind action leads to another. 
Good example is followed. A single act of kindness throws out roots in all directions, 

and the roots spring up and make new trees. The greatest work
 that kindness does to others is that it makes them kind themselves.” 

Amelia Earhart
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Chapter 1

Anthracyclines comprise a class of chemotherapeutics that are among the most 
effective antineoplastic agents currently in clinical use. Daunorubicin (originally named 
daunomycin) was first discovered as a natural compound produced by Streptomyces 
peucitus in 1960.1,2 Shortly thereafter, doxorubicin (also known as adriamycin) was 
isolated from a randomly mutagenized strain of S. peucitus.3 Daunorubicin is highly 
effective in treating leukemias4, and doxorubicin exerts even broader anti-cancer activity 
that extends to lymphomas, sarcomas, and a wide range of solid tumors.5 Although these 
anthracyclines were discovered decades ago, they remain among the most potent and 
widely used anticancer drugs and are therefore a cornerstone of cancer treatment today.

Anthracyclines are composed of a tetracyclic anthraquinone aglycone linked to a 
sugar moiety by a glycoside bond.6 Daunorubicin and doxorubicin are the archetypal 
anthracycline drugs, and due to their remarkable effectivity thousands of analogues have 
been produced in attempt to discover equally or more effective compounds. Numerous 
anthracycline analogues have been generated using modified bacterial strains, of which 
aclarubicin (produced in S. galilaeus) is the only variant in current clinical use, although 
its application is limited to China and Japan.7 Many other anthracyclines have been 
produced through semi-synthesis, notably epirubicin8 and idarubicin9 which are used 

Figure 1 – Chemical structures of doxorubicin and related anthracyclines. The aglycone is 
numbered in accordance with Brockmann (1963).6 The daunosamine is circled in blue. Anthracycline 
domains relevant for binding to DNA and topoisomerase II are indicated in green. Structural 
differences compared to doxorubicin are indicated in red. This figure is adapted from van der 
Zanden et al., FEBS Journal (2020).
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1worldwide. Additionally, the completely synthetic anthracycline amrubicin is used for 
cancer treatment in Japan10 (Figure 1). 

Molecular mechanisms of action

Of all the anthracycline analogues discovered, synthesized and produced in the past 
decades, only six variants have made it into clinical practice11 (Figure 1). One might 
wonder why we still dedicate research efforts to synthesizing more variants and 
improving our understanding of anthracycline biology. Interestingly, regardless of the 
decades of clinical use, new discoveries regarding the molecular mechanisms of these 
drugs still emerge to date.12 Not all anthracyclines share the same modes of action, and 
our understanding of the different effects exerted by these structurally closely related 
drugs is still incomplete. Although the exact mechanisms through which anthracyclines 
exert their anti-cancer activity are not fully understood, it is generally accepted that 
multiple mechanisms and pathways are involved.13 

Anthracyclines are mostly taken up by cells through passive diffusion, although ATP-
dependent transporters can also contribute to drug uptake.14 Once inside the cell, 
anthracyclines accumulate in many cellular compartments but most notably exert their 
cytotoxic effects in the nucleus and mitochondria. Their inherent capability to intercalate 
into double stranded DNA is at the basis of many modes of action. The anthraquinone 
aglycon intercalates between DNA base pairs while the sugar moiety is pointed into the 
DNA minor groove (Figure 1 and Figure 2A). Anthracycline intercalation is not mediated 
by active processes in the cell but happens because of affinity and occurs in the absence 
of the cellular context. DNA intercalation inhibits both DNA and RNA synthesis15,16, 
thereby altering replication and transcription processes in the cell.

Inhibition of topoisomerase II (Topo II) is the best described molecular mechanism 
leading to anthracycline-induced cell death.17 Topo II is an enzyme critical for managing 
torsional DNA stress and facilitating transcription, replication and repair. It creates 
transient double-stranded DNA breaks to release tension in the DNA created during 
replication and subsequently closes the initial break by re-ligating the DNA strands.18 
Most anthracyclines (such as doxorubicin, epirubicin, daunorubicin and idarubicin) 
intercalate into the DNA and form a stable anthracycline-DNA-Topo II ternary complex 
(Figure 2B). The enzyme is halted in its catalytic step after inducing the initial DNA 
breaks, which prevents Topo II from re-ligating the broken DNA strands. This leads to 
activation of the DNA damage response and p53 pathways. However, when the DNA 
repair process fails, the accumulation of lesions results in cell cycle arrest and cell death.19 
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Some anthracyclines (like aclarubicin) interrupt the binding of Topo II to DNA, and do not 
induce DNA double stranded breaks, despite inhibiting the enzymatic activity (Figure 2C).

Figure 2- Schematic representation of the Topo II inhibition mechanism of anthracyclines. To 
release tension and DNA supercoils Topo II binds to the DNA and introduces a transient double 
strand break in one of the strands (the G-segment), allowing the second strand (the T-segment) to 
pass through. After religation of the DNA break, Topo II is released from the DNA. Most anthracyclines 
(doxorubicin, daunorubicin, epirubicin, idarubicin and amrubicin), as well as etoposide (having a 
chemotype distinct from the anthracyclines), stabilize the Topo II-DNA complex after the induction 
of double strand breaks and prevent the break from being resealed. The anthracycline variants 
aclarubicin and dimethyl-doxorubicin inhibit the enzymatic activity of Topo II by preventing its 
binding to DNA. This figure is adapted from van der Zanden et al., FEBS Journal (2020).



13

Introduction to Anthracycline Biology

1Within the cell’s nucleus, DNA is compacted at several levels. Genomic DNA is wrapped 
tightly around histones and the resulting DNA-protein complex is called chromatin. The 
repeating structural unit of chromatin is the nucleosome, which contains eight histone 
proteins.20 One of the most recently discovered mode of action of anthracyclines involves 
the disruption of the chromatin structure. When anthracyclines intercalate into DNA the 
sugar moiety competes for space with histones, causing histones to dissociate from the 
DNA and nucleosomes to collapse.21 

Figure 3 – Schematic representation of chromatin damage induced by doxorubicin. Doxorubicin 
intercalates into the DNA, where the sugar moiety destabilizes nucleosomes by competing for space 
with histones. Histone eviction results in epigenetic and transcriptomic alterations and altered DNA 
damage repair, collectively referred to as chromatin damage. This figure is adapted from van der 
Zanden et al., FEBS Journal (2020).
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This process has been shown to be independent of ATP, suggesting it is a drug-
intrinsic action mediated by DNA intercalation of the anthraquinone aglycone and the 
competition for space between the sugar moiety and histones.21 Histone eviction is not 
observed for all anthracycline variants22–24, but this unique mode of action has only been 
observed for anthracyclines and one other class of compounds named curaxins.25 Other 
DNA intercalating drugs (such as mitoxantrone) or non-intercalating Topo II poisons 
(for example etoposide) do not induce histone eviction.26 The disruption of chromatin 
structures results in delayed DNA damage response and epigenetic and transcriptomic 
alterations, collectively referred to as chromatin damage (Figure 3). The molecular 
pathways that lead from histone eviction to programmed cell death are not known, but 
the capacity to evict histones appears to be a better indicator of the anticancer activity of 
anthracyclines than their DNA-damaging activity.22

The accumulation of anthracyclines in the cells mitochondria directly affects their 
energy management. Mitochondrial impairment is caused through direct interactions 
of anthracyclines with respiratory chain complexes and other proteins involved in 
oxidative phosphorylation27, as well as through the generation of reactive oxygen species 
(ROS).28 Extensive studies have shown that doxorubicin alters the respiratory chain 
in ways characteristic of chemicals that accept and redirect electrons, known as redox 

Figure 4 – Schematic representation of the mitochondrial processes that are that are 
disrupted by doxorubicin. Doxorubicin accumulates in the mitochondria, where it intercalates 
into mitochondrial DNA, disrupts oxidative phosphorylation and iron homeostasis, and induces an 
excessive production of reactive oxygen species. 
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1cycling agents. The redox cycling capacity of anthracyclines is a major contributor to 
ROS generation.29 Additionally, anthracyclines drive an iron overload in mitochondria 
which further contributes to excessive ROS production.30 High levels of ROS can induce 
lipid peroxidation which results in damage to membranes and cellular structures, 
ultimately leading to cellular stress and apoptosis.31 Another mechanism through which 
anthracyclines can induce mitochondrial damage is again linked to the inherent capacity 
to intercalate into DNA. Within the mitochondria the intercalation of anthracyclines 
leads to the formation of 8-hydroxydeoxyguanosine (8OHdG) adducts32 (Figure 4). 
Similarly to genomic DNA lesions, these adducts affect the transcription and translation 
of mitochondrial genes. Lastly, mitochondrial dynamics are altered in response to 
anthracyclines, which are disrupting the balance between mitochondrial fusion and 
fission events.33 This imbalance can lead to mitochondrial fragmentation and eventual 
cell death.

Side effects and toxicities 

Tumor cells typically exhibit altered cellular features which make them distinct from 
healthy cells.34 Some of these features contribute to anthracycline selectivity towards 
tumor cells, such as increased metabolism and rapid cell division. Anthracycline toxicity 
is however not limited to tumor cells, and the severe side effects that accompany 
anthracycline treatment can be both life threatening and treatment limiting. The 
difference in relative toxicity toward tumor cells versus healthy cells creates a therapeutic 
window, allowing for doses that effectively kill tumor cells while remaining within 
acceptable toxicity levels for normal cells. Still, anthracycline treatment is associated 
with various toxicities affecting normal cells. Anthracycline treatment induced-side 
effects include acute and reversible issues such as nausea, alopecia and leukopenia 
and long-term side effects such as cardiotoxicity, gonadotoxicity and therapy-related 
tumorigenesis. Overall, anthracycline treatment has a significant impact on patients’ 
quality of life, and the associated adverse events restrict the clinical use of anthracyclines. 
The emergence of side effects is difficult to predict for individual patients and depends 
on multiple variables such as chemotherapeutic dose, the number of treatment cycles 
and individual risk factors. 

Anthracycline-induced cardiotoxicity is one of the most severe side effects, encompassing 
a wide array of symptoms including contractile dysfunction, ventricular dysfunction, 
cardiomyopathy, arrythmias and heart failure.35 Currently, no treatment exists for 
anthracycline-induced cardiotoxicity, leading to the exclusion of patients at higher risk 
such as the elderly or those with existing cardiac issues. The onset of anthracycline-
induced cardiotoxicity is dose-dependent, irreversible and may occur early or late during 
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treatment. Although it is one of the best-studied side effects of anthracycline treatment, 
the underlying molecular mechanisms remain incompletely understood. They are likely 
to overlap with those underlying toxicity towards tumor cells, such as DNA intercalation, 
Topo II inhibition, and disruption of the respiratory chain and mitochondrial function. 
Previous studies have demonstrated that the combination of DNA damage and chromatin 
damage, as exerted by doxorubicin, may drive its cardiotoxicity.26 Clinical observations 
reveal that aclarubicin, which only induces chromatin damage, is less cardiotoxic for 
cancer patients than doxorubicin treatment.36,37 Specific characteristics of heart tissue 
may also increase its sensitivity for anthracycline-induced toxicity compared to other 
tissues. Due to their high energy demands, cardiac cells contain a large number of 
mitochondria and have a high respiratory rate. Previous studies suggest that the effects 
of anthracyclines on cardiac mitochondrial function may underlie cardiac dysfunction. 
Various strategies have been attempted to manage anthracycline-induced cardiotoxicity, 
including counteracting excessive levels of ROS38, novel delivery methods39,40 and the 
synthesis of less cardiotoxic anthracycline variants.26,41

Another drawback of anthracycline treatment resides in the toxicity towards rapidly 
dividing normal cells, such as those found in gonadal tissues. Damage to gonadal tissue 
can lead to a shortened reproductive lifespan and infertility, which are associated with 
significant psychosocial stress. For patients of reproductive age, fertility preservation can 
be achieved by cryopreserving gametes or embryos before anthracycline treatment.42 
However, this method is not applicable for prepubescent patients, even though 
doxorubicin treatment during childhood is known to affect adult fertility.43 Several 
compounds have been proposed to be combined with anthracycline treatment to limit 
gonadotoxicity, including hormone agonists44, antioxidants45,46, proteasome inhibitors47 
and DNA damage repair inhibitors.48 However, no clinical studies have yet validated the 
effects of these combination treatments on gonadal function and anthracycline efficacy. 
A preferable approach would be to develop anthracyclines that are less toxic to normal 
cells while retaining their antitumor effectivity. Previous studies have indicated that 
gonadotoxicity is largely attributable to the anthracycline-induced generation of DNA 
double-strand breaks.48–53 Therefore, the development of anthracyclines with reduced 
DNA-damaging activity could offer more tolerable treatment options.

Among all long-term side effects, anthracycline-dependent tumorigenesis is considered 
one of the most detrimental due to the associated morbidity and mortality. Currently, 
17-19% of all newly diagnosed primary tumors occur in cancer survivors.54 Anthracycline 
treatment can cause transformation and mutagenesis in healthy cells55, increasing the 
risk of secondary tumor formation. The susceptibility of cancer survivors to develop 
therapy-related malignancies depends on various risk factors, including genetic 
predisposition, carcinogenic exposures (such as tobacco and alcohol use), host effects 
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1(like age, gender, immunodeficiency or obesity), and combination therapies with other 
mutagenic chemotherapeutics (such as alkylating agents, etoposide, or radiotherapy).56–59 
Consequently, the exact molecular mechanisms through which anthracyclines contribute 
to the development of therapy-related malignancies remain unclear. However, previous 
studies suggest that the generation of DNA double-strand breaks by anthracyclines 
may significantly contribute to the development of these malignancies. A better 
understanding of the structure-activity relationship of anthracyclines is required to 
eliminate their DNA-damaging activity and possibly prevent associated toxicities.

Resistance to anthracycline treatment

Resistance to chemotherapeutics poses a critical barrier to treatment and is one of the 
leading causes of chemotherapy failure. Several mechanisms contribute to anthracyclines 
resistance, and not all are fully understood. One key mechanism is mediated by ATP-
binding cassette (ABC) transporters. These membrane transporters are responsible for 
the efflux of a wide range of chemotherapeutics across the plasma membrane, leading 
to decreased intracellular drug levels and treatment resistance.60 ABCB1 is the best 
studied ABC transporter in the context of anthracycline resistance, and all anthracycline 
variants currently in clinical use are known substrates for ABCB1.61 Numerous studies 
have observed increased ABCB1 expression in tumor cells in response to anthracycline 
chemotherapy, and correlations between ABCB1 expression levels, drug resistance, and 
poor prognosis have been reported for many tumor types.62 Significant research efforts 
have focused on blocking ABC transporters with small molecule inhibitors to enhance 
chemotherapy efficacy.63 However, none have made it to clinical practice due to off-target 
toxicities.64 A more straightforward approach may be the development of anthracyclines 
which are not transported by ABC-transporters, but despite previous efforts such 
anthracyclines have not made it into clinical practice either.

The results of research on other cellular mechanisms regulating anthracycline resistance 
are more ambiguous. Early research suggested that Topo II expression might play an 
important role in anthracycline resistance, but the correlation between anthracycline 
sensitivity and Topo II expression is supported by conflicting evidence. Since the most 
widely used anthracyclines (doxorubicin, daunorubicin, epirubicin and idarubicin) induce 
DNA damage, it has been proposed that regulators and effectors of the DNA damage 
response may also be involved in anthracycline resistance. Genome-wide screening for 
factors driving resistance to doxorubicin revealed not only the expected involvement 
of ABCB1, but also multiple proteins associated with the DNA damage response.65 
Alterations in the expression and activity of DNA damage response regulators may alter 
the pathways leading to cell death, allowing tumor cells to continue proliferating. There 
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may be potential value in combining inhibitors of DNA damage repair kinases with 
anthracycline treatment.66 But to date, such combinations have only been tested in pre-
clinical settings and the development of anthracycline variants that do not cause DNA 
damage could potentially bypass the resistance mechanisms related to the DNA damage 
response altogether.

From past achievements to new developments 

Anthracyclines have been in clinical use for decades, and their effectiveness against many 
tumor types has outweighed their limitations. However, it remains crucial to address 
these limitations because of significant impact on the quality of life for cancer patients. 
The use of anthracyclines is hindered by severe side effects and toxicities that occur 
during or after treatment. Additionally, the development of resistance poses a major 

Figure 5 – Schematic overview of the different activities and toxicities of doxorubicin. The 
different activities and toxicities play a crucial role in identifying future limitations and opportunities 
of anthracycline development. 
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1barrier to successful anthracycline treatment (Figure 5). Various approaches have been 
explored to improve the efficacy and reduce the toxicity of anthracyclines, but none have 
established a permanent position in cancer treatment.

In this thesis, we focus on one strategy to improve the efficacy of anthracyclines and 
overcome resistance. We report the design, synthesis and biological evaluation of 
structural variations of the archetypical anthracyclines (doxorubicin, daunorubicin, 
epirubicin, idarubicin and aclarubicin). The aim of this work is to gain a better 
understanding of the structure-activity relationships of anthracyclines, with the ultimate 
goals of identifying anthracycline variants that may elicit fewer adverse events and 
circumvent the molecular mechanisms underlying drug resistance.

In chapter 2, we demonstrate that different anthracycline variants have distinct 
molecular mechanisms. In this extensive structure-activity relationship study we show 
that small chemical modifications can significantly impact the cytotoxicity and biological 
activities of these drugs. In addition, we determined the ability of novel anthracycline 
variants to induce both DNA- and chromatin damage. To gain a better understanding of 
the molecular pathways leading to chromatin damage-induced cell death, we performed 
a genome-wide CRISPR screen in chapter 3. Here, we identified p53 as an important 
regulator of cell death in response to aclarubicin. We show that aclarubicin activates a 
p53-dependent transcriptional program that leads to apoptosis, like traditional DNA-
damaging anthracyclines, but in the absence of DNA lesions. In chapter 4, we identified 
several anthracycline variants that are still effective in drug transporter overexpressing, 
doxorubicin-resistant cells. These variants exhibit improved cytotoxicity and enhanced 
nuclear localization compared to their clinically used counterparts, while retaining their 
canonical anthracycline functions of DNA intercalation and Topo II targeting. In chapter 5, 
we further explored anthracycline function by comparing the effects of different 
anthracycline variants on mitochondrial DNA intercalation, transcription and translation. 
Finally, we present some directions for future research regarding the development of 
effective but less toxic anthracycline variants. 

In conclusion, the extensive structure-activity relationship studies on novel anthracycline 
variants presented in this thesis enhance our understanding of the molecular mechanisms 
involved in anthracycline activity and resistance and may aid in the development of more 
effective and more tolerable anthracyclines in the future.
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Abstract

The anthracycline anti-cancer drugs are intensely used in the clinic to treat a wide variety of 

cancers. They generate DNA double strand breaks, but recently the induction of chromatin 

damage was introduced as another major determinant of anti-cancer activity. The 

combination of these two events results in their reported side effects. While our knowledge 

on the structure-activity relationship of anthracyclines has improved, many structural 

variations remain poorly explored. Therefore, we here report on the preparation of a diverse 

set of anthracyclines with variations within the sugar moiety, amine alkylation pattern, 

saccharide chain and aglycone. We assessed the cytotoxicity in vitro in relevant human 

cancer cell lines, and the capacity to induce DNA- and chromatin damage. This coherent set 

of data allowed us to deduce a few guidelines on anthracycline design, as well as discover 

novel, highly potent anthracyclines that may be better tolerated by patients.
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Introduction

Anthracyclines are extensively used as chemotherapeutics in the treatment of various 
hematological cancers and solid tumors since their discovery in the 1960s.1 Because 
of their broad anti-cancer effectivity they are considered ‘essential medicines’ by the 
WHO2, and their remarkable potency has inspired the development of thousands of 
variants.3 Only few of these analogues have been approved for clinical use4, of which only 
doxorubicin, daunorubicin, epirubicin and idarubicin have been adopted for worldwide 
use. While these anthracyclines are among the most effective anti-cancer drugs, their 
clinical application is hampered by treatment-limiting side effects and drug resistance.5,6 
The side effects of anthracycline treatment are severe: cardiotoxicity, secondary tumor 
formation and infertility affect the quality of life and survival of patients, regardless of the 
cancer prognosis.7–10 Of these, cardiotoxicity is the main adverse effect which emerges in 
a cumulative manner and is restricting treatment regimens as a consequence.8

It has long been appreciated that anthracycline drugs cause DNA double-strand breaks 
by inhibition or poisoning of topoisomerase II.11 For decades, this mode of action was 
thought to be the main reason for the remarkable effectiveness of these drugs. However, 
we revealed that DNA damage is not the only mode of action for most anthracycline 
variants. All clinically used anthracyclines induce chromatin damage upon DNA 
intercalation and subsequent eviction of histones.12,13 Furthermore, we recently showed 
that the combination of DNA damage and chromatin damage, as exerted by doxorubicin, 
results in the major side effects reported for this compound.13 In contrast, aclarubicin 
solely induces chromatin damage and is neither cardiotoxic nor induces therapy-related 
malignancies. Comparison of the structural similarities and differences of doxorubicin 
and aclarubicin inspired the design of N,N-dimethyldoxorubicin (3, Figure 1). This variant 
showed adequate anticancer effectivity in vitro and in various in vivo models, without 
accompanying (cardio)toxicity.13 These results suggest that separating DNA damage from 
chromatin damage activities may guide the development of novel variants lacking the 
major long-term side effects that are associated with the anthracycline variants currently 
in clinical use. 

In a follow-up study with the aim to better understand the molecular mode of action 
of these anthracycline drugs we synthesized a focused library of diastereomers of 
doxorubicin in the 1,2-amino alcohol arrangement of the 2,3-dideoxy-3-amino-L-
fucoside. This yielded N,N-dimethylepirubicin (4, Figure 1), a compound slightly more 
potent than N,N-dimethyldoxorubicin.14 In addition, the evaluation of doxorubicin/
aclarubicin hybrid structures, varying in the tetracyclic aglycone, the sugar moiety and the 
N-alkylation pattern generated the doxorubicin trisaccharide (5, Figure 1) that is nearly 
20-fold more cytotoxic than doxorubicin.15 Building onto these studies, we here present 
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a further systematic expansion of our anthracycline library through the synthesis and 
evaluation of 19 additional anthracyclines. These constitute variations in amine alkylation 
(6-9), replacement/removal of the basic amine (10-12) and in regio-isomery (13 and 14). 
Additionally, exploration of the chemical space in the aglycone yielded (N,N-dimethyl-)
amine bearing monosaccharides 15-24 and trisaccharides 25 and 26. We determined 
the cytotoxic potency of these new variants in relevant cancer cell line models as well as 
their ability to induce both DNA and chromatin damage, in comparison to the clinically 
used variants doxorubicin (1), aclarubicin (2), daunorubicin (15) and idarubicin (17) and 
our most effective variants from previous studies (3-5).13–15 Small modifications in the 
aglycone markedly changed the cytotoxicity of our compounds. Furthermore, our results 
underline our earlier findings that a tertiary amine on the first saccharide commonly 
improves the cytotoxicity of the compounds. 

In summary, our endeavors to explore the chemical space of anthracycline variants 
resulted in a total of ten compounds that were more effective in K562 cells than 
doxorubicin (1), the foremost used clinical anthracycline. Of this list, compound 26, 
composed of the idarubicin aglycone and the aclarubicin trisaccharide proved to be 
the most cytotoxic agent of the series with an IC50 towards K562 tumor cells in the low 
nanomolar range. This analogue does not induce DNA damage and is the fastest histone 
evictor we have identified to date. As a consequence, this compound is likely to have a 
favorable toxicity profile, similar to aclarubicin (2) and N,N-dimethyl doxorubicin (3), and 
would therefore be of high interest for further evaluation.

Results and discussion

The 26-compound anthracycline library subject of the here-presented studies is depicted 
in Figure 1. It is comprised of five compounds (1-5) reported on earlier13–15, which we 
compare to 21 structural analogues (6-26). One distinguishing feature that determined 
(lack of ) DNA damage induction in our previously reported studies on doxorubicin 
analogues is the addition of two methyl groups to the amine group in the daunosamine 
moiety: while doxo-rubicin (1) induces DNA double strand breaks, its N,N-dimethylated 
analogue 3 does not.13 To further probe the relevance of the tertiary amine in the 
daunosamine moiety of these structures on DNA damage efficiency (and by extension, 
on toxic side effects) we prepared tertiary amines 6-9 featuring a cyclic azetidine (6), a 
pyrrolidine (7), a piperidine (8) and a morpholine moiety (9), respectively. Compounds 
10-12 are included to examine whether the basic amine is required at all for any of the 
three biological activities (DNA damage, chromatin damage and cytotoxicity), with 
the amine either masked as an azide (10), substituted for an alcohol (11) or removed 
altogether (12). Compounds 13 and 14 are regio-isomers of doxorubicin (1) and N,N-
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dimethyldoxorubicin (3), respectively, featuring a 2,3-dideoxy-3-aminofucose (N,N-
dimethylated in 14) and have been designed to establish the relevance of the location 
of the basic (alkylated) amine within the glycan moiety of doxorubicin (1). The clinically 
used drugs daunorubicin (15) and idarubicin (17), differ from doxorubicin (1) in the 
nature of the aglycone and feature the same daunosamine sugar moiety. To establish 
whether dimethylation of the amine removes DNA damaging activity, we included their 

Figure 1. Chemical structures of compounds 1-26, evaluated in this study. These contain the 
clinically used anthracyclines doxorubicin (1), aclarubicin (2), daunorubicin (15), idarubicin (17); the 
most potent anthracyclines from our previous work (3-5); doxorubicin derivatives differing in the 
sugar moiety (6-14, 25 and 26) and (N,N-dimethyl) derivatives differing in the aglycone part (16, 
18-24).
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respective N,N-dimethyl analogues 16 and 18 in this work. Compounds 19-24 comprise 
daunosamine/rhodosamine pairs featuring a number of alternative tetracyclic aglycones. 
Compounds 25 and 26 are composed of the idarubicin aglycone and the aclarubicin 
trisaccharide, with the latter again dimethylated at the daunosamine nitrogen. 

Compounds 816, 917, 1018, 1119, 1320, 1616, 2121, 2322,23 and 2424 have been described 
previously; 1, 2, 15 and 17 are commercially available and 6, 7, 12, 14, 18, 19, 20, 22, 25 
and 26 were newly synthesized (syntheses are detailed in the Supporting Information). 
Many of these compounds have had their cytotoxicity evaluated in past studies, and at 
times the DNA damage capacity has been included. However, this data is fragmented, 
because of the use of different methods, cell lines or (animal) models. Additionally, 
the induction of histone eviction has been shown by us to be a better determinant of 
cytotoxicity than DNA damage, and this had not yet been evaluated for 6-14, 16 and 18-
26. As such, this work presents the assessment of compounds 1-26 for their potency to 
effect three biological processes: the cytotoxicity in three relevant cancer cell lines, DNA 
double strand break formation and chromatin damage via histone eviction.

Cytotoxicity of anthracycline derivatives
Anthracyclines are often used in the treatment of acute myeloid leukemia and other 
hematological malignancies. Therefore, the human myelogenous leukemia cell line 
K562 was used to determine the cytotoxicity of our set of anthracycline variants in vitro. 
The cytotoxicity of all variants (1-26) was tested using a short-term cell viability assay. 
In short, cells were treated for 2 hours with the different anthracycline variants at the 
indicated concentrations, and cell viability was determined 72 hours after treatment. 
The IC50 values for all analogues are plotted (Figure 2A). Within the set of cyclic (tertiary) 
amines, azetidine (6) proved equally effective when compared to the parental drug (1). 
The other three cyclic amines (7-9) were more effective than doxorubicin (1), with an IC50 
similar to N,N-dimethyldoxorubicin (3). This is in line with our earlier observation that N,N-
dimethylated anthracyclines, such as 3 and 4, are more cytotoxic than their free-amine 
counterparts.14,25 Of the three doxorubicin derivates not containing a basic amine, variants 
11 and 12 are considerably less cytotoxic than doxorubicin (1), while azido-doxorubicin 
(10) proved to be almost 4-fold more potent. Relocation of the amine moiety from the 3’- 
to the 4’-position in the sugar, as in 13 and 14, did not markedly change the IC50 for these 
compounds compared to their original counterparts 1 and 3, respectively. Removal of 
the aglycone carbonyl function (as in 19-22) generally did not improve cytotoxicity when 
compared to the parent compounds. A notable exception is 13-deoxydaunorubicin (19), 
which is nearly equipotent to the most cytotoxic free amine anthracycline in our hands 
– idarubicin (17). Compounds bearing an aglycone with three phenol groups (23 and 24) 
turned out to be poorly cytotoxic. However, they were both more cytotoxic than their 
aclarubicin-aglycone bearing counterparts described before.15 The idarubicin-derived 
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trisaccharides in this set (25 and 26) were significantly more cytotoxic than doxorubicin 
(1), and N,N-dimethylated-idarubicin trisaccharide (26) was the most effective compound 
of this set; active at low nanomolar concentrations. In fact, with an IC50 of 20 nM in K562 
cells this variant is 16 times more cytotoxic than doxorubicin (1). In general, the observed 
cytotoxic activity appeared consistent across cell types, since similar cytotoxicity profiles 
were observed in cell lines from different cancer origins (Figure 2B), however with some 
exceptions (for instance, 3, 10-12 and 21-23). 

Figure 2. Cytotoxic potency of anthracycline derivatives 1-26 to three different tumor cell lines. (A) 
IC50 values are plotted for all derivatives tested in the human myelogenous leukemia cell line K562. 
Dotted line indicated the IC50 of doxorubicin (1). The Y axis shows the number of the structures shown 
in Figure 1. The dotted line indicates the IC50 for doxorubicin. (B) IC50 values for the 26 anthracycline 
variants tested in human myelogenous leukemia cell line K562, human melanoma cell line MelJuSo 
and human osteosarcoma cell line U2OS.
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Overall, evaluation of the cytotoxic activity of the full set of new anthracycline derivatives 
produced seven compounds that were less effective (11, 12, and 20-24) than doxorubicin 
(1), and two compounds (6 and 13) with a similar IC50 as doxorubicin (1). Interestingly, ten 
newly synthesized compounds showed to be (far) more effective than doxorubicin in the 
three tested cell lines. 

Figure 3. DNA damage capacity of the full set of anthracycline derivatives 1-26. Numbers 
correspond to the structures in Figure 1, C; unmanipulated control. (A) K562 cells were treated for 
2 h with 10 µM of the indicated compounds, etoposide [E] was used as positive control. γH2AX 
levels were examined by Western blot. Actin was used as a loading control, and molecular weight 
markers are indicated. (B) Quantification of γH2AX signal normalized to the loading control. Results 
are presented as mean ± SD of three independent experiments. Ordinary one-way ANOVA with 
Dunnett’s multiple comparison test. *P < 0.05, **P < 0.01, ***P < 0.001. (C) DNA double strand 
breaks were directly visualized by CFGE. The position of intact and broken DNA is indicated. (D) 
Quantification of broken DNA relative to total DNA as analyzed by CFGE. Etoposide [E] was used as 
positive control. Results are presented as mean ± SD of three independent experiments. Ordinary 
one-way ANOVA with Dunnett’s multiple comparison test. *P < 0.05, ***P < 0.001. 
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Evaluation of DNA damaging activity
Anthracycline variants that are used in the clinic display two modes of action: the 
induction of DNA damage via targeting of topoisomerase II and/or chromatin damage 
through eviction of histones.25 DNA damage activity does contribute to the cytotoxicity 
of these (and other chemotherapeutics), however, we have shown that DNA damage 
conspires with chromatin damage to induce the severe therapy limiting side effects of 
this class of drugs.13 Therefore, it is imperative to assess the different mechanism of action 
of each of the new variants. 

In response to DNA double strand break formation, histone H2AX becomes 
phosphorylated, then called γH2AX26. The levels of gH2AX thus reflect the presence of 
DNA double strand breaks. Therefore we determined the DNA damaging capacity of 
this set of anthracyclines by assessing gH2AX protein levels using Western blot analysis. 
K562 cells were treated with the indicated compounds (1-26) at a concentration of 
10µM, corresponding to serum peak levels for doxorubicin in cancer patients at standard 
treatment.27 Etoposide (a podophyllotoxin based topoisomerase II inhibitor) was included 
as positive control for DNA break formation (Figure 3A and B). Variants with a tertiary 
amine on the reducing fucose (2-9, 16, 18, 20, 22, 24 and 26) did not induce DNA damage, 
in line with results obtained previously for aclarubicin (2) and N,N-dimethyldoxorubicin 
(3).13 Compound 4 and 14 may be exceptions as these compounds induce a slight 
increase in γH2AX level, similar to earlier observations.14 On the other hand, (almost) 
all compounds with a primary amine at this position are able to induce DNA double 
strand breaks. Specifically, the non-basic doxorubicin variants lacking the amine (10-12), 
doxorubicin regio-isomer 13, deoxy-daunorubicin (19), deoxy-doxorubicin (21) and non-
methylated idarubicin-aclarubicin hybrid (25) all proved to be very potent DNA damage 
inducers. Here, the poorly cytotoxic compound 23, deviated from the rule lacking DNA 
damage activity, despite its primary amine. A similar trend in γH2AX protein levels was 
observed for all compounds (1-26) at lower drug concentrations (1µM and 5µM, Figure 
S1 and S2). 

Some anthracycline variants also cause dissociation of histones from chromatin upon 
intercalation into DNA including the histone variant H2AX. Therefore, the levels of γH2AX 
might not accurately represent DNA damage when compounds are efficient histone 
evictors. To determine DNA double strand break induction by the different anthracycline 
variants at the DNA level, we assessed the DNA damage capacity of our compounds using 
constant field gel electrophoresis (CFGE)28 a direct method to visualize intact and broken 
DNA (Figure 3C and D). This complementary assay to study DNA damage confirmed the 
observations on γH2AX protein levels, showing the same trend in the DNA damaging 
capacity of our series of compounds.
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Evaluation of chromatin damage activity
For previously reported anthracycline variants we have shown that chromatin damage 
following histone eviction is strongly correlating with cytotoxicity.14,29 To visualize 
histone eviction, part of the nucleus of MelJuSo cells stably expressing PAGFP-H2A was 

Figure 4. Efficacy of chromatin damage of the set of anthracycline derivatives 1-26. (A) The rate 
of histone eviction for all derivatives is plotted as EC50 (time at which 50% of the initial signal in the 
photoactivated spot is reduced). Etoposide [E] was used as negative control. Nonlinear regression 
with sum-of-squares F test. *P < 0.05, ***P < 0.001, ns = not significant. (B) Illustration of the effects 
of indicated compounds (numbers on left side indicate the drug in Figure 1) on eviction of the 
photoactivated histones. Left panel: drawn cell out line and nucleus with the photoactivated part 
of the nucleus in living MelJuSo-PAGFP-H2A cells. Middle panel shows the photoactivated histones 
at the onset of the experiment after compound addition. Photo-activation was monitored by time-
lapse confocal microscopy for 1 hour in the presence of the indicated compounds at 10 µM. Stills 
made at 60 min are shown in the right panel. Scale bar, 10 µm.
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photoactivated. Subsequently, the fluorescence intensity was measured directly after 
addition of the indicated compounds using timelapse confocal microscopy, as previously 
described.12 For all tested derivatives the rate of histone eviction (EC50, the time at which 
50% of the initial signal is reduced) was plotted (Figure 4A). Whereas compounds 10, 11 
and 12 are proven effective DNA damage inducers, removal and/or replacing the amine 
abolished the capacity to evict histones (Figure 4A and B). Furthermore, analogues lacking 
the aglycone-carbonyl characteristic for both daunorubicin and doxorubicin (19, 21) are 
poor histone evictors. Likewise, for their N,N-dimethylated counterparts (20 and 22), the 
rate of histone eviction was markedly reduced when comparing the deoxy variants to 
those bearing the original aglycones (20 versus 16 and 22 versus 3). In general, variants 
containing a tertiary amine at the 3’-and 4’-position in the carbohydrate attached to the 
doxorubicin tetracyclin were effective histone evicting compounds (3-9 and 14), with 
strong eviction capacity and outperformed doxorubicin (1). The derivative with the fastest 
histone eviction activity was compound 26. Combining the aclarubicin trisaccharide with 
the idarubicin aglycone, resulted in variant 26 that outperformed both aclarubicin (2) and 
idarubicin (17) in terms of the rate of histone eviction (Figure 4A and B). The aclarubicin/
idarubicin hybrid structure (26) proved to be the most effective anthracycline variant 
with respect to histone eviction and this markedly improved chromatin damage activity 
may explain its superior cytotoxicity. This hypothesis is strengthened by the significant 
correlation of histone eviction rate and cytotoxicity when evaluating the compounds 
tested here (Supporting information, Figure S3).

While the alterations on the aglycones in this set of compounds failed to improve the 
chromatin damage activity of these compounds, shuffling the aglycone and saccharide 
moiety of proven effective anthracyclines (as for 5 and 26) was effective in improving the 
histone eviction capacity of these compounds.

Conclusions

Anthracyclines have been extensively used in the past decades to treat various types of 
cancer. Despite their effectivity, the use of anthracyclines in clinical practice is restricted 
by their severe side effects, and functional understanding of the mechanisms underlying 
the manifestation of off-target toxicities is still incomplete. Therefore, studying the 
consequences of small systematic modifications can be valuable in understanding 
the biological activities of anthracyclines. To do so, we synthesized a diverse set of 
anthracycline variants with alterations in amine alkylation, replacement/removal of the 
basic amine and in regio-isomery. Additionally, exploration of the chemical space in 
the aglycone yielded novel (dimethyl)amine monosaccharides and trisaccharides with 
strong cytotoxicity profiles. In total, 10 out of 19 new anthracycline derivatives were more 
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cytotoxic than doxorubicin (1). Most notably, structures containing alkylated amines 
were particularly cytotoxic, while most of the variations on the tetracyclic aglycone did 
not typically yield more potent analogues. Exceptions are compound 19 and structures 
containing the idarubicin aglycone present in 17, 18, 25 and 26. Especially the latter N,N-
dimethylidarubicin-trisaccharide 26 has strong cytotoxicity, with IC50 values in the low 
nanomolar range in three cancer cell lines. 

We have shown before that anthracycline variants that solely induce chromatin damage 
but not DNA double strand breaks still have excellent cytotoxic activity.14,15 In line 
with these results, we now report a significant correlation between the rate of histone 
eviction and cytotoxicity. The extent to which anthracyclines induce DNA double strand 
breaks, on the other hand, does not correlate with their cytotoxicity. This was also noted 
in the clinic, as etoposide (that only induces DNA breaks) is a considerably less potent 
anti-cancer drug. Interestingly, etoposide also displays milder side effects compared to 
doxorubicin. This finding is strengthened by the additional biological data presented 
for deoxy-doxorubicin (21). While unable to evict histones, 21 is a very efficient DNA 
damaging agent. This variant entered phase I/II clinical trials but was never developed 
further.30,31 These observations show that it is imperative to understand the biological 
consequences of structural variations for rational design of novel anthracyclines. In the 
development of annamycin, another anthracycline variant that entered phase I/II clinical 
trials32, several important structural modifications were incorporated.33 This analogue 
is characterized by the absence of the aglycone methoxy group, the introduction of an 
iodine at the 2’-position of the sugar and the replacement of the primary amine at the 
3’-position with an OH group. The absence of the amino group results in reduced basicity, 
which appears to be at the cost of potency, as is also seen for the cytotoxicity profile of 
hydroxydoxorubicin (11). Therefore, removal of the methoxy on the aglycone seems to 
be important to increase cytotoxicity, which correlates with our findings on the structural 
variants with the idarubicin aglycone (17, 18, 25 and 26) that proved to be very potent.

From the set of anthracycline variants harboring cyclic (tertiary) amines, azetidine (6) 
proved equally effective to doxorubicin, whereas the other three cyclic amines (7-9) were 
more cytotoxic. These results are comparable to previous described cytotoxicity profiles 
in cell lines of different cancer origin.34,35 Of the three doxorubicin derivates where the 
primary amine was either replaced (10, 11) or removed (12), only azido-doxorubicin 
(10) was significantly cytotoxic to K562 cells. However, the cytotoxicity of this variant in 
MelJuSo and U2OS cell lines was considerably lower. Another study in which the amino 
group of daunorubicin was substituted for an azide showed that this variant is also 
particularly toxic for K562 cells.36 This suggests that the improved toxicity seen for this 
modification might be cell-type specific. 
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Based on these and earlier data, we may deduce five guidelines related to the potency of 
anthracyclines. 
1.	 The main cytotoxic activity of these compounds is associated with histone eviction 

activity rather than DNA double strand break induction;
2.	 Usually, N,N-dimethylation eliminates DNA double strand break formation at no cost 

to cytotoxicity;
3.	 Small differences in the tetracyclin aglycone structure further contribute to 

cytotoxicity, as illustrated by the difference in cytotoxicity between doxorubicin (1), 
13-deoxydoxorubicin (21) and idarubicin (4);

4.	 The position of the amine in the sugar has minor effects, since placing the amine on 
either the 3’- or 4’-position does not significantly affect cytotoxicity;

5.	 Replacing the amine by an OH or H group strongly reduces cytotoxicity.

These points are combined in N,N-dimethylidarubicin trisaccharide (26), which is 16-fold 
more cytotoxic than doxorubicin (1). It is also 1.5-fold more cytotoxic than clinically used 
variants idarubicin (17) which causes various off-target toxicities37, and aclarubicin (2) 
which is only used in China and Japan. Additionally, this compound is more efficient in 
terms of histone eviction, without inducing any DNA double strand breaks. Further in vivo 
studies are required on the cardiotoxic profile of 26, and to establish whether increased 
cytotoxicity to cancer cells could enlarge the therapeutic window for cancer patients. 
Such studies may ultimately yield more effective anthracycline variants with limited 
adverse toxicity. 

Experimental Section

Chemistry
The anthracycline analogues 3-5 were synthesized as described.14,29 Syntheses of 
compounds 6-14, 16, 18-26 and intermediates are described in the Supporting 
Information and the compounds are >95% pure by HPLC analysis.

Reagents and antibodies
Doxorubicin was obtained from Accord Healthcare Limited, UK, aclarubicin (sc-200160) 
was purchased from Santa Cruz Biotechnology (USA), daunorubicin was obtained from 
Sanofi, idarubicin was obtained from Pfizer, etoposide was obtained from Pharmachemie 
(the Netherlands). Primary antibodies used for Western blotting: γH2AX (1:1000, 05-036, 
Millipore), β-actin (1:10000, A5441, Sigma). Secondary antibody used for blotting: IRDye 
800CW goat anti-mouse IgG (H+L) (926-32210, Li-COR, 1:10000).
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Cell culture
K562 cells (B. Pang, Leiden University Medical Center, the Netherlands) were maintained 
in RPMI-1640 medium supplemented with 8% FCS. MelJuSo cells were maintained in 
IMDM supplemented with 8% FCS. MelJuSo cells stably expressing PAGFP-H2A were 
maintained in IMDM supplemented with 8% FCS and G-418, as described.12 U2Os cells 
(ATCC® HTB-96) were maintained in DMEM medium supplemented with 8% FCS. Cell lines 
were maintained in a humidified atmosphere of 5% CO2 at 37°C, regularly tested for the 
absence of mycoplasma and the origin of cell lines was validated using STR analysis.

Short-term cell viability assay
Cells were seeded into 96-well format (2000 cells/well). Twenty-four hours after seeding, 
cells were treated with indicated compounds for 2 hours at various concentrations. 
Subsequently, compounds were removed, and cells were left to grow for an 
additional 72 hours. Cell viability was measured using the CellTiter-Blue viability assay 
(Promega). Relative survival was normalized to the untreated control and corrected for 
background signal.

Western blot and constant-field gel electrophoresis (CFGE)
Cells were seeded into 12-well format (250.000 cells/well), treated with indicated drugs 
at 10µM for 2 hours. Subsequently, drugs were removed by extensive washing and cells 
were collected and processed immediately for the assays. For Western blot, cells were 
lysed directly in SDS-sample buffer (2% SDS, 10% glycerol, 5% β-mercaptoethanol, 60mM 
Tris-HCl pH 6.8 and 0.01% bromophenol blue). Samples were separated by SDS-PAGE 
and transferred to a PVDF membrane (Immobilon-P, 0.45µm, Millipore). Blocking of the 
filters and antibody incubations were done in PBS supplemented with 0.1 (v/v)% Tween 
and 5% (w/v) milk powder (Skim milk powder, LP0031, Oxiod). Blots were imaged by the 
Odyssey Classic imager (Li-Cor). Intensity of bands was quantified using ImageJ or Image 
Studio software. For CFGE: DNA double strand breaks were quantified by constant-field 
gel electrophoresis as described.28 Images were quantified using ImageJ software. 

Microscopy analysis
For PAGFP-H2A photoactivation and time-lapse confocal imaging, cells were seeded in a 
35mm glass bottom petri dish (Poly-d-lysine-Coated, MatTek Corporation), and imaged 
16 hours later as described12, for one hour following addition of 10µM of the indicated 
compounds. Time-lapse confocal imaging was performed on a Leica SP8 confocal 
microscope system 63x lens, equipped with a climate chamber. Movies were quantified 
using Image J software.
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Quantification and statistical analysis
Each experiment was assayed in triplicate, unless stated otherwise. Error bars denote 
±SD. Statistical analyses were performed using Prism 8 software (GraphPad Inc.). ns, not 
significant, *p = < 0.05, **p = < 0.01, ***p = < 0.001
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Supporting information chapter 2

A: Supplemental Figures

Figure S2 – DNA damage capacity of the full set of anthracycline derivatives 1-26. Numbers 
correspond to the structures in Figure 1, C; unmanipulated control. (A) K562 cells were treated for 2 
h with 5 µM of the indicated compounds, etoposide [E] was used as positive control. γH2AX levels 
were examined by Western blot. Actin was used as a loading control, and position of molecular 
weight markers is indicated. (B) Quantification of γH2AX signal normalized to the loading control. 
Results are presented as mean ± SD of three independent experiments.

Figure S1 – DNA damage capacity of the full set of anthracycline derivatives 1-26. Numbers 
correspond to the structures in Figure 1, C; unmanipulated control. (A) K562 cells were treated for 2 
h with 1 µM of the indicated compounds, etoposide [E] was used as positive control. γH2AX levels 
were examined by Western blot. Actin was used as a loading control, and position of molecular 
weight markers is indicated. (B) Quantification of γH2AX signal normalized to the loading control. 
Results are presented as mean ± SD of three independent experiments.
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B: Synthesis of compounds 6-26 and accompanying analytical data. 
Available free of charge at https://pubs.acs.org/doi/10.1021/acs.
jmedchem.3c00853.

Figure S3 – (A) Correlation values between cytotoxicity (IC50) and DNA damaging capacity (expressed 
as fraction of broken DNA). Graphical representation of the relationship between cytotoxicity and 
DNA damage capacity. (B) Correlation values between cytotoxicity (IC50) and rate of histone eviction 
(EC50). Graphical representation of the relationship between cytotoxicity and histone eviction rate.
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Abstract

The anthracycline family, with its prime member doxorubicin, is one of the cornerstones 

in cancer chemotherapy and acts by poisoning topoisomerase II, resulting in DNA double 

stranded breaks. One of its members, aclarubicin, is considered a distinct member of the 

family due to its inability to inflict DNA double strand breaks. Despite this, aclarubicin is 

an effective anti-cancer drug by evicting histones resulting in chromatin damage. How 

aclarubicin-induced chromatin damage induces cell death remains largely unknown. Here, 

we performed a genome-wide CRISPR screen to identify factors regulating sensitivity of 

cells to aclarubicin and identified p53 as a critical factor for cellular sensitivity. Even though 

aclarubicin does not induce DNA breaks, treatment resulted in a swift initiation of the p53 

DNA damage pathway by stabilization and activation of p53, and subsequent induction of 

apoptosis. Furthermore, response to aclarubicin treatment could fairly well be predicted 

in cell lines solely based on p53-status. These data suggest that p53 can be activated for 

apoptosis induction by at least two different pathways, DNA- and chromatin damage. 

Together, these data suggest p53 could be an important factor to stratify patients for the 

treatment with Aclarubicin. 
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Introduction

Aclarubicin belongs to the family of anthracycline drugs, which are among the most 
widely used anti-cancer drugs. Including other members like doxorubicin, epirubicin, 
daunorubicin and idarubicin, these drugs are used to treat a wide spectrum of tumors.1,2 
The classical mechanism of action of anthracyclines is poisoning of topoisomerase II, via 
intercalation of the compound into the DNA and formation of topoisomerase II-DNA 
complexes.3,4 These formed adducts result in enzyme-mediated DNA double strand breaks, 
inducing activation of p53 and DNA damage response pathways for cell cycle arrest and/
or cell death.5Aclarubicin, on the other hand, inhibits topoisomerase at a different step in 
the catalytic cycle, preventing enzyme binding to the DNA.3,4 As a consequence, treatment 
with aclarubicin does not lead to induction of DNA breaks.6–8 The anthracyclines differ 
from other topoisomerase II poisons, such as the podophyllotoxin etoposide, as that they 
have a second mechanism of action. When the anthraquinone moiety of anthracyclines 
intercalates into the DNA double helix, the sugar moiety emanates into the DNA minor 
groove and competes with histones for space, causing destabilization of nucleosomes 
and eviction of histones.4,6,9 This activity has multiple consequences, including attenuated 
DNA damage responses, altered transcriptomics and deregulation of the epigenome at 
defined regions of the genome, collectively referred to as chromatin damage.6,8 Evaluation 
of this activity amongst various anthracycline variants has shown that chromatin damage 
is essential to the effectivity of this class of anti-cancer drugs.7,10,11 This is illustrated by the 
anthracycline amrubicin and the topoisomerase inhibitor etoposide, which are abstained 
from chromatin damage activity and considerably less effective.7 Furthermore, the 
combination of DNA- and chromatin damage (as is the case for doxorubicin, epirubicin, 
daunorubicin and idarubicin) has been shown to conspire to cause a number of severe 
side effects [8], including dose-dependent cardiotoxicity, therapy-related malignancies 
and gonadotoxicity.12,13 On the contrary, variants deficient for DNA damage activity, such 
as aclarubicin, lack the severe side effects displayed by the other family members.7 

Although aclarubicin is an effective anti-cancer drug used for the treatment of AML 
patients14, the mechanism by which chromatin damage leads to cell death is not fully 
understood. Therefore, we performed a genome-wide CRISPR knockout screen to identify 
regulators of aclarubicin sensitivity, yielding p53 as the most prominent hit. Indeed, p53 
depletion decreased sensitivity to aclarubicin, and mutational status of p53 could be 
used as a proxy for sensitivity of cells to aclarubicin. Mechanistically, aclarubicin treatment 
leads to DNA-binding, phosphorylation and stabilization of p53, resulting in induction 
of apoptosis even in the absence of DNA breaks. Thus, chromatin damage induced by 
aclarubicin can be sensed by p53 and translated into a cellular response also observed in 
a DNA damage response leading to the induction of cell death. Together, this uncovers a 
second mechanism of induction of p53-mediated apoptosis by anthracycline cancer drugs.
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Results

CRISPR-screening identifies p53 as regulator of aclarubicin sensitivity
Doxorubicin is a widely used chemotherapeutic that by intercalation into the DNA traps 
the enzyme topoisomerase II, forming a drug-DNA-enzyme adduct resulting in the 
formation of DNA double strand breaks.3 Furthermore, intercalation into the DNA leads 
to the induces chromatin damage via eviction of histones (Fig. 1A).6,15 Unlike doxorubicin, 
this dual action mechanism is not observed for all clinical relevant anthracyclines drugs, 
where amrubicin only induces DNA double strand breaks (Fig. 1A and S1A) and aclarubicin 
has only histone eviction activity (Fig. 1A and S1B). However, how chromatin damage 
activity induces cell death remains unclear. To identify proteins contributing to aclarubicin 
induced cell death following chromatin damage, we performed a genome-wide CRISPR 
knockout screen. MelJuSo melanoma cells were used as model cell line, since these are 
fairly sensitive to aclarubicin (IC50 of about 100nM) and take up the drug efficiently.6,7 Cells 
were transduced with the Brunello genome-wide CRISPR library (4 gRNAs per gene) and 
treated five days later with aclarubicin for nine days at a concentration of 100nM (Fig. 
1B). After this, surviving cells were harvested, genomic DNA was isolated, sequenced 
and compared to the untreated control. Hit calling was based on statistical significance 
in both biological replicates using RSA analysis, as well as an absolute fold enrichment 
of > 2.5 for at least 2 gRNAs per gene. This yielded two prominent hits: apoptotic TRAIL 
receptor DR4 (encoded by TNFRSF10A) and tumor suppressor p53 (TP53) (Fig. 1C and 
S1C). Lower hits included Caspase-8 and FADD, the two signaling adaptors for DR4, as 
well as the transcriptional regulators DR1 and CBFB. However, the fold enrichments for 
these hits were low, suggesting only a minor contribution of these genes to aclarubicin 
sensitivity. Overall, these results suggest a role for p53 and apoptotic signaling in 
aclarubicin sensitivity.

To validate the involvement of p53 in aclarubicin sensitivity, we transduced MelJuSo cells 
with the top two gRNAs from the screen, creating two different pools of p53-deficient 
cells. One of these yielded a robust depletion of p53, whereas gRNA #2 (which targets 
the domain of TP53 involved in DNA binding) lead to mutated p53 protein (Fig. 1D and 
S1D). Importantly, both cell lines were completely insensitive to treatment with the 
MDM2-inhibitor RG7112 that stabilizes p53, validating the generation of two functional 
TP53-knockout cell lines (Fig. 1E). These p53-knockout MelJuSo cells were more resistant 
to aclarubicin following continuous 72hrs exposure and short pulse treatment (Fig. 1F 
and S1E), as well as in long-term colony forming assays (Fig. 1G and H). Thus, our CRISPR-
screen identified a role for p53 in sensitivity of cells to aclarubicin.
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least two diff erent gRNAs were enriched (> 2.5-fold) in both aclarubicin-treated samples and which 
were signifi cantly enriched based on RSA analysis. D MelJuSo cells transduced with the indicated 
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P53 is a major determinant in cellular sensitivity to aclarubicin
To test whether the function of p53 is conserved in multiple cell lines, we used the same 
approach to deplete p53 from 93.05 melanoma cells. In both long-term and short-term 
growth assays, p53-deficient cells were more resistant to aclarubicin (Fig. 2A and B and 
Fig. S2A). Similarly, p53-deficient MEL202 uveal melanoma and HCT116 colon lines 
were less sensitive to aclarubicin (Fig. 2C). To identify whether p53-status is a critical 
determinant for the sensitivity of cells to aclarubicin, we tested a panel of 16 different 
p53-wt and p53-mutant cell lines. Interestingly, based on the IC50-values, the two groups 
almost completely segregated, arguing that the sensitivity of cells to aclarubicin can quite 
accurately be predicted based on p53-mutational status (Fig. 2D). This dependence on 
p53 activity suggests that aclarubicin might synergize with p53-stabilizing drugs. To test 
this, MelJuSo cells were incubated with low-dose of HDM201 (p53-MDM2 inhibitor) in 
the presence of different doses of aclarubicin. While aclarubicin single treatment already 
decreased cell viability, the combination treatment was even more effective, indicating 
that p53 stabilization by HDM201 acts synergistically with aclarubicin-induced chromatin 
damage activity (Fig. 2E). A similar observation was made for MEL202 cells, where 
co-treatment of the MDM2 antagonist RG7112 synergized with various concentrations 
of aclarubicin (Fig. 2F). These data indicate that p53 status is a major determinant for 
sensitivity towards the anthracycline drug aclarubicin.

Aclarubicin stabilizes and activates p53
The fact that aclarubicin induces histone eviction together with the involvement of 
p53 in cellular sensitivity suggests that p53 can sense the inflicted chromatin damage 
and subsequently translates this into a downstream signal. P53-activating signals, 
such as DNA damage, lead to p53 phosphorylation and stabilization, after which p53 
induces the expression of target genes involved in cell cycle arrest and cell death.16 To 
study the function of p53 upon induction of chromatin damage, we tested whether 
p53 levels were affected by aclarubicin exposure. Already after 2h of treatment, p53 
stabilization and enhanced p53-S15 phosphorylation was observed by Western blot 

Fig. 1 continued – E MelJuSo cells as in C were treated with HMD201 for 3 days and viability was 
assessed and normalized to untreated cells. N=3 independent experiments. Ordinary one-way 
ANOVA with multiple comparisons, **** p< 0.0001. F Indicated MelJuSo cells were treated for 2h 
with various concentrations of aclarubicin after which the drug was washed out and cells were left 
to grow for another 3 days before assessing cell viability. N=3 independent experiments. IC50 for each 
cell line is indicated. Two-tailed t-test, ** p< 0.01. G Colony formation assay for indicated MelJuSo 
cells. Cells were treated for 2h with aclarubicin, after which the drug was washed out and cells were 
left to grow out for 6-9 days before fixation and staining with Crystal Violet. H Quantification of 
four independent colony formation experiments, signal was normalized to the respective untreated 
cells. Ordinary two-way ANOVA with multiple comparisons, * p< 0.05, ** p< 0.01.
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(Fig. 3A). In addition, aclarubicin treatment resulted in a p53-dependent increased 
expression of p53-target genes such as p21 (Fig. 3A, 3B), MDM2 and PUMA (Fig. 3B). 
For other genotoxic triggers, ATM kinase is activated by phosphorylation, subsequently 
inducing p53 phosphorylation.17 ATM was also phosphorylated following aclarubicin 
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for 93.05 melanoma cells transduced with the indicated CRISPR constructs. Cells were treated with 
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treatment, as well as KAP1, another ATM substrate, suggesting that the histone evicting 
anthracycline aclarubicin likewise activates ATM and the subsequent stress response (Fig. 
3B). Furthermore, nuclear stabilization for endogenous p53 by aclarubicin treatment was 
observed by microscopy (Fig. 3C and D and Fig. S3A). 

To confirm that enhanced nuclear p53 also associated with DNA to drive transcription, 
we analyzed DNA-binding of p53 using a chromatin-association assay. Indeed, p53 was 
found to accumulate in the nucleus upon treatment with aclarubicin (doxorubicin was 
used as a positive control18, while at the same time cytosolic p53 levels were diminished 
(Fig. 3E and F). Furthermore, aclarubicin treatment resulted in more p53 binding to DNA 
(Fig. 3E and G). To verify that aclarubicin treatment activates p53, subsequently leading to 
DNA binding and transcription of its target genes, we performed qRT-PCR experiments 
for different p53-target genes. Expression of several p53-target genes were drastically 
increased by aclarubicin, whereas expression of these genes was unaltered in p53-null 
cells upon aclarubicin treatment (Fig. 3H, S3B and S3C). Taken together, these data 
indicates that anthracycline variants that only have histone eviction activity, such as 
aclarubicin also activate p53 for increased expression of its target genes. 

Aclarubicin activates p53 to induce apoptosis 
p53 induces the expression of several pro-apoptotic genes16, suggesting aclarubicin-
induced p53 activation inflicts cell death via apoptosis. In line with this, several pro-
apoptotic factors such as PUMA, DR4 and DR5 were upregulated by aclarubicin-treatment 
(Fig. 3B, 4A), whereas the anti-apoptotic factor survivin was downregulated (Fig. S4). Most 
of this effect was governed by p53, since it was absent in the p53-null cells. However, for 
some factors, such as the pro-apoptotic factors BIM and BMF, increased expression was 
also observed in the p53-deficient cells (Fig. 4A). Furthermore, direct apoptosis induction 
by aclarubicin was measured using a Caspase-GLO assays. In all three melanoma cell 
lines tested, a robust increase in caspase activation after aclarubicin was observed, which 
was largely absent in cells deficient for p53 (Fig. 4B). Similar results were obtained when 
detecting the cleavage of caspase substrate PARP by Western blot (Fig. 4C and D). 

Fig. 3 continued – Ordinary two-way ANOVA with multiple comparisons *** p< 0.001, **** p< 
0.0001. G Quantification of DNA binding. Ordinary two-way ANOVA with multiple comparisons * 
p< 0.05, *** p< 0.001, **** p < 0.0001. H 93.05 and MEL202 cells were exposed for 2h to 200nM 
aclarubicin and RNA was isolated 4h (6h) or 22h (24h) post treatment. Expression of indicated mRNA 
was detected using qRT-PCR and normalized to housekeeping gene expression. 

N=2 independent experiments, data represent technical triplicates. Statistical significance was 
determined by a Student’s t-test, * p<0.05, ** p< 0.01, *** p< 0.001.
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Fig. 4 Aclarubicin induces p53-dependent apoptosis. A-B Indicated MelJuSo cells were treated 
with 200nM aclarubicin for 2h and RNA was isolated 4h (6h) or 22h (24h) post treatment. Expression 
of indicated mRNA was detected using qRT-PCR and normalized to housekeeping gene expression. 
N=2 independent experiments, data represent technical triplicates. Statistical significance was 
determined by a Student’s t-test, * p<0.05, ** p< 0.01. C Indicated cells were exposed to different 
concentrations of aclarubicin for 2h. Three days later cell viability and Caspase-Glo signal was 
detected. Caspase-Glo signal was normalized to the cell count. N=2 independent experiments, 
data represent technical triplicates. Two-way ANOVA with multiple comparisons, ** p< 0.01, **** 
p< 0.0001. D Indicated MelJuSo cells were exposed to different concentrations of aclarubicin for 2h, 
24h post treatment cells were collected. PARP cleavage was analyzed by Western blot. Position of 
PARP and its cleaved form is indicated. Actin was used as a loading control. E Quantification of the 
fraction of cleaved PARP. Two-way ANOVA with multiple comparisons, ** p< 0.01, **** p< 0.0001. F 
Indicated cell lines were treated for 2h with different concentrations of aclarubicin, drug was washed 
away and cells were left to grow out in the presence or absence of 200nM MIK665 or 4uM ABT-199. 
Three days later, cell viability was measured and normalized to the non-aclarubicin treated controls. 
Data represent three independent experiments. Student’s t-test * p< 0.05, ** p< 0.01, *** p< 0.001.
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Several activators of apoptosis have been developed, such as inhibitors of the anti-
apoptotic factors BCL-2 (ABT-199, also known as venetoclax) and MCL-1 (MIK665).19 We 
tested whether these inhibitors synergize with aclarubicin treatment to increase cell 
toxicity. When using sublethal concentrations of either ABT-199 or MIK665, aclarubicin 
synergized with these inhibitors to tip the balance and induce cell death in all three 
melanoma cell lines (Fig. 4D, 4E). Thus, aclarubicin treatment leads to activation of p53, 
which then induces cell death via activation of the apoptosis pathway (Fig. 5).

aclarubicin

Me

Me

AcMeUb

Me

Ac

Ac

Ac

Ac

Ac

Ac

chromatin damage
by aclarubicin

p53

p53
P

p53
P

stabalization
& S15-p53

expression of 
target genes

nucleus

nuclear 
translocation and 

DNA binding

pro-apoptotic 
proteins

anti-apoptotic 
proteins

PUMA

DR4
DR5

MDM2

survivin

Cell death 
via apoptosis

DNA damage
by other anthracyclins

doxorubicin
epirubicin

daunorubicin
idarubicin

Fig. 5 Model of p53 mediated apoptosis upon anthracycline treatment. Topoisomerase 
II poisons like doxo-, dauno-, epi- and idarubicin introduce DNA damage via the formation of 
topoisomerase-DNA complexes. These drug-mediated DNA breaks subsequently leads to p53 
activation. The histone evicting anthracycline aclarubicin can also inflicts p53 relocalization and 
activation of downstream signaling. Clinical anthracycline drugs (with both DNA- and chromatin 
damage) thus activate p53 dependent apoptosis by two different mechanism.
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Discussion

Aclarubicin has been considered a distinct member of the anthracycline family due to 
its inability to poison Topoisomerase II and inflict DNA double strand breaks. We and 
others have recently shown that its ability to evict histones is critical to its anti-cancer 
activity. But, how this activity translates to cell death has remained unclear. Using 
CRISPR-screening, we identified and established a key role for p53 in this process, where 
cellular sensitivity can be predicted fairly well solely based on p53-status. Furthermore, 
we showed that aclarubicin activates a p53-dependent transcriptional program inducing 
cell cycle arrest and apoptosis similar to DNA damaging compounds. Thus, even in 
the absence of DNA breaks, chromatin damage as caused by aclarubicin treatment 
can activate p53 and induce cell death. Thus, regular topoisomerase II-poisoning 
anthracyclines have two pathways initiating p53 activation for apoptosis; one initiated 
by the DNA damage response (as is the case for DNA damage inducing variant such as 
doxorubicin and daunorubicin) and the other one initiated by the chromatin damage 
response as visualized through the response to aclarubicin. Whether p53 itself can sense 
aclarubicin-induced chromatin damage or how p53 gets mobilized upon aclarubicin 
treatment remains to be elucidated. Possibly ATM plays a role in this, since we observe 
ATM activation shortly after aclarubicin treatment. In addition, in the absence of p53, 
apoptosis is still observed, but at greatly reduced efficiency. This implies that multiple 
chromatin damage sensing mechanisms might be in play. 

Our data that chromatin damage activates p53 and induces apoptosis are in line with 
reports about other chromatin damaging agents such as the curaxins.20,21 Curaxins 
can trap the FACT-complex on DNA, leading to activation of casein kinase 2(CK2) and 
thereby phosphorylation of p53 at Ser392. Aclarubicin treatment also induces FACT 
binding to DNA21, suggesting that the aclarubicin- induced phosphorylation at p53 
residue Ser392 we observe is likely mediated by FACT and CK2. However, this is likely 
not the sole mechanism of p53 activation. Where only p53 phosphorylation at Ser392 is 
observed for chromatin damage induced by curaxins20,22, we identified additional swift 
induction of the DNA damage marker p53-Ser15 upon treatment with aclarubicin. This 
specific modification on p53 is likely induced by ATM, since we observe ATM activation 
determined by phosphorylation on residue Ser1981. The existence of multiple chromatin 
damage sensing mechanisms would also explain why we failed to identify any proteins 
of this pathway in the CRISPR screen. Upon p53 activation, several downstream signaling 
cascades are activated, leading to apoptosis. Whilst we observe p53-dependent apoptosis, 
and cell death is increased upon addition of apoptosis-activators, other forms of cell death 
are induced by aclarubicin as well, because blocking apoptosis using apoptosis inhibitor 
Z-VAD-FMK did not render cells significantly more resistant to aclarubicin (Fig. S5). Thus, 
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while p53-dependent apoptosis might be the dominant mechanism, in its absence cells 
will succumb via alternative pathways. 

Aclarubicin is used for the treatment of acute myeloid leukemia (AML), as part of the CAG 
regimen (cytarabine, aclarubicin and G-CSF), both as first line treatment and for relapsed 
cases.14,23,24 Our data suggest that p53-mutations would be a good stratification method 
for aclarubicin-treatment to identify which patients would benefit and simultaneously 
prevent that patients receive ineffective treatment. While p53 is mutated in only about 
5-10% of the de novo AML cases, it is more frequently observed in therapy-related AML 
(25-33%).25–28 In both cases, loss of p53 is strongly correlated with poor outcome and 
prognosis. Unfortunately, these patients will probably benefit less from an aclarubicin-
based treatment, and other treatments have to be developed surpassing the prerequisite 
for p53. Alternatively, aclarubicin could still be effective in inducing cell death of p53-
deficient cells, but then requires higher concentrations. This could be a basis for ‘high-
dose chemotherapy’. As aclarubicin lacks many treatment limiting side effects7,14, using it 
at a higher dose can be considered. The stratification of the p53 status of AML and other 
tumors may be a reason to aim for normal or high-dose chemotherapies in the treatment 
of cancer patients. Recently, the BCL-2 inhibitor venetoclax (ABT-199) was approved as 
frontline treatment for AML, which is particularly useful for patients that are unable to 
tolerate classical intense chemotherapy, including older patients (>75 years old). Our data 
shows that aclarubicin synergizes with ABT-199 to increase cell toxicity, indicating that 
p53 wild-type AML patients would benefit from the combination therapy, with limited 
toxicity due to low adverse effects of both drugs. 

In conclusion, we identified p53 as a major determinant in cellular sensitivity towards the 
anthracycline drug aclarubicin. While aclarubicin does not induce DNA double strand 
breaks, like other anthracycline family members, the chromatin damage induced by this 
drugs inflicts p53 relocalization and activation, resulting in p53 dependent apoptosis. 

Materials and methods

Reagents
Aclarubicin (sc-200160) was purchased from Santa Cruz Biotechnology (USA) and 
dissolved in dimethylsulfoxide at 5mg/ml concentration, aliquoted and stored at -20°C for 
further use. Doxorubicin was obtained from Pharmachemie (the Netherlands). HDM201 
and RG7112 were obtained from (Selleckchem), Venetoclax/ABT-199 (Tocris), MIK665 
(MedChemExpress).
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Cell culture
MelJuSo cells were cultured in IMDM supplemented with 8% fetal calf serum and cell 
line authentication was performed by Eurofins Genomics (19-ZE-000487). HEK293T cells 
(obtained from ATCC (CRL-3216)) and the cutaneous melanoma cell line 93.05 , a gift from 
Sjoerd van den Burg en Els Verdegaal (LUMC, Leiden, The Netherlands), were cultured in 
DMEM supplemented with 8% fetal calf serum. MEL202 cells were grown in mixture RPMI/
DMEM-F12 + 10% FCS. The MEL202 cell line was provided by Dr. Bruce Ksander, Dept. 
Ophthalmology, Harvard University, Boston, USA. The generation of monoclonal p53-KO 
derivatives of 93.05 and MEL202 cells has been described.29 HCT116-Ctrl and p53KO cells 
were a gift from Bert Vogelstein and grown in DMEM/10% FCS.30 p53-wildtype (A549, 
FM3, HeLa, MelJuSo, U2OS, U87) and p53-mutant (BT474, BXPC3, DU145, K562, PC3, 
SKBR3 and U118) cells were cultured and tested as described before.10 All cell lines were 
maintained in a humidified atmosphere of 5% CO2 at 37°C and regularly tested for the 
absence of mycoplasma.

CRISPR-activation and knockout screen
For knockout screening, the human CRISPR Brunello genome-wide knockout library 
was a gift from David Root and John Doench (Addgene #73178). Two batches of 1x108 
MelJuSo melanoma cells were infected at an MOI of 0.3. Transduced cells were selected 
using puromycin (1µg/ml) for five days. After the selection procedure, cells were treated 
continuously with aclarubicin at a concentration of 100nM for 9 days. After this, cells were 
grown out for an additional 3 days and genomic DNA was isolated from the aclarubicin-
treated cells, as well as from the control population that was grown in parallel. gDNAs 
were amplified using the established protocol.31 gRNAs were sequenced using the 
Illumina NovaSeq6000 and inserts were mapped to the reference. Statistical analysis was 
done using RSA analysis, enrichment >2.5 was considered a candidate hit.32

Transductions 
For the generation of viral particles, HEK293T cells were transfected using 
polyethyleneimine (Polyscience Inc.) with packaging plasmids pRSVrev, pHCMV-G VSV-G 
and pMDLg/pRRE in combination with the lentiviral construct. Virus was harvested, 
filtered and target cells were transduced in the presence of 8µg/ml polybrene (Millipore). 

Hit validation and subcloning
For validation of the knockout screen, two individual guides per gene were cloned into the 
LentiCRISPR v2 vector (a gift from Feng Zhang, Addgene plasmid #52961) and the indicated 
cells were transduced and selected using puromycin. Guide sequences were as follows: p53-
1: 5’-CCATTGTTCAATATCGTCCG-3’, p53-2: 5’- GGTGCCCTATGAGCCGCCTG-3’. For genomic 
validation, genomic DNA was isolated and a PCR fragment of ±300bp was cloned into an 
emptied GFP-C1 vector (clonetech) using NEBBuilder HiFi fidelity assembly mix using the 
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following primers: p53-1-fw: ATATCTGGAGTTCCGCATATGGGTAAGGACAAGGGTTGGGC, 
p53-1-rv: CGCTCTAGATCCGGTGGATCCGGAAGGGACAGAAGATGACAGGG, 
p53-2-fw: ATATCTGGAGTTCCGCATATGGTCCCCAGGCCTCTGATTC, p53-2-rv: 
CGCTCTAGATCCGGTGGATCCGAGGCCCTTAGCCTCTGTAAGC. Sequences were verified 
using Ori Fw: GGAGCCTATGGAAAAACGCC and Ori rv: TTAACGCTTACAATTTACGCG.

Long-term proliferation assays
Cells were seeded into 12-well plates (5000 cells/well). The next day, drugs were added 
at concentrations indicated and incubated for 2 hours. Subsequently, cells were washed 
extensively and left to grow for 7 to 9 days. For fixing and staining, cells were washed 
with PBS and incubated for 20 min at RT with Crystal violet staining solution (0.05% w/v 
Crystal Violet, 1% formaldehyde, 1% methanol in 1X PBS). Quantification of colonies was 
done by extraction of the crystal violet. To do so, colonies were incubated for 20 min. at 
RT with 15% acetic acid (500µL). Read out was done by measuring the absorbance using 
a CLARIOstar plate reader (BMG Labtech).

Short-term growth assays
Cells were seeded into 96-well plates and exposed the next day with indicated drugs 
and concentrations. When indicated, drugs were removed two hours later and cells were 
cultured for an additional 72 hours. Cell viability was measured using the CellTiter-Blue 
viability assay (Promega). Relative survival was normalized to the untreated control and 
corrected for background signal.

Apoptosis assay
Cells were seeded in triplicate in white-walled 96-well plates with clear bottoms and 
in clear 96-well plates. The next day, the cells were exposed to indicated compound(s). 
Three days later, caspase 3 /7 activity was assessed with the use of the Caspase-Glo 3/7 
Assay (Promega), and cell viability was assessed with the CellTiter-Blue Cell Viability Assay. 
Relative caspase activity was normalized to cell number.

Chromatin association assay
Cells were seeded into 6cm dishes (1x10^6 cells/well). The next day, indicated drugs were 
added for 30 min. at 10µM final concentration. Cells were lysed in lysis buffer (25mM 
HEPES pH 7.6, 5mM MgCl2, 25mM KCl, 0.05mM EDTA, 10% glycerol, 0.1% NP-40) for 30 
minutes at 4°C and nuclei were spun down and resuspended in 75µL buffer (20mM 
Tris-HCl pH 7.6, 3mM EDTA). Of this, 25µL samples were adjusted to the indicated NaCl 
concentrations to a total volume of 50µL and incubated for 20 min. on ice. Subsequently, 
chromatin was spun down and resuspended in SDS-sample buffer (2% SDS, 10% glycerol, 
5% β-mercaptoethanol, 60 mM Tris-HCl pH 6.8 and 0.01% bromophenol blue) after which 
samples were analyzed by SDS-PAGE and Western blotting.
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Western blot
Upon treatment as indicated, cells were washed extensively to remove drugs. Cells 
were collected and lysed directly in SDS-sample buffer (2% SDS, 10% glycerol, 5% 
β-mercaptoethanol, 60 mM Tris-HCl pH 6.8 and 0.01% bromophenol blue). Lysates were 
resolved by SDS/PAGE followed by Western blotting. Primary antibodies used for blotting: 
P53 (DO-1, sc-126 Santa Cruz), γH2AX (1:1000, 05-036, Millipore), β-actin (A5441, Sigma), 
pS15p-53 (#9284, Cell Signaling Technology), pS1981-ATM (Clone 10H11.E12; Rockland 
Immunochemicals), ATM (Clone Y170; Merck Millipore ), pS842-KAP1 (A300-767A; Bethyl 
Laboratories), KAP1 (A300-274A; Bethyl Laboratoris), Mdm2 (Clone 3G9; Merck Millipore), 
PUMA (Clone G3; Santa Cruz Biotechnology), p21 (clone CP74; Merck Millipore), PARP 
(#9542, Cell Signaling Technology), Vinculin (clone hVIN-1; Sigma-Aldrich). Images were 
quantified with ImageJ.

Microscopy
For endogenous p53 staining cells were seeded on coverslips, and the next day exposed 
for the indicated time with 200nM aclarubicin. Upon treatment, cells were fixed in 4% 
formaldehyde, permeabilized with 0.1% Triton, blocked in 0.5% BSA and stained with 
mouse monoclonal anti-P53 (DO1, sc-126, Santa Cruz), goat-anti-mouse-Alexa-Fluor-488 
(Thermo fisher Scientific), Alexa-Fluor-647-phalloidin (A22287, Thermo fisher Scientific) 
and DAPI. Cells were analyzed by a Leica SP8 confocal microscope system with 63x 
lens. Cells stably expressing PAGFP-H2A were used for histone eviction experiments. 
Photoactivation and time-lapse confocal imaging were performed as described [6] 
and loss of fluorescence from the photoactivated region after different treatments was 
quantified. Quantification was done using ImageJ software.

RT-PCR
RNA was isolated using the SV total RNA isolation kit (Promega), after which cDNA was 
synthesized using the reverse transcriptase reaction mixture as indicated by Promega. 
qPCR was performed using SYBR green mix (Roche Diagnostics, Indianapolis, IN, USA) in 
a C1000 touch Thermal Cycler (Bio-Rad laboratories, Hercules, CA, USA). In independent 
experiments the expression of target genes was determined and normalized to at least 
two housekeeping genes CAPNS1 and SRPR. Primers for detection: 
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Primer name Sequence Forward Sequence Reverse

BIM/BCL2L11 5’-CATCGCGGTATTCGGTTC 5’-GCTTTGCCATTTGGTCTTTTT

BMF 5’-TTTATGGCAATGCTGGCTATCG 5’-GCAATCTGTACCTCTGCTTGATG

CAPNS1 5’-ATGGTTTTGGCATTGACACATG 5’-GCTTGCCTGTGGTGTCGC 

CDKN1A/p21 5’-AGCAGAGGAAGACCATGTGGA 5’-AATCTGTCATGCTGGTCTGCC

DR4/TNFRSF10A 5’-CTACCTCCATGGGACAGCAC 5’-TGCAGCTGAGCTAGGTACGA

DR5/TNFRSF10B 5’-AAGACCCTTGTGCTCGTTGT 5’-AGGTGGACACAATCCCTCTG

MDM2 5’-ACGCACGCCACTTTTTCTCT 5’-TCCGAAGCTGGAATCTGTGAG

NOXA 5’ ACTGTTCGTGTTCAGCTC 5’- AGCACACTCGACTTCC

PTCHD4 5’- TATTTTGCTCCAGGCTGAGG 5’-ATGGCTCTGGCTGACTTGAC

PUMA/BBC3 5’-GACCTCAACGCACAGTA 5’- TAATTGGGCTCCATCT

SRPR 5’-CATTGCTTTTGCACGTAACCAA 5’-ATTGTCTTGCATGCGGCC 

Survivin 5’-AAAGCATTCGTCCGGTTG 5’-TCCGCAGTTTCCTCAAATTC

Data and statistical analysis
For in vitro experiment, each sample was assayed in biological triplicate, unless stated 
otherwise. No statistical methods were used to predetermine sample size. All error bars 
denote mean + SD. Statistical analysis were performed using Prism 8 software (Graphpad 
Inc.) or Microsoft excel. Western blot and confocal data were quantified using ImageJ 
software. Significance is represented on the graphs as follow: ns, not significant, *p < 
0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. 
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Fig. S1 p53 as a regulator of sensitivity to aclarubicin. A Western blot showing DNA double 
strand breaks induced by three diff erent anthracycline drugs in MelJuSo cells treated for 2hr with 
10uM. Actin was used as a loading control. Corresponding to quantifi cation in Fig. 1A, bottom panel. 
B Fluorescent signal of photo activated GFP-H2A histones was followed in living cells over time 
upon treatment with the diff erent drugs. Quantifi cation of loss of initial signal upon histone eviction 
is plotted. Corresponding to quantifi cation of EC50 in Fig. 1A, bottom panel. 
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Fig S1. Continued – C gRNA enrichment for hits with at least two guides per sort enriched >2.5-fold. 
Arrow depicts 2.5-fold threshold and red and blue stripes represent enrichment of individual gRNAs 
compared to the non-sorted population. D Snapshot of Snapgene, showing genomic validation of 
pooled MelJuSo P53-knock out cell lines. E Indicated MelJuSo cells were treated for 72h with various 
concentrations of aclarubicin followed by assessing the cell viability. N=3 independent experiments. 
IC50 for each cell line is indicated. Two-tailed t-test, ** p< 0.01, *** p< 0.001.
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Fig. S2 p53 as a major determinant in sensitivity to Aclarubicin. Indicated 93.05 cells were treated 
for 2h with various concentrations of aclarubicin after which the drug was washed out and cells 
were left to grow for another 3 days before assessing cell viability. N=3 independent experiments. 
IC50 for each cell line is indicated. Two-tailed t-test, * p< 0.05, ** p< 0.01.



71

The Role of p53 in Cancer Cell Sensitivity to Aclarubicin

3

A

B

sgCtrl-2 sgP53-2
U

nt
re

at
ed

Ac
la

 6
h

Ac
la

 2
4h

U
nt

re
at

ed
Ac

la
 6

h
Ac

la
 2

4h

MEL20293.05

0.000

0.005

0.010

0.015

0.00

0.01

0.02

0.03

0.04

Acla (h)
0 6 240

Acla (h)
0 6 240

sgP53
sgCtrl

*
*

**

PUMA PUMA
20

0

5

10

15
N

or
m

al
iz

ed
m

R
N

A

p21

0

5

Acla (h)
0 6 24

MDM2
15

10

**

**

**

**

N
or

m
al

iz
ed

m
R

N
A

Acla (h)
0 6 24

MelJuSo

N
or

m
al

iz
ed

m
R

N
A

N
or

m
al

iz
ed

m
R

N
A

sgCtrl-1
sgCtrl-2
sgP53-1
sgP53-2

C

p53 p53 Actin DapiDapi Actin p53 p53 Actin DapiDapi Actin

Fig. S3 Aclarubicin induces nuclear accumulation and activation of p53. A Representative 
confocal images of fixed MelJuSo cells stained for endogenous p53. Cells were treated with 200nM 
aclarubicin for 2h, washed and fixed at the indicated time points post treatment. DAPI and actin 
are stained as nuclear and cytosolic marker, respectively. Scale bar; 10µm. B 93.05 and MEL202 cells 
were exposed for 2h to 200nM aclarubicin and RNA was isolated 4h (6h) or 22h (24h) post treatment. 
Expression of indicated mRNA was detected using qRT-PCR and normalized to housekeeping 
gene expression. N=2 independent experiments, data represent technical triplicates. Statistical 
significance was measured using a Student’s t-test, * p<0.05, ** p< 0.01. C Indicated MelJuSo cells 
were exposed for 2h to 200nM aclarubicin and RNA was isolated 4h (6h) or 22h (24h) post treatment. 
Expression of indicated mRNA was detected using qRT-PCR and normalized to housekeeping 
gene expression. N=2 independent experiments, data represent technical triplicates. Statistical 
significance was determined by a Student’s t-test, ** p< 0.01. 
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Fig. S5 Z-VAD did not render cells significantly more resistant to aclarubicin. MelJuSo cells were 
treated for 2h with different concentrations of aclarubicin, drug was washed away and cells were left 
to grow out in the presence or absence of Z-VAD-FMK. Three days later, cell viability was measured and 
normalized to the non-aclarubicin treated controls. Data represent two independent experiments. 
Statistical significance was determined by a wo-way ANOVA with multiple comparisons, data is ns.
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Abstract

Anthracyclines comprise one of the most effective anticancer drug classes. Doxorubicin, 

daunorubicin, epirubicin, and idarubicin have been in clinical use for decades, but their 

application remains complicated by treatment-related toxicities and drug resistance. 

We previously demonstrated that the combination of DNA damage and histone eviction 

exerted by doxorubicin drives its associated adverse effects. However, whether the same 

properties dictate drug resistance is unclear. In the present study, we evaluate a library of 

40 anthracyclines on their cytotoxicity, intracellular uptake, and subcellular localization 

in K562 wildtype versus ABCB1-transporter overexpressing, doxorubicin-resistant cells. 

We identify several highly potent cytotoxic anthracyclines. Among these, N,N-dimethyl-

idarubicin 11 and anthracycline 26 (composed of the idarubicin aglycon and the aclarubicin 

trisaccharide) stand out, due to their histone eviction-mediated cytotoxicity towards 

doxorubicin-resistant cells. Our findings thus uncover understudied anthracycline variants 

warranting further investigation in the quest for safer and more effective anticancer agents 

that circumvent cellular export by ABCB1.
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Introduction

Anthracyclines are among the most valuable anticancer drugs in current clinical use. They 
boast remarkably broad anti-cancer activity and have therefore become integral to the 
treatment of numerous tumor types.1 Despite their high effectivity, clinical application 
of anthracyclines is hindered by severe side effects as well as drug resistance.2,3 Recent 
years have witnessed key breakthroughs in our understanding of anthracycline efficacy 
and treatment-induced side-effects.4,5 However, the relationship between anthracycline 
activity and drug resistance remains incompletely understood. 

Doxorubicin and its close structural analogues epirubicin, daunorubicin and idarubicin 
induce cell death through two main mechanisms of action: generation of DNA double-
strand breaks (DNA damage) and eviction of histones from chromatin (chromatin 
damage).6 For decades, therapeutic effects of these anthracyclines have been ascribed 
primarily to their DNA damaging activity. However, recent evidence revealed that the 
natural product anthracycline, aclarubicin, as well as the synthetic doxorubicin analogue 
N,N-dimethyldoxorubicin exclusively induce histone eviction.7 These anthracyclines are 
at least equally as effective against tumor cells as doxorubicin in murine in vivo models, 
but much less toxic to healthy cells and tissues. For instance, N,N-dimethyldoxorubicin 
does not cause cardiotoxicity, secondary tumor formation or gonadal dysfunction in vivo, 
unlike its parent compound doxorubicin.5 Along the same lines, clinical observations 
reveal that aclarubicin treatment is less cardiotoxic for cancer patients than doxorubicin 
treatment, while both compounds appear to be equally effective as anticancer agents.8,9 
Importantly, clinical use of anthracyclines is not only limited by off-target toxicities, but 
also hindered by the emergence of drug resistance. Drug resistance poses a critical barrier 
to treatment and remains one of the leading causes of chemotherapy failure in cancer 
patients.10 A key event in drug resistance is the upregulation of ATP-binding cassette 
(ABC) transporters. Notable among these are ABCB1, also known as p-glycoprotein (p-
gp)11, and ABCG2, also referred to as breast cancer resistance protein (BCRP).12 The ABC 
transporters are responsible for the efflux of a wide range of chemotherapeutics across 
the plasma membrane, leading to lower intracellular drug levels and treatment resistance. 
Doxorubicin and its clinically used analogues (epirubicin, daunorubicin and idarubicin) 
all are known substrates for ABCB113, and several studies have noted increased ABCB1 
expression in tumor cells in response to anthracycline chemotherapy.14

Ideally, new anthracycline leads for clinical development would address both of the 
limitations discussed above by eliciting less adverse events and circumventing molecular 
mechanisms that underly drug resistance. Despite promising novel approaches in 
anthracycline synthesis, such as doxorubicin-conjugate structures and drug carriers, 
the development of more tolerable anthracyclines has proven difficult.15,16 In recent 
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years, we have conducted structure-activity-relationship (SAR) studies on doxorubicin/
aclarubicin analogues, where we systematically varied the nature of the tetracycline 
aglycon, the sugar (unsubstituted or glycosylated 3-amino-2,3-dideoxy-L-fucose 
including configurational isomers) and the aminosugar N-alkylation pattern. This yielded 
a comprehensive anthracycline library of 40 entries that serves as the basis of the studies 
presented here. Biochemical evaluation of the above structural variants revealed a 
general trend indicating that aminosugar N-dimethylation enhances cytotoxicity in vitro. 
In addition, histone eviction capacity has proven to be more predictive of anthracycline 
cytotoxicity than their DNA damaging activity.17 In the present study, we considered 
whether our current anthracycline collection contains novel anticancer agents that 
combine potent cancer cell killing with low susceptibility to export by ABC transporters. 
Previous research has suggested that alkylation of the sugar 3’-amino group in 
doxorubicin/aclarubicin type anthracyclines yields compounds that operate exclusively 
through histone eviction.7,17,18 In addition, N-methylation of oxaunomycin variants 
increased their cytotoxicity towards drug resistant cells.19 The importance of structural 
variations in the saccharide chains has also been emphasized in the context of drug 
resistance, since arimetamycin A hybrid structures with doxorubicin and daunorubicin 
maintained nanomolar activity against drug resistant cells in vitro.20

Therefore, we now profiled our library of structural variants for their cytotoxicity in 
wildtype K562 leukemia cells versus those overexpressing ABCB1 or ABCG2. In general, 
we find that N,N-dimethylation renders an anthracycline a poor substrate for ABC 
transporters. We also compared intracellular anthracycline levels and their subcellular 
localization to evaluate whether a correlation exists between these factors and 
cytotoxicity. Our results indicate that intracellular anthracycline levels are not directly 
linked to the cytotoxicity of anthracyclines, but that subcellular localization, and in 
particular nuclear concentration, correlates with cytotoxicity, both in the absence and 
presence of ABCB1 overexpression. Collectively, we identify derivatives of doxorubicin, 
epirubicin and idarubicin with high effectivity against cancer cells, which have been 
rendered doxorubicin resistant through overexpression of ABC transporters. Relevant 
structural changes did not reduce either the DNA intercalation affinity of compounds or 
their targeting of Topoisomerase IIα (TopoIIα). Given that these derivatives specifically 
induce histone eviction without causing DNA double strand breaks, they may also feature 
more favorable side-effect profiles as compared to their parent compounds.
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Results and Discussion

Anthracyclines are commonly used in the treatment of hematological malignancies. 
To evaluate the effects of different anthracycline variants, we performed cytotoxicity 
profiling of 40 compounds (Figure S1) in the human myelogenous leukemia cell line 
K562. Of these, compounds 1-6 are in clinical use and commercially available, whereas 
synthesis of compounds 7-36 and S1-S4 was reported previously.7,17,18 In total, 36 out 

Figure 1. Workflow and chemical structures of compounds evaluated in this study. (A) Schematic 
overview of the threshold for inclusion of the 36 anthracycline variants used for cellular assays. (B) 
Chemical structures of compounds evaluated in all cellular assays. These contain the clinically used 
anthracyclines doxorubicin (1), epirubicin (2), daunorubicin (3), aclarubicin (4), idarubicin (5), and 
the synthetic anthracyclines (6-36).
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of 40 compounds passed the threshold of at least 50% growth inhibition at 10 µM 
concentration (Figure 1A) and were selected for further evaluation. 

Cytotoxicity profiling of anthracycline variants in ABCB1- and ABCG2-
mediated drug resistance
Firstly, cytotoxicity profiles of anthracycline variants (1-36, Figure 1B) in wildtype K562 
cells were compared to those in cells overexpressing drug transporters ABCB1 or 
ABCG2 using a cell growth inhibition assay. In short, cells were treated for 2 hours with 
different anthracycline variants, washed, and left to grow for 72 hours. Subsequently, cell 
viability was measured relative to untreated control cells. IC50 values for all compounds 
were plotted for K562 wildtype cells versus ABCB1 (Figure 2A) or ABCG2 (Figure 2B) 
overexpressing cells. Direct comparisons between 36 compounds per cell line (Figure 
2A, B) are complemented by relative (fold-change) analysis of cytotoxic effects of a single 
compound against wildtype versus ABCB1 or ABCG2 overexpressing cells (Figure 2C). 
Both parameters are relevant drug performance measures. Cytotoxicity expressed as IC50 

value should ideally be low in all cell lines for a compound to be, or become, an effective 
anticancer agent.

Additionally, fold change in IC50 value IC50(ABCB1)/IC50(wildtype) or IC50(ABCG2)/
IC50(wildtype) is indicative of transporter substrate status, providing critical SAR 
information on anthracycline variants as anticancer agents. In agreement with earlier 
findings on their susceptibility to ABCB1-mediated tumor resistance, anthracycline 
variants presently in clinical use (1-4) display poor cytotoxicity profiles against cancer 
cells overexpressing ABCB1, with 2,5- to 9-fold reduction in potency as compared to 
their respective cytotoxicity in wildtype cells. Idarubicin (5), on the other hand, was 
nearly equally toxic towards ABCB1 overexpressing as wildtype cells. The same trend 
of reduced cytotoxicity was observed when testing clinically used anthracyclines (1-4) 
against ABCG2 overexpressing cells, although in much smaller magnitude. Idarubicin (5) 
however, was considerably less cytotoxic towards ABCG2 overexpressing cells compared 
to wildtype cells. Amrubicin (6) was poorly cytotoxic in all three cell lines, regardless of 
drug transporter overexpression. N,N-dimethyldoxorubicin (7), N,N-dimethylepirubicin 
(8) and N,N-dimethyldaunorubicin (9) all proved to be much more cytotoxic against 
both ABCB1 and ABCG2 overexpressing cells when compared to their non-methylated 
counterparts (1-3). This relationship between the pattern of N-methylation and 
cytotoxicity was also apparent when comparing aclarubicin (4) to its primary amine 
counterpart (10). Interestingly, cytotoxicity of idarubicin (5) in wildtype cells was superior 
to that of N,N-dimethylidarubicin (11), but the fold change in IC50 (ABCB1/wildtype) and 
(ABCG2/wildtype) of compound 11 was negligible. Within the set of cyclic, tertiary amines, 
compounds 13-15 outperformed their parental drug doxorubicin in both wildtype and 
ABCB1 overexpressing cells, unlike azetidine (12). Compounds 12-15 were all equally 
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cytotoxic against wildtype cells and ABCG2 overexpressing cells. Of the three doxorubicin 
derivates lacking a basic amine, variants 17 and 18 were considerably less cytotoxic 
than doxorubicin (1) in wildtype cells, but the fold change in IC50 (ABCB1/wildtype) was 
close to one. Morpholino-doxorubicin (15) and azido-doxorubicin (16) proved to be the 
most effective derivatives of doxorubicin (1) in this set of compounds against wildtype 
and ABCB1 overexpressing cells. This is in line with previous studies reporting on 
cytotoxicity of 3’-azido and 3’-morpholinyl analogues of doxorubicin and daunorubicin 
in a treatment-induced drug resistant K562 cell line.21,22 Yet, azido-doxorubicin (16) was 
markedly less cytotoxic against ABCG2 overexpressing cells. Removal of the aglycone 
carbonyl function, as in 19-22, generally did not result in compounds with enhanced 

Figure 2. Cytotoxicity profiles of anthracyclines tested in vitro. (A) IC50 values are plotted for all 
compounds tested in wildtype K562 cells and ABCB1 overexpressing cells. (B) IC50 values are plotted 
for all compounds tested in wildtype K562 cells and ABCG2 overexpressing cells. Data is shown as 
mean ±SD. The X-axis shows the numbers of the compounds corresponding to Figure 1B. Two-way 
ANOVA; * p<0.05; ** p<0.01; *** p<0.001; ns, not significant. (C) The fold change difference between 
IC50 value in ABCB1 overexpressing versus wildtype cells (IC50(ABCB1)/IC50(wildtype)) and fold 
change difference between IC50 value in ABCG2 overexpressing versus wildtype cells (IC50(ABCG2)/
IC50(wildtype)) is plotted for every compound. The dotted line indicates a fold change of 1, e.g. no 
difference in IC50. 
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cytotoxicity to either wildtype or ABCB1 overexpressing cells when compared to their 
respective parent compounds (1, 3). 

Compounds 23 and 24, comprising hybrids between aclarubicin (aglycon part), 
doxorubicin and N,N-dimethyldoxorubicin, also turned out to be weaker cytotoxic agents 
when compared to their parent compounds (1, 7). However, they displayed no difference 
in cytotoxicity towards wildtype versus ABCB1 overexpressing cells. Cytotoxicity profiles 
in ABCG2 overexpressing cells followed the same trend for compounds 19-24, though 
the fold change IC50 observed (ABCG2/wildtype) were smaller in comparison. Of the 
idarubicin-aglycon containing trisaccharides (25 and 26), the dimethylated variant 
(26) showed the best cytotoxicity aamong all 36 compounds, with an IC50 of 19 nM in 

Figure 3. Individual IC50 curves are plotted for the clinically used anthracyclines doxorubicin 
(1), epirubicin (2), daunorubicin (3) and idarubicin (5) and the most potent analogues of these 
anthracyclines in terms of IC50 and fold change IC50 between wildtype K562 cells and ABCB1 or 
ABCG2 overexpressing cells.
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wildtype cells and ABCG2 overexpression cells, and 32 nM in ABCB1 overexpressing 
cells. Doxorubicin/aclarubicin hybrid structures (27-30) proved to be only modestly 
cytotoxic against ABCB1 and ABCG2 overexpressing cells, and of these compounds, only 
N-dimethyl variants (28, 30) were potent killers of wildtype cells. 

Finally, among doxorubicin isomers (31-36), only regio-isomer (32) outperformed 
doxorubicin (1) in killing wildtype, ABCB1 or ABCG2 overexpressing cells. 

Examination of the fold change in IC50 (ABCB1/wildtype) (threshold set at two) revealed 
sixteen compounds in our library to be poor ABCB1 substrates, if at all (5, 6, 8, 9, 11, 13, 
15-18, 20, 23, 24, 26, 32, 34). However, most anthracycline variants tested remained 
effective in ABCG2 overexpressing cells, where cytotoxicity of twenty-three compounds 
(3, 6, 9-15, 18, 20, 21, 23-28, 30, 32, 33, 35, 36) was not significantly altered compared to 
wildtype cells. The fold change differences between IC50 (ABCB1/wildtype) and (ABCG2/
wildtype) show a similar trend, but the amplitude is much smaller in the latter case (Figure 
2C). Since the clinical relevance of ABCG2 is less well established than that of ABCB1 in 
the context of anthracyclines23, we continued with the ABCB1 transporter-mediated 
drug resistant cells for further evaluation. From our complete library of anthracyclines, 
morpholino-doxorubicin (15), N,N-dimethyl-epirubicin (8), N,N-dimethyl-daunorubicin 
(9), and in particular N,N-dimethyl-idarubicin (11) and N,N-dimethyl-idarubicin-
trisaccharide (26) stood out because of their low IC50 values in wildtype cells and ABCB1 
overexpressing cells (Figure 3), and low (8, 9, 15) to negligible (11, 26) relative fold 
change in IC50 (ABCB1/wildtype). The cytotoxic effects of these compounds (8, 9, 11, 15, 
26) were also confirmed in a live/dead assay (Figure S2). Altogether, the aglycon of either 
daunorubicin (3) or idarubicin (5), combined with aminosugar N-methylation provide the 
most favorable structural elements for improved cytotoxicity profiles against wildtype as 
well as ABCB1 overexpressing cells. 

Intracellular drug accumulation is not a proxy for cytotoxicity
All anthracycline variants 1-36 used in our study are fluorescent, allowing comparison 
of their accumulation in cells using flow-cytometry (Figure 3A). Both wildtype and 
ABCB1 overexpressing cells were exposed to each of the compounds, at a concentration 
of 10 µM, and intracellular fluorescence was measured after 1 or 4 hours of incubation 
(Figure 3B). Following 1 hour treatment, intracellular fluorescence of most compounds 
tested was similar between the cell lines, except for the clinically used variants epirubicin 
(2), daunorubicin (3) and idarubicin (5), as well as the doxorubicin stereoisomer (35). 
After 4 hours of treatment, this trend of reduced intracellular fluorescence comparing 
wildtype versus ABCB1 overexpressing cells increased for compounds 1-3, but not for 
idarubicin (5). In addition, a significant reduction in fluorescence was observed in ABCB1 
overexpressing cells compared to wildtype cells for doxorubicin analogues 21, 22 and 
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35, and for idarubicin analogue 25. Previously highlighted cytotoxic compounds in the 
ABCB1 background – morpholino-doxorubicin (15), dimethyl-epirubicin (8), dimethyl-
daunorubicin (9), dimethyl-idarubicin (11) and idarubicin-trisaccharide (26) – all appear 
to accumulate equally well in wildtype and ABCB1 overexpressing cells, as concluded 
from their comparable intracellular fluorescence. Remarkably, analysis of the complete set 
of compounds revealed no significant relationship between intracellular accumulation 
of compounds and their corresponding fold change in IC50 (ABCB1/wildtype) (Figure 
3C). For instance, intracellular fluorescence of trisaccharide (30) was similar in wildtype 
and ABCB1 overexpressing cells, whereas its fold change in IC50 (ABCB1/wildtype) was 

Figure 4. Intracellular fluorescence of all compounds 1 hour and 4 hours post treatment. Mean 
fluorescent intensity was measured with flow-cytometry (A) and fluorescent intensity was compared 
1 hour and 4 hours post treatment (B) between K562 wildtype and ABCB1 overexpressing cells. 
(C) The fold change in intracellular fluorescence does not significantly correlate to the fold change 
IC50 between wildtype and ABCB1 overexpressing cells. (D) Pearson’s r correlation matrix displaying 
the correlation between computationally predicted biochemical parameters and fold change IC50 

and fold change intracellular fluorescence. Positive correlations are displayed in blue and negative 
correlations in red. Color intensity is proportional to correlation coefficients. MW = molecular weight; 
Csp3 = fraction of carbon atoms with sp 3 hybridization; MR = Molar refractivity; TPSA = topological 
polar surface area; XLOGP3 = LogPo/w .
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nearly 50, indicating poor cytotoxicity in ABCB1 overexpressing cells, despite efficient 
intracellular accumulation. These results show that the extent of uptake does not solely 
define drug potency in the context of ABCB1-mediated drug resistance. 

The ability of a drug to penetrate membranes is dependent on its various properties, which 
may in turn influence intracellular drug concentrations. To define these, we performed 
computational predictions of relevant biochemical and biophysical parameters for all 
36 compounds (Table S1), including molecular weight (MW), number of heavy atoms, 
saturation (fraction of sp3-hybridized carbons), flexibility (rotatable bonds), number of 
H-bond acceptors and donors, molar refractivity, polarity (topological polar surface area), 
and lipophilicity (LogP). Association between these properties and the observed fold 
change in IC50 (ABCB1/wildtype) as well as intracellular fluorescence (ABCB1/wildtype) is 
displayed in a correlation matrix (Figure 3D). This analysis revealed that fold change in 
IC50 correlates to parameters describing the size and polarity of the compounds, whereas 
the fold change in cellular uptake most strongly correlates with predicted compound 
lipophilicity. Although the latter is in agreement with previous research on hydrophobic 
compounds as better substrates for ABCB124, we find that intracellular drug accumulation 
does not directly explain the observed differences in drug cytotoxicity profiles

Nuclear uptake of anthracyclines is a strong predictor of cytotoxicity
Since intracellular anthracycline accumulation did not directly reflect drug potency in 
killing ABCB1 overexpressing cells, we hypothesized that nuclear tarting may provide a 
better measure in this regard. To address this, we set out to determine the subcellular 
localization of clinical anthracyclines (1-5) and their most potent analogues (8, 9, 11, 15, 
26) identified in our cytotoxicity assays (Figure 2). To this end, K562 wildtype and ABCB1 
overexpressing cells were treated for a series of timepoints with each anthracycline, lysed, 
and subjected to fractionation (Figure 5A and 5B). Fluorescence in cytoplasmic and nuclear 
fractions was then measured with a plate reader. Nuclear accumulation of doxorubicin 
(1), epirubicin (2) and daunorubicin (3) was significantly decreased after 1 hour and 2 
hours treatment in ABCB1 overexpressing cells compared to wildtype cells. On the other 
hand, aclarubicin (4) and idarubicin (5) showed comparable nuclear fluorescence in both 
cell types (Figure 5D). Compounds 8, 9, and 15 exhibited superior nuclear accumulation 
over time compared to their respective clinically used counterparts (1, 2 and 3). For these 
compounds, as well as compounds 11 and 26, no significant difference was observed in 
nuclear fluorescence between wildtype and ABCB1 overexpressing cells. Taken together, 
nuclear compound fluorescence correlated significantly with the fold change in IC50 
(ABCB1/wildtype) (Figure 5C). The difference in cytoplasmic accumulation between 
wildtype cells and ABCB1 overexpressing cells was less substantial (Figure S3A), and 
the observed cytoplasmic fluorescence was less indicative of the change in cytotoxicity 
(Figure S3B). To test whether subcellular localization was influenced by ABCB1 activity, we 
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pre-treated ABCB1 overexpressing cells with the ABCB1 inhibitor Tariquidar (TRQ) prior 
to anthracycline treatment and subsequent fractionation analysis. Both cytoplasmic and 
nuclear fluorescence could be restored to levels similar to those observed in wildtype 
cells, as demonstrated in Supplementary Figure S4 for doxorubicin (1) and daunorubicin 
(3). No effect of ABCB1 inhibition was observed for idarubicin (5) or compounds 9, 11 
and 15. This suggests that superior nuclear accumulation of compounds 5, 9, 11 and 15 
is independent of ABCB1 expression, and that nuclear accumulation is a strong predictor 
of anthracycline effectivity. Targeting of TopoIIα in the nucleus was also assessed upon 
treatment with all compounds (1-36) using confocal time-lapse microscopy (Table S1 and 
Figure S5). As expected, treatment with the clinically relevant anthracyclines (1-5) and 
their most potent analogues (8, 9, 11, 15, 26) was found to cause marked redistribution 
of nuclear TopoIIα. 

Figure 5. Nuclear accumulation of selected compounds 1-5, 8, 9, 11, 15, 26. Numbers correspond 
to the structures in Figure 1. (A) K562 wildtype and ABCB1 overexpressing cells were treated with 
10 µM of the indicated compounds and subjected to fractionation. (B) Separation of the fractions 
was confirmed with Western Blot. (C) Correlation between fold change IC50 and mean fluorescence 
intensity in nuclear fraction. (D) Mean fluorescence intensity in the nuclear fraction was measured 
at a series of timepoints (15, 30, 60 and 120 minutes). Fluorescence was normalized to the largest 
signal. Two-way ANOVA; * p<0.05; ** p<0.01; *** p<0.001; ns, not significant.
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Further, intercalation of anthracyclines into double stranded DNA was tested with a 
competition dye displacement assay. DNA intercalation affinity of clinical anthracyclines 
(1-5) was compared to that of their most potent analogues (8, 9, 11, 15, 26). Intercalation 
was determined using PicoGreen, which becomes fluorescent upon binding to double 
stranded DNA, and addition of compounds displacing intercalated PicoGreen thus 
results in loss of fluorescence signal (Figure 6A). Plotting remaining fluorescence against 
compound concentration (Figure 6B) showed that doxorubicin (1) and epirubicin (2) 
share higher DNA binding affinity at lower concentrations compared to morpholino-
doxorubicin (15) and N,N-dimethyl-epirubicin (9), respectively. Daunorubicin (3) and 
N,N-dimethyl-daunorubicin (10) were equally effective, and N,N-dimethyl-idarubicin 
(11) and N,N-dimethyl-idarubicin-trisaccharide (26) proved to be particularly efficient 
intercalating agents. The non-intercalating Topo II poison, etoposide, was used as a 

Figure 6. DNA intercalation affinity of selected compounds 1-5, 8, 9, 11, 15, 26. Numbers correspond 
to the structures in Figure 1. (A) The intercalation of anthracyclines into double stranded DNA 
was tested with a competition dye displacement assay. (B) The percentage of initial fluorescence 
is plotted against the concentrations of the indicated compounds. Two-way ANOVA; * p<0.05; ** 
p<0.01; *** p<0.001; ns, not significant.
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negative control. Ultimately, structural variations of our lead compounds did not alter 
their canonical anthracycline functions of DNA intercalation and TopoIIα targeting.

Conclusion

Anthracyclines doxorubicin (1), daunorubicin (2) and epirubicin (3) have been in clinical 
use for decades. However, their effectivity is severely limited, both by treatment-related 
toxicities and drug resistance. Preferably, anthracyclines of the future should address 
both of these issues to cause less adverse events while retaining potency against drug 
resistant cells. In previous studies, we have shown that the archetypal anthracycline, 
doxorubicin (1), as well as its close structural analogues 2 and 3, exert their anti-cancer 
activity through two independent mechanisms: induction of DNA double strand breaks 
and chromatin damage through histone eviction. Uncoupling these activities identified 
N,N-dimethyldoxorubicin (7) as an efficient histone-evicting compound that lacks the 
capacity for DNA double strand break formation and also lacks most of the therapy-
related side effects associated with the clinically used anthracyclines. In subsequent 
studies, we observed that anthracyclines containing an N,N-dimethyl aminosugar often 
harbor this desirable set of properties: they exert their activity exclusively through histone 
eviction and are generally more cytotoxic to tumor cells than their parent compound. 
At the same time, they display limited toxicity in healthy cells and tissues. We thus have 
amassed a set of anthracyclines with potential clinical value, alongside of their relevant 
structural analogues as controls, namely the 40 compounds used in this study. With their 
cytotoxicity profiles against tumor cells in hand and their mode(s) of action known, we 
investigated the second important parameter which determines clinical applicability 
of new anthracyclines. Namely, performance in a doxorubicin-resistant tumor setting, 
caused by the overexpression of drug exporter ABCB1.

Side-by-side comparison of cytotoxicity profiles of 36 most cytotoxic compounds in K562 
wildtype versus ABCB1 overexpressing cells revealed that the most widely used clinical 
variants (1-3) are much less effective in ABCB1 overexpressing cells. This is in agreement 
with these variants being substrates for ABCB1, and that drug resistance after treatment 
with these drugs can emerge in the clinic.13 In total, 16 compounds had a fold change in 
IC50 (ABCB1/wildtype) below two, indicating that these variants retain their cytotoxicity in 
ABCB1-mediated drug resistant cells. The cytotoxicity of all anthracyclines tested was less 
affected by ABCG2-mediated drug export. The transporters have overlapping substrate 
specificities to some extent, but most importantly in transporting the anthracyclines 
currently in clinical use (1-5). Our study reveals that it is possible to design anthracyclines 
that defy ABCB1- and ABCG2-mediated efflux. This is important because, despite many 
efforts, blocking these transporters by small molecule inhibitors has thus far not resulted 
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in improved tumor responses in clinical studies.23,25 Therefore, anthracyclines which are 
both potent killers of tumor cells and insensitive to ABC transporter-mediated export 
may be attractive alternatives, especially if novel variants are less toxic to healthy tissues. 
In this respect, we observe that anthracyclines featuring an N,N-dimethyl aminosugar in 
general are poor substrates for the ABCB1 drug transporter as compared to their non-
alkylated counterparts. This is of interest, because the same modification also allows 
to discriminate between the different mechanisms of action: DNA double strand break 
generation versus histone eviction. In addition, we show that nuclear accumulation is the 
strongest predictor of anthracycline effectivity in ABCB1 overexpressing, drug resistant 
cells, and the most potent analogues identified in this study show improved nuclear 
accumulation compared to their clinically used counterparts.

Combining these new structure-activity insights into ABC transporter-mediated drug 
resistance with our earlier findings, we see the emergence of a new set of promising 
anthracyclines for further (pre)clinical development. The most potent structural variants 
of clinically used anthracyclines identified in this study are morpholino-doxorubicin (15), 
N,N-dimethyl-epirubicin (8), N,N-dimethyl-daunorubicin (9), N,N-dimethyl-idarubicin 
(11) and trisaccharidic N,N-dimethyl-idarubicin (26). We previously showed that these 
compounds are among the most potent histone evictors, and do not induce DNA 
double strand breaks.17 We now find that these variants are more cytotoxic towards both 
wildtype and ABCB1- or ABCG2- overexpressing cells than their parent compounds. 
By this virtue we expect that these compounds are superior in circumventing ABCB1-
mediated resistance – a significant type of resistance to doxorubicin and its structural 
analogues. Moreover, because none of these compounds cause DNA damage, there is 
also less risk of acquired resistance through increased DNA-damage repair or decreased 
Topoisomerase II expression, a second mechanism of drug resistance observed in 
doxorubicin-resistant cells.26,27 

In conclusion, this study contributes to the design and identification of new, more 
effective and more benign anthracycline drugs. We performed several structure-activity 
analyses which may help in defining design parameters for potentially successful new 
anthracyclines. Previously, we unearthed structural elements that determine DNA 
damage and histone eviction and showed that the combination of these activities 
is at the root of many side effects. Here, we add structure-activity information on 
anthracyclines in a drug resistance context, by defining structural elements that enable 
circumventing ABCB1-mediated export and lead to enhanced nuclear accumulation. The 
most promising compounds presented here, and in particular idarubicin derivatives 11 
and 26, may deserve further exploration in pre-clinical studies, for instance to explore 
their effectivity in more advanced drug resistance models as well as to evaluate their 
in vivo efficacy.
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Experimental section

The anthracycline variants 7-36 were synthesized as described previously and the 
compounds are >95% pure by HPLC analysis.7,17,18 

Reagents and antibodies
Doxorubicin and epirubicin were obtained from Accord Healthcare Limited, UK, 
daunorubicin was obtained from Sanofi, aclarubicin (sc-200160), idarubicin (sc-204774) 
and amrubicin (sc-207289) were purchased from Santa Cruz Biotechnology (USA). 
Tariquidar (SML1790) was purchased from Sigma-Aldrich (USA). Primary antibodies used 
for Western blotting: ABCB1 (1:1000, 13342, Cell Signaling), Histone H2B (1:1000, 12364, 
Cell Signaling), β-actin (1:10000, A5441, Sigma), PARP (1:1000, 9542, Cell Signaling). 
Secondary antibodies used for blotting: IRDye 800CW goat anti-mouse IgG (H+L) 
(926-32210, Li-COR, 1:10000), IRDye 800CW goat anti-rabbit IgG (H+L) (926-32211, Li-
COR, 1:5000). 

Cell culture
K562 cells (B. Pang, Leiden University Medical Center, the Netherlands) were maintained 
in RPMI-1640 medium supplemented with 8% FCS. K562 ABCB1 overexpression cells were 
generated as described28 and maintained in RPMI-1640 medium supplemented with 8% 
FCS. K562 ABCG2 overexpression cells were generated with single-guide RNAs targeting 
the promoter region of ABCG2 (Forward: CAC CGT GCC GCG CTG AGC CGC CAGC; 
Reverse: AAA CGC TGG CGG CTC AGC GCG GCAC). The guide RNA sequence was cloned 
into lentiSAMv2-Puro plasmid containing the gRNA scaffold and dCas9 sequence, and 
lentivirus was made as previously described.28 K562/SAM stable cells were transduced 
with virus containing the respective guide RNAs and then selected using puromycin (2 µg 
ml–1). Single clones of cells were picked and verified using PCR and Sanger sequencing. 
K562 ABCB2 overexpression cells were maintained in RPMI-1640 medium supplemented 
with 8% FCS. All cell lines were maintained in a humidified atmosphere of 5% CO2 at 37°C, 
regularly tested for the absence of mycoplasma and the origin of cell lines was validated 
using STR analysis.

Cell viability assay
Cells were seeded into 96-well format (2000 cells/well). Twenty-four hours after seeding, 
cells were treated with indicated compounds for 2 hours at various concentrations. 
Subsequently, the compounds were removed by washing and the cells were left to 
grow for an additional 72 hours. Cell viability was measured using the CellTiter-Blue 
viability assay (Promega). Relative survival was normalized to untreated control cells and 
corrected for background signal.
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Flow cytometry 
Cells were treated with 10 µM of compound for the indicated time points. Samples were 
washed with PBS, collected, and fixed with paraformaldehyde. Live/dead staining was 
performed with DAPI (1:1000). Samples were analyzed by flow cytometry using BD FACS 
Aria II, with 561-nm laser and 610/20-nm detector. The cellular uptake of anthracyclines 
and the live/dead ratio were quantified using FlowJo software v10.10. 

ADME
The computation of physicochemical descriptors and prediction of ADME parameters 
was performed with the freely accessible webtool SwissADME.29

Subcellular fractionation 
Cells were treated for a series of timepoints (15, 30, 60 and 120 minutes) with 10 µM of the 
indicated compounds. Cells were washed and lysed directly in lysis buffer (50 mM Tris.HCl 
pH 8.0, 150 mM NaCl, 5 mM MgCl2, 0.5% Nonidet P-40, 2.5% glycerol supplemented with 
protease inhibitors), collected, vortexed, and incubated on ice for 10 minutes. To collect 
the cytoplasmic fraction, samples were centrifuged for 10 min, 15,000 × g at 4 °C. Both 
nuclear (pellet) and cytoplasmic (supernatant) fractions were washed and fluorescence 
was measured with a plate reader (500-15 excitation/580-30 emission). 

Western blot
Cellular fractions were lysed directly in SDS-sample buffer (2%SDS, 10% glycerol, 5% 
β-mercaptoethanol, 60mM Tris-HCl pH 6.8 and 0.01% bromophenol blue). Samples were 
separated by SDS-PAGE and transferred to a nitrocellulose membrane. Blocking of the 
filters and antibody incubations were done in PBS supplemented with 0.1 (v/v)% tween 
and 5% (w/v) milk powder (Skim milk powder, LP0031, Oxiod). Blots were imaged by the 
Odyssey Classic imager (Li-Cor).

DNA dye competition assay
1µg/ml circular double stranded DNA was incubated with Quant-iT PicoGreen dsDNA 
reagent (Termo Fisher Scientific P7581) for 5 minutes at RT. Subsequently, indicated 
drug concentrations were added to the DNA/PicoGreen reaction and incubated for 
another 5 minutes at RT followed by measurement of the PicoGreen fluorescence using 
a CLARIOstar plate reader (BMG labtech) excitation 480 emission 520 (480-20/520-10 
filter). The fluorescence was quantified relative to untreated controls. Fluorescent signals 
of all samples were corrected for the corresponding drug concentrations in the absence 
of DNA.
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Quantification and statistical analysis
Each experiment was performed in triplicate, unless stated otherwise. Error bars denote 
±SD. Statistical analyses were performed using Prism 8 software (GraphPad Inc.). ns, not 
significant, *p = < 0.05, **p = < 0.01, ***p = < 0.001

Associated content

Supporting Information
The Supporting Information is available free of charge at https://pubs.acs.org/
doi/10.1021/acs.jmedchem.4c00614.

Table S1 – Biological data for all compounds 
Table S2 – ADME parameters for all compounds 

Figure S1 – Chemical structures of complete compound library Figure S2 – Cell death 
assays for selected compounds 
Figure S3 – Cytoplasmic accumulation of selected compounds
Figure S4 – Subcellular accumulation in context of ABCB1 inhibition 
Figure S5 – TopoIIα imaging for all compounds
Molecular formula strings and tabulated biological assays data (CSV).

Author information

Author Contributions
MvG, SvdZ, IB, HO, and JN conceived the experiments. MvG under supervision of SvdZ 
and JN performed all biochemical and cellular experiments. YL designed and generated 
ABCG2-overexpressing K562 cells. DW under supervision of HO prepared the compounds. 
The manuscript was written by MvG and SvdZ with input from all authors.

Funding Sources
This work was supported by grants from the Dutch Cancer Society KWF (JN) and by the 
Institute for Chemical Immunology, an NWO Gravitation project funded by the Ministry 
of Education, Culture and Science of The Netherlands.

Notes
The authors declare the following competing financial interest(s): Jacques J. C. Neefjes is a 
shareholder in NIHM, that aims to produce aclarubicin for clinical use.



93

ABCB1-mediated Drug Resistance to Anthracyclines

4

Acknowledgments

We would like to thank Bjorn van Doodewaerd and Tom Schoufour for their technical 
assistance.

Abbreviations 

ABCB1, ATP binding cassette subfamily B member 1; ABCG2, ATP-binding cassette super-
family G member 2; TopoIIα, Topoisomerase IIα; TRQ, Tariquidar



94

Chapter 4

References

(1)	 Martins-Teixeira, M. B.; Carvalho, I. Antitumour Anthracyclines: Progress and Perspectives. 
ChemMedChem. 2020, 15, 933–948.

(2)	 Qiu, Y.; Jiang, P.; Huang, Y. Anthracycline-Induced Cardiotoxicity: Mechanisms, Monitoring, 
and Prevention. Frontiers in cardiovascular medicine. 2023, 10.

(3)	 Mirzaei, S.; Gholami, M. H.; Hashemi, F.; Zabolian, A.; Farahani, M. V.; Hushmandi, K.; Zarrabi, 
A.; Goldman, A.; Ashrafizadeh, M.; Orive, G. Advances in Understanding the Role of P-Gp in 
Doxorubicin Resistance: Molecular Pathways, Therapeutic Strategies, and Prospects. Drug 
Discovery Today. 2022, 27, 436–455.

(4)	 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. Nature Communications. 2013, 4, 1–13.

(5)	 Qiao, X.; Van Der Zanden, S. Y.; Wander, D. P. A.; Borràs, D. M.; Song, J. Y.; Li, X.; Duikeren, S. 
Van; Gils, N. Van; Rutten, A.; Herwaarden, T. Van; Tellingen, O. Van; Giacomelli, E.; Bellin, M.; 
Orlova, V.; Tertoolen, L. G. J.; Gerhardt, S.; Akkermans, J. J.; Bakker, J. M.; Zuur, C. L.; Pang, B.; 
Smits, A. M.; Mummery, C. L.; Smit, L.; Arens, R.; Li, J.; Overkleeft, H. S.; Neefj, J. Uncoupling 
DNA Damage from Chromatin Damage to Detoxify Doxorubicin. Proceedings of the National 
Academy of Sciences of the United States of America. 2020, 117, 15182–15192.

(6)	 van der Zanden, S. Y.; Qiao, X.; Neefjes, J. New Insights into the Activities and Toxicities of the 
Old Anticancer Drug Doxorubicin. The FEBS Journal. 2020, febs.15583.

(7)	 Wander, D. P. A.; Van Der Zanden, S. Y.; Van Der Marel, G. A.; Overkleeft, H. S.; Neefjes, J.; 
Codée, J. D. C. Doxorubicin and Aclarubicin: Shuffling Anthracycline Glycans for Improved 
Anticancer Agents. Journal of Medicinal Chemistry. 2020, 63, 12814–12829.

(8)	 Rothig, H. J.; Kraemer, H. P.; Sedlacek, H. H. Aclarubicin: Experimental and Clinical Experience. 
Drugs under experimental and clinical research. 1985, 11, 123–125.

(9)	 Mortensen, S. A. Aclarubicin: Preclinical and Clinical Data Suggesting Less Chronic 
Cardiotoxicity Compared with Conventional Anthracyclines. European Journal of 
Haematology. 1987, 38, 21–31.

(10)	 Dong, J.; Yuan, L.; Hu, C.; Cheng, X.; Qin, J. J. Strategies to Overcome Cancer Multidrug 
Resistance (MDR) through Targeting P-Glycoprotein (ABCB1): An Updated Review. 
Pharmacology & therapeutics. 2023, 249.

(11)	 Pote, M. S.; Gacche, R. N. ATP-Binding Cassette Efflux Transporters and MDR in Cancer. Drug 
Discovery Today. 2023, 28, 103537.

(12)	 Kukal, S.; Guin, D.; Rawat, C.; Bora, S.; Mishra, M. K.; Sharma, P.; Paul, P. R.; Kanojia, N.; Grewal, 
G. K.; Kukreti, S.; Saso, L.; Kukreti, R. Multidrug Efflux Transporter ABCG2: Expression and 
Regulation. Cellular and Molecular Life Sciences: CMLS. 2021, 78, 6887.

(13)	 Hodges, L. M.; Markova, S. M.; Chinn, L. W.; Gow, J. M.; Kroetz, D. L.; Klein, T. E.; Altman, R. B. 
Very Important Pharmacogene Summary: ABCB1 (MDR1, P-Glycoprotein). Pharmacogenetics 
and Genomics. 2011, 21, 152.

(14)	 Mattioli, R.; Ilari, A.; Colotti, B.; Mosca, L.; Fazi, F.; Colotti, G. Doxorubicin and Other 
Anthracyclines in Cancers: Activity, Chemoresistance and Its Overcoming. Molecular Aspects 
of Medicine. 2023, 93, 101205.

(15)	 Hanušová, V.; Boušová, I.; Skálová, L. Possibilities to Increase the Effectiveness of Doxorubicin 
in Cancer Cells Killing. Drug metabolism reviews. 2011, 43, 540–557.



95

ABCB1-mediated Drug Resistance to Anthracyclines

4

(16)	 Peter, S.; Alven, S.; Maseko, R. B.; Aderibigbe, B. A. Doxorubicin-Based Hybrid Compounds as 
Potential Anticancer Agents: A Review. Molecules (Basel, Switzerland). 2022, 27.

(17)	 van Gelder, M. A.; van der Zanden, S. Y.; Vriends, M. B. L.; Wagensveld, R. A.; van der Marel, 
G. A.; Codée, J. D. C.; Overkleeft, H. S.; Wander, D. P. A.; Neefjes, J. J. C. Re-Exploring the 
Anthracycline Chemical Space for Better Anti-Cancer Compounds. Journal of Medicinal 
Chemistry. 2023, 66, 11390–11398.

(18)	 Wander, D. P. A.; van der Zanden, S. Y.; Vriends, M. B. L.; van Veen, B. C.; Vlaming, J. G. C.; 
Bruyning, T.; Hansen, T.; van der Marel, G. A.; Overkleeft, H. S.; Neefjes, J. J. C.; Codée, J. D. C. 
Synthetic ( N , N -Dimethyl)Doxorubicin Glycosyl Diastereomers to Dissect Modes of Action 
of Anthracycline Anticancer Drugs. The Journal of Organic Chemistry. 2021, 86, 5757–5770.

(19)	 Gate, L.; Couvreur, P.; Nguyen-Ba, G.; Tapiero, H. N-Methylation of Anthracyclines Modulates 
Their Cytotoxicity and Pharmacokinetic in Wild Type and Multidrug Resistant Cells. 
Biomedicine & Pharmacotherapy. 2003, 57, 301–308.

(20)	 Huseman, E. D.; Byl, J. A. W.; Chapp, S. M.; Schley, N. D.; Osheroff, N.; Townsend, S. D. Synthesis 
and Cytotoxic Evaluation of Arimetamycin A and Its Daunorubicin and Doxorubicin Hybrids. 
ACS Central Science. 2021, acscentsci.1c00040.

(21)	 Battisti, R. F.; Zhong, Y.; Fang, L.; Gibbs, S.; Shen, J.; Nadas, J.; Zhang, G.; Sun, D. Modifying the 
Sugar Moieties of Daunorubicin Overcomes P-Gp-Mediated Multidrug Resistance. Molecular 
Pharmaceutics. 2007, 4, 140–153.

(22)	 Yu, S.; Zhang, G.; Zhang, W.; Luo, H.; Qiu, L.; Liu, Q.; Sun, D.; Wang, P. G.; Wang, F. Synthesis and 
Biological Activities of a 3'-Azido Analogue of Doxorubicin Against Drug-Resistant Cancer 
Cells. International Journal of Molecular Sciences. 2012, 13, 3671.

(23)	 Robey, R. W.; Pluchino, K. M.; Hall, M. D.; Fojo, A. T.; Bates, S. E.; Gottesman, M. M. Revisiting the 
Role of Efflux Pumps in Multidrug-Resistant Cancer. Nature reviews. Cancer. 2018, 18, 452.

(24)	 Kodan, A.; Futamata, R.; Kimura, Y.; Kioka, N.; Nakatsu, T.; Kato, H.; Ueda, K. ABCB1/MDR1/P-Gp 
Employs an ATP-Dependent Twist-and-Squeeze Mechanism to Export Hydrophobic Drugs. 
FEBS letters. 2021, 595, 707–716.

(25)	 Lai, J. I.; Tseng, Y. J.; Chen, M. H.; Huang, C. Y. F.; Chang, P. M. H. Clinical Perspective of FDA 
Approved Drugs With P-Glycoprotein Inhibition Activities for Potential Cancer Therapeutics. 
Frontiers in Oncology. 2020, 10, 561936.

(26)	 Burgess, D. J.; Doles, J.; Zender, L.; Xue, W.; Ma, B.; McCombie, W. R.; Hannon, G. J.; Lowe, S. 
W.; Hemann, M. T. Topoisomerase Levels Determine Chemotherapy Response in Vitro and 
in Vivo. Proceedings of the National Academy of Sciences of the United States of America. 2008, 
105, 9053–9058.

(27)	 Cruet-Hennequart, S.; Prendergast, Á. M.; Shaw, G.; Barry, F. P.; Carty, M. P. Doxorubicin Induces 
the DNA Damage Response in Cultured Human Mesenchymal Stem Cells. International 
Journal of Hematology. 2012, 96, 649–656.

(28)	 Li, Y.; Tan, M.; Sun, S.; Stea, E.; Pang, B. Targeted CRISPR Activation and Knockout Screenings 
Identify Novel Doxorubicin Transporters. Cellular oncology (Dordrecht). 2023, 46, 1807–1820.

(29)	 Daina, A.; Michielin, O.; Zoete, V. SwissADME: A Free Web Tool to Evaluate Pharmacokinetics, 
Drug-Likeness and Medicinal Chemistry Friendliness of Small Molecules. Scientific Reports 
2017 7:1. 2017, 7, 1–13.



96

Chapter 4

Supporting information chapter 4

# IC50 WT 
(µM)

IC50 ABCB1
 (µM)

IC50 ABCG2 
(µM)

Topo IIα
targeting

DNA
 damage

Histone
eviction

1 0,325 1,587 0,528 Yes Yes ^7 Yes ^7

2 0,239 2,083 0,428 Yes Yes ^18 Yes ^18

3 0,141 0,686 0,286 Yes Yes ^17 Yes ^17

4 0,031 0,077 0,060 Yes No ^7 Yes ^7

5 0,027 0,041 0,116 Yes Yes ^17 Yes ^17

6 7,696 8,068 8,199 No Yes ^17 No ^17

7 0,136 0,390 0,293 Yes No ^7 Yes ^7

8 0,098 0,187 0,336 Yes No ^18 Yes ^18

9 0,038 0,074 0,041 Yes No ^17 Yes ^17

10 3,324 20,905 3,379 Yes No ^7 No ^7

11 0,078 0,091 0,073 Yes No ^17 Yes ^17

12 0,379 2,087 0,396 Yes No ^17 Yes ^17

13 0,172 0,312 0,173 Yes No ^17 Yes ^17

14 0,195 0,402 0,193 Yes No ^17 Yes ^17

15 0,064 0,066 0,059 Yes No ^17 Yes ^17

16 0,084 0,089 0,303 Yes Yes ^17 No ^17

17 0,856 1,127 7,799 Yes Yes ^17 No ^17

18 1,621 1,978 3,827 Yes Yes ^17 No ^17

19 0,042 0,829 0,196 Yes Yes ^17 No ^17

20 1,18 1,540 1,368 Yes No ^17 Yes ^17

21 1,788 19,820 2,736 Yes Yes ^17 No ^17

22 1,623 29,892 2,341 Yes No ^17 Yes ^17

23 5,32 5,413 8,695 Yes No ^17 Yes ^17

24 1,098 1,213 1,091 Yes No ^17 Yes ^17

25 0,23 1,221 0,242 Yes Yes ^17 Yes ^17

26 0,019 0,032 0,017 Yes No ^17 Yes ^17

27 1,796 4,511 1,752 Yes No ^7 Yes ^7

28 0,174 1,715 0,175 Yes No ^7 Yes ^7

29 1,173 30,123 1,957 Yes Yes ^7 No ^7

30 0,019 1,000 0,065 Yes No ^7 Yes ^7

31 0,381 1,588 0,914 Yes Yes ^17 Yes ^17

32 0,129 0,220 0,139 Yes No ^17 Yes ^17

33 2,117 17,975 3,861 Yes Yes ^18 No ^18

34 3,244 4,377 7,325 Yes Yes ^18 Yes ^18

35 2,206 11,423 3,729 Yes Yes ^18 Yes ^18

36 0,535 1,928 0,510 Yes Yes ^18 Yes ^18

S1 >10 - - No No
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# MW
Heavy 
atoms

Fraction 
Csp3

Rotatable 
bonds

H-bond 
acceptors

H-bond 
donors

MR TPSA LOGP LogS

1 543,5 39 0,44 5 12 6 132,7 206,1 1,27 -3,46

2 543,5 39 0,44 5 12 6 132,7 206,1 1,27 -3,46

3 527,5 38 0,44 4 11 5 131,5 185,8 1,83 -4,04

4 811,9 58 0,62 10 16 4 203,5 217,1 3,8 -5,29

5 497,5 36 0,42 3 10 5 125,0 176,6 1,86 -3,95

6 483,5 35 0,4 3 10 5 120,2 176,6 0,92 -3,81

7 571,6 41 0,48 6 12 5 142,5 183,3 2,25 -3,9

8 571,6 41 0,48 6 12 5 142,5 183,3 2,25 -3,9

9 555,6 40 0,48 5 11 4 141,3 163,1 2,81 -4,47

10 783,8 56 0,6 9 16 5 193,7 239,8 2,82 -4,87

11 525,6 38 0,46 4 10 4 134,8 153,8 2,84 -4,38

12 583,6 42 0,5 6 12 5 149,1 183,3 2,23 -3,94

13 597,6 43 0,52 6 12 5 153,9 183,3 2,59 -4,2

14 611,6 44 0,53 6 12 5 158,7 183,3 2,95 -4,46

15 613,6 44 0,52 6 13 5 155.0 192,5 1,73 -3,92

16 569,5 41 0,44 6 14 5 134,8 229,8 3,08 -3,93

17 544,5 39 0,44 5 12 6 131,1 200,3 1,53 -3,25

18 528,5 38 0,44 5 11 5 130.0 180,1 2,5 -4,07

19 513,5 37 0,48 4 10 5 131,3 168,8 2,57 -4,51

20 541,6 39 0,52 5 10 4 141,1 146.0 3,55 -4,95

21 529,5 38 0,48 5 11 6 132,5 189.0 1,9 -3,94

22 557,6 40 0,52 6 11 5 142,3 166,2 2,88 -4,37

23 557,6 40 0,46 5 12 6 137,7 206,1 2,28 -3,6

24 585,6 42 0,5 6 12 5 147,5 183,3 3,26 -4,04

# IC50 WT 
(µM)

IC50 ABCB1
 (µM)

IC50 ABCG2 
(µM)

Topo IIα
targeting

DNA
 damage

Histone
eviction

S2 >10 - - No Yes

S3 >10 - - No No

S4 >10 - - No Yes

Table S1 – The compound numbers shown in column one correspond to the structure of Figure S1. 
Cytotoxicity (IC50 values) towards K562 wildtype, ABCB1 overexpressing and ABCG2 overexpressing 
cells were calculated for all compounds. Targeting of TopoIIα was examined after treatment with 10 
µM of compounds. Individual images are depicted in Figure S4. DNA damage and histone eviction 
data was reported on before, data indicated with ^7 was reproduced from reference #7, copyright 
2020 American Chemical Society, data indicated with ^18 was reproduced from reference #18, 
copyright 2021 American Chemical Society, data indicated with ^17 was reproduced from reference 
#17, copyright 2023 American Chemical Society.’
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# MW
Heavy 
atoms

Fraction 
Csp3

Rotatable 
bonds

H-bond 
acceptors

H-bond 
donors

MR TPSA LOGP LogS

25 739,8 53 0,58 7 15 5 183.0 230,6 2,6 -4,64

26 767,8 55 0,6 8 15 4 192,8 207,8 3,07 -5,06

27 701,7 50 0,57 8 15 6 172,5 222.0 2,13 -4,2

28 699,7 50 0,58 8 14 5 175,6 201,8 2,94 -4,63

29 785,8 56 0,59 9 17 6 190,7 260,1 2,01 -3,05

30 813,8 58 0,61 10 17 5 200,5 237,3 2,99 -3,78

31 543,5 39 0,44 5 12 6 132,7 206,1 1,27 -3,48

32 571,6 41 0,48 6 12 5 142,5 183,3 2,25 -4,21

33 543,5 39 0,44 5 12 6 132,7 206,1 1,27 -4,13

34 571,6 41 0,48 6 12 5 142,5 183,3 2,25 -4,56

35 543,5 39 0,44 5 12 6 132,7 206,1 1,27 -3,46

36 571,6 41 0,48 6 12 5 142,5 183,3 2,25 -3,9

Table S2 – The computational predictions of physicochemical parameters. The prediction of ADME 
parameters was performed with the freely accessible webtool SwissADME.29

Figure S1 - Chemical structures of all compounds evaluated in this study; 1-36 and S1-S4.



99

ABCB1-mediated Drug Resistance to Anthracyclines

4
Figure S2 – Cell death in response to selected compounds 1-5, 8, 9, 11, 15, 26. Numbers correspond 
to the structures in Figure 1, C; unmanipulated control. (A) K562 wildtype cells were treated with 
1 µM of the indicated compounds. The live / dead ratio was determined with DAPI staining and 
measured with flow-cytometry. (B) K562 wildtype cells were treated with 5 µM of the indicated 
compounds for 24 hours. PARP cleavage was examined by Western blot. Actin was used as a loading 
control, and molecular weight markers are indicated. Results are presented as mean ± SD of two 
independent experiments.
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Figure S3 – Cytoplasmic accumulation of selected compounds 1-5, 8, 9, 11, 15, 26. Numbers 
correspond to the structures in Figure 1. (A) K562 wildtype and ABCB1 overexpressing cells were 
treated with 10 µM of the indicated compounds and subjected to fractionation. Mean fluorescence 
intensity in the cytoplasmic fraction was measured at a series of timepoints (15, 30, 60 and 120 
minutes). Fluorescence was normalized to the largest signal. Two-way ANOVA; * p<0.05; ** p<0.01; 
*** p<0.001; ns, not significant. (B) Correlation between fold change IC50 and mean fluorescence 
intensity in cytoplasmic fraction. 
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Figure S4 – Nuclear and cytoplasmic accumulation of selected compounds 1, 3, 5, 9, 11, 15. 
Numbers correspond to the structures in Figure 1. K562 wildtype and ABCB1 overexpressing cells 
were treated with 10 µM of the indicated compounds, in the presence and absence of ABCB1-
inhibitor Tariquidar. Mean fluorescent intensity was measured in cytoplasmic and nuclear fractions 
of K562 wildtype cells, ABCB1 overexpressing cells and ABCB1 overexpressing cells treated with 
Tariquidar (TRQ). Two-way ANOVA; * p<0.05; ** p<0.01; *** p<0.001; ns, not significant.
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Figure S5 – Topoisomerase IIα relocalization for compounds 1-8. Numbers correspond to the 
structures in Figure 1. Redistribution of GFP-TopoIIα transiently expressed in wildtype MelJuso. 
Cells were treated with 10 µM of indicated compounds and GFP-TopoIIα signal was measured over 
time. Scale bar 10µm. GFP signal was quantifi ed pre- and post-treatment with the compounds and 
plotted as fl uorescence over distance of dotted yellow line. 
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Figure S5 – Continued; Topoisomerase IIα relocalization for compounds 9-17. Numbers correspond 
to the structures in Figure 1. 
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to the structures in Figure 1
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Anthracyclines are potent chemotherapeutics used to treat various cancers, such as 
leukemias, lymphomas, and solid tumors. They are characterized by their tetracyclic 
structure, which facilitates DNA intercalation, connected to an amino sugar that can 
interact with the DNA backbone phosphodiesters through salt bridges.1 This intrinsic 
capacity underlies two main modes of anthracycline action: the generation of DNA 
double stranded breaks (DNA damage) and eviction of histones from chromatin 
(chromatin damage).2 Despite their effectiveness, anthracycline treatment is associated 
with severe side effects, including long-term issues such as cardiotoxicity, gonadotoxicity 
and secondary tumorigenesis.3 These side effects are particularly concerning due to 
their significant impact on the quality of life of cancer patients. Previous research has 
suggested that the DNA-damaging function of anthracyclines is primarily linked to these 
side effects, indicating that anthracyclines that only cause chromatin damage might be 
preferable over standard therapy. 

In chapter 2, we evaluated a total of 26 anthracycline variants for their cytotoxicity, DNA 
damage and chromatin damage activities, making it one of the largest structure-activity 
relationship study of anthracyclines to date. From this study, we derived several general 
guidelines regarding the potency and modes of action of anthracyclines. These are: (1) 
The main cytotoxic activity of the compounds is associated with histone eviction rather 
than DNA double strand break induction; (2) Generally, N,N-dimethylation eliminates 
DNA double strand break formation without compromising cytotoxicity; (3) Small 
modifications in the tetracyclic aglycone further contribute to cytotoxicity, as illustrated 
by the differences in cytotoxicity between doxorubicin and idarubicin; (4) The position of 
the amine on the sugar moiety has minor effects; and (5) Replacing the amine by an OH 
or H group significantly reduces cytotoxicity.

The importance of distinguishing between different modes of anthracycline action has 
been demonstrated by previous studies, which showed that the combination of DNA 
damage and histone eviction—as exhibited by doxorubicin—results in the major side 
effects associated with this drug.4 Anthracyclines that solely induce chromatin damage, 
such as aclarubicin and N,N-dimethyldoxorubicin, are at least as effective against 
tumor cells as doxorubicin but are less toxic to healthy cells and tissues. For instance, 
N,N-dimethyldoxorubicin does not cause cardiotoxicity, secondary tumor formation, 
or gonadal dysfunction in murine in vivo models.4 Furthermore, clinical observations 
indicate that aclarubicin treatment is less cardiotoxic for cancer patients than doxorubicin 
treatment, while both compounds appear equally effective as anticancer agents.5,6 These 
results suggest that separating DNA damage from chromatin damage activities may 
guide the development of novel variants that lack the major long-term side effects that 
are associated with currently used anthracycline variants. 



109

Conclusion and Future Prospects

5

Although N,N-dimethyldoxorubicin was proven less cardiotoxic in in vivo murine models, 
this has not yet been established in patients. Given the thousands of research papers 
suggesting that impaired mitochondrial function is associated with cardiotoxicity, 
we selected six compounds from chapter 2, including N-N-dimethyldoxorubicin, to 
investigate their effects on mitochondrial function. 
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Figure 1 – Chemical structures of anthracycline variants and their cellular uptake. (A) Chemical 
structures of different anthracycline variants, etoposide, and ethidium bromide. (B) Cellular uptake 
after 2 hours incubation with different compounds. Intracellular accumulation was measured with 
flow-cytometry, and mean fluorescent intensity is plotted for all compounds. Ordinary one-way 
ANOVA, * p < 0,05; ** p < 0,01; *** p < 0.001. 
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Of these variants, doxorubicin (1) and daunorubicin (3) induce both DNA and chromatin 
damage, while N,N-dimethyldoxorubicin (2), N,N-dimethyldaunorubicin (4) and 
aclarubicin (5) induce only chromatin damage. Etoposide (6) was included as a control 
that induces only DNA damage, and ethidium bromide (7) served as a control for DNA 
intercalation. (Figure 1A).

We conducted initial experiments as part of a structure-activity relationship study 
focusing on mitochondrial function. First, we compared the cellular uptake of these 
anthracyclines and ethidium bromide in two cancer cell lines (U2Os and HeLa) and a 
myoblast derived cardiac cell line (H9c2). Interestingly, the uptake of all anthracyclines 
was increased in H9c2 cells compared to both cancer cell lines, although this was not 
the case for ethidium bromide (Figure 1B). This finding aligns with previous research 
suggesting that heart tissue is a preferential site for anthracycline accumulation. The 
most significant effect was observed for doxorubicin, which showed a two-fold higher 
cellular uptake in cardiac cells compared to the cancer cell lines used. The cell type 
specific uptake of anthracyclines may be related to the expression of import transporters. 
Several members of the solute carrier (SLC) superfamily of membrane transporters have 
been linked to cell-type specific toxicity profiles in response to anthracyclines.7 However, 
comparing the cytotoxicity of these compounds in cardiac H9c2 cells to that in U2Os 
and AT3 cancer cells revealed that all selected compounds, including doxorubicin, were 
significantly less cytotoxic in H9c2 cells despite the increased uptake (data not shown). 
This may be due to the higher proliferation rates of both cancer cell lines compared to 
the cardiac cells. Our data indicate that cellular uptake of anthracyclines is not directly 
linked to cytotoxicity in the cell lines used in this study, but future research could address 
whether the expression of SLC importers are regulating cell-type specific accumulation 
and toxicities of anthracyclines. 

In terms of molecular mechanism, we explored whether there is overlap between the 
effects observed in the nucleus and those in the mitochondria. We confirmed the DNA 
damaging activity of the selected compounds in the nucleus and aimed to assess the 
damage to mitochondrial DNA too. Doxorubicin and daunorubicin caused DNA double 
stranded breaks in genomic DNA (Figure 2A), but we could not detect any mitochondrial 
DNA damage (Figure 2B). High concentrations of hydrogen peroxide did induce damage 
of mitochondrial DNA, as expected based on previous reports.8 In contrast to previous 
reported literature9, we could not detect any lesions caused by doxorubicin using the 
long-range PCR method. Earlier research has indicated a depletion of mtDNA in response 
to anthracyclines10, which may contribute to this discrepancy, as our protocol controls 
for total mtDNA levels. Although the long-range PCR method is frequently used, it has 
some major limitations. First, DNA lesions that do not significantly stall progression of 
DNA polymerases will not be detected. Compounds that cause oxidative stress, such as 
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H2O2, are thought to produce more than one type of lesion11 and anthracyclines may act 
similarly. The nature of specific lesions cannot be detected with PCR-based methods, but 
this limitation is shared by other methods available.12 In addition, the method is based 
on the expectancy that for most DNA damaging agents, lesions will be introduced 
randomly in both genomic DNA and mitochondrial DNA. In the case of anthracyclines, 
this assumption may be incorrect, based on observations of preferential sites of DNA 
double stranded breaks induction in genomic DNA.13

Due to the circular nature of mtDNA (16.6 kb)14 we validated whether these 
anthracyclines intercalate into circular plasmid DNA of similar size and examined any 
differences between anthracycline variants in terms of intercalation. The intercalation 
of anthracyclines was tested using a competition dye displacement assay with ethidium 
bromide (Figure 3A) and PicoGreen (Figure 3B). These dyes were chosen because of their 
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Figure 2 – Nuclear and mitochondrial DNA damage induced by anthracyclines. (A) Nuclear 
DNA double strand breaks were directly visualized by CFGE in U2OS cells and H9c2 cells. The 
position of intact and broken DNA is indicated, broken DNA was quantified relative to total DNA. (B) 
Mitochondrial DNA damage was assessed using long-range PCR in U2OS cells and H9c2 cells. DNA 
amplification was quantified relative to untreated control cells. 
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fluorescence upon binding to double-stranded DNA and the addition of compounds 
that displace the dye results in a loss of fluorescence signal. Plotting the remaining 
fluorescence against compound concentrations (Figure 3B) revealed that doxorubicin has 
the highest DNA binding affinity, followed by N,N-dimethyldoxorubicin, which was only 
slightly less efficient. Daunorubicin and N,N-dimethyldaunorubicin demonstrated equal 
DNA intercalation efficiency. The non-intercalating Topo II inhibitor etoposide was used 
as a negative control. From these results we can deduct that these anthracycline variants 
could all intercalate into circular, and thus likely also mitochondrial DNA. However, we 
cannot fully account for the degree in which these anthracycline variants accumulate 
in the mitochondria to start with. We performed a pilot experiment that confirmed 
accumulation of doxorubicin, N,N-dimethyldoxorubicin, daunorubicin and N,N-
dimethyldaunorubicin in the mitochondria (data not shown). There are numerous reports 
about doxorubicin and daunorubicin entering and accumulating in mitochondria15, but it 
remains a challenge to compare different anthracycline variants with flow-cytometry or 
microscopy because of their different fluorescence properties. 
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Previous research has shown that anthracyclines can alter genomic DNA transcription, 
and that the effects are region-specific for different anthracyclines.16 We aimed to validate 
if mitochondrial DNA transcription is similarly altered in response to anthracycline 
treatment. To this end, we selected genes from three different regions of the circular 
mitochondrial DNA: mt-ND1, mt-CYB, and mt-CO1. These genes encode proteins that are 
part of the mitochondrial respiratory chain: NADH dehydrogenase 1, cytochrome b, and 
cytochrome c oxidase I, respectively. 

In both cell lines tested, we observed a trend towards decreased expression of mt-ND1 and 
mt-CYB in response to anthracycline treatment, while the effects on mt-CO1 expression 
were less pronounced (Figure 4). Treatment with etoposide or hydrogen peroxide did not 
alter the expression of mt-ND1, mt-CYB, or mt-CO1, supporting the hypothesis that DNA 
intercalation is important for the disruption of gene expression. Region-specific DNA 
intercalation may also contribute to the observed differences between anthracyclines. 
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Figure 4 – The effect of anthracycline variants on the expression of mitochondrial genes. The 
expression of mRNA levels of mt-ND1, mt-CYB and mt-CO1 was measured with RT-QPCR in U2OS 
cells and H9c2 cells 4 hours post anthracycline treatment. Ordinary one-way ANOVA with Dunnett’s 
multiple comparison test, * p < 0,05; ** p < 0,01; *** p < 0.001.
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The location of mt-CYB near the D-loop and origin of replication for the mitochondrial 
heavy strand – sites serving as central hubs for mtDNA replication and transcription17 – 
could explain why the expression of this gene is particularly affected compared to mt-
ND1 and mt-CO1. Regiospecificity has been described for different anthracycline variants 
in the context of genomic DNA. For instance, doxorubicin specifically induces double-
stranded breaks near active promoter regions13, and the intercalation of daunorubicin is 
partially dependent on GC content.18 This regiospecificity extends to different chromatin 
states, with doxorubicin and daunorubicin preferentially binding to open chromatin 
regions, while aclarubicin also intercalates into condensed chromatin.16 Future research 
employing a ChIP-seq-like protocol specifically designed for mitochondrial DNA may 
provide valuable insights into the relationship between mitochondrial gene expression, 
and anthracycline intercalation sites. 

To examine potential direct effects on mitochondrial DNA integrity and transcription we 
studied proteins involved in mitochondrial DNA maintenance and transcription. To this 
end, we made U2OS cell lines in which either mitochondrial transcription factor A (TFAM), 
factor B2 (TFB2M) or mitochondrial RNA polymerase (mtRNAP) were endogenously 
tagged with GFP. TFAM coats the mitochondrial genome and, together with TFB2M and 
mtRNAP, forms the transcription machinery.17 Microscopic images show that the GFP 
signal overlaps with the MitoTracker signal, indicating that these proteins localize in the 
mitochondria (Figure 5). 

Protein levels of TFAM were reduced in response to N,N-dimethyldoxorubicin, N,N-
dimethyldaunorubicin and aclarubicin compared to doxorubicin, daunorubicin and the 
controls etoposide and H2O2. Similarly, treatment with the DNA intercalator ethidium 
bromide, also leads to a significant reduction of TFAM levels. The protein levels of TFB2M 
and mtRNAP, which act in a complex with TFAM, show a similar trend but to a lesser degree. 
The rapid degradation of TFAM when not bound to mtDNA, in contrast to stable levels of 
unbound TFB2M and mtRNAP, may partially explain these results. Through intercalation 
into mtDNA these anthracyclines may interfere and compete for binding sites of TFAM, 
hereby instigating TFAM degradation and inhibiting mtDNA transcription. Whether 
direct protein interactions between anthracyclines and the mitochondrial transcription 
machinery drive changes in mitochondrial gene expression remains to be elucidated, 
perhaps through novel immunoprecipitation techniques. Altogether, the preliminary data 
we obtained regarding the effects of different anthracycline variants on mitochondrial 
DNA integrity, transcription and translation do not yet provide a conclusive structure-
activity relationship study. While all anthracyclines influenced mitochondrial function, 
the differences between variants were minimal. These results strengthen our hypothesis 
that cardiotoxicity may primarily arise from DNA damage activity in combination with 
chromatin damage, as observed with doxorubicin but not with N,N-dimethyldoxorubicin. 
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Figure 5 – Protein levels of TFAM, TFB2M and mtRNAP after anthracycline treatment. (A-
C) Microscopic validation of endogenously GFP-tagged (A) TFAM, (B) TFB2M and (C) mtRNAP. 
Mitochondria are labeled with MitoTracker. TFAM, TFB2M and mtRNAP protein levels were quantified 
with western blot analysis. Ordinary one-way ANOVA with Dunnett’s multiple comparison test, * p 
< 0,05; ** p < 0,01; *** p < 0.001.
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The molecular mechanisms through which anthracyclines can inhibit Topo II and induce 
DNA double strand breaks are well established. In contrast, the discovery that not all 
anthracyclines cause DNA damage, and that some variants can additionally induce 
histone eviction is relatively recent. The exact mechanisms by which chromatin damage 
leads to cell death remain unclear. Therefore, we examined the unique properties of 
aclarubicin, an anthracycline that does not induce DNA double-strand breaks but does 
evict histones, leading to chromatin damage. In chapter 3, through genome-wide 
CRISPR-Cas9 knockout screening, we identified p53 as an important regulator of cell 
death in response to aclarubicin.

Aclarubicin activates a p53-dependent transcriptional program that induces apoptosis, 
like traditional DNA-damaging anthracyclines, but in the absence of DNA lesions. 
Aclarubicin-induced chromatin damage resulted in relocalization and activation of p53, 
and subsequently in p53-dependent apoptosis. Whether p53 itself senses unpacked 
DNA could not be confirmed in this study. We did however observe relocalization of 
p53 from the cytoplasm to the nucleus, and more specifically, enhanced binding to 
chromatin, suggesting that p53 may be part of a DNA sensing complex in response to 
histone eviction.

Potential interaction partners can be speculated upon based on molecular mechanisms 
involved in cell death in response to another class of chromatin damaging agents: 
curaxins. Nucleosome collapse induced by curaxins is sensed by the histone chaperone 
FACT (Facilitates Chromatin Transcription), which is normally involved in maintaining 
nucleosome stability during replication, transcription, and DNA repair.19 Curaxins, which 
are DNA intercalating agents, can trap the FACT complex on DNA, leading to CK2 activation 
and subsequent activation of p53.20 Previous studies have shown that aclarubicin also 
induces FACT binding to DNA21, indicating that p53 activation by aclarubicin might be 
mediated through FACT and CK2. However, this matter is complicated by our finding 
that p53 is activated through phosphorylation on different serine residues, and it is 
therefore likely that multiple molecular pathways are involved. The presence of multiple 
molecular pathways involved in sensing aclarubicin induced chromatin damage may 
explain why we did not identify any proteins related to the FACT pathway in our screen. 
This is also consistent with the observation that specific apoptosis inhibitors could not 
rescue aclarubicin-induced cell death. While the p53-dependent apoptosis pathway 
may be dominant, tumor cells may also die through alternative pathways in response 
to aclarubicin.

Overall, this study underscores the critical role of p53 in mediating the cytotoxic effects 
of aclarubicin and its implications for cancer treatment strategies. Our data demonstrates 
that cellular sensitivity to aclarubicin can be predicted based on p53 status in vitro, 
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indicating that assessing p53 mutation status could serve as a valuable stratification 
method to identify patients who would benefit from aclarubicin treatment. Additionally, 
our results show that aclarubicin synergizes with the BCL-2 inhibitor venetoclax, which 
has recently been approved for the treatment of chronic lymphocytic leukemia (CLL) and 
acute myeloid leukemia (AML).22 Patients could benefit from combination therapy with 
limited toxicities due to the low adverse effects of both drugs.

Our screen identified p53 as a major determinant of cellular sensitivity to aclarubicin, 
an anthracycline that primarily causes chromatin damage. However, it is still unknown 
which factors are involved in the process of histone eviction and the sensing of 
chromatin damage. To further explore the structure-activity relationship of the molecular 
characteristics that may dictate histone eviction and chromatin damage, we studied 
various structurally closely related doxorubicin variants. We included anthracyclines that 
induce both DNA damage and histone eviction (doxorubicin), those that cause only DNA 
damage (azido-doxorubicin, hydroxy-doxorubicin, desamino-doxorubicin), and one that 
only induces histone eviction (N,N-dimethyldoxorubicin) (Figure 6).

Cells utilize various ATP-dependent nucleosome remodeling complexes to move, eject 
or incorporate histones, thereby guiding nucleosome assembly.23 To determine whether 
anthracycline-induced histone eviction and nucleosome collapse is mediated by active 
processes in the nucleus, we compared histone eviction in untreated cells to that in 
ATP-depleted cells. We showed that histone eviction is not mediated by ATP-dependent 
processes, but rather occurs as an event that is probably associated with DNA intercalation 
and competition for space. Doxorubicin and N,N-dimethyldoxorubicin induced histone 
eviction when cells are fully depleted of ATP (Figure S1), whereas azido-doxorubicin, 

MeO

O

O

OH

OH O

OH
OH

O

O

HONH2

MeO

O

O

OH

OH O

OH
OH

O

O

HONMe2

O

O

OH

OH O

OH

O

O

HON3

OH

MeO

O

O

OH

OH O

OH

O

O

HOOH

OH

MeO

O

O

OH

OH O

OH

O

O

HO

OH

MeO OHMeO

O

O

OH

OH

OH
OH

O

1. doxorubicin 2. dimethyl-doxorubicin 3. azido-doxorubicin 4. hydroxy-doxorubicin

5. desamino-doxorubicin 6. doxorubicinone

Figure 6 – Chemical structures of doxorubicin analogues. 



118

Chapter 5

hydroxy-doxorubicin, desamino-doxorubicin and doxorubinone failed to induce histone 
eviction altogether independent of ATP levels in the cell (Figure 7).
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Figure 7 – Histone eviction in response to different doxorubicin analogues. Histone eviction 
was imaged in living U2Os-PAGFP-H2B cells and ATP-depleted cells. Left panel: cell outline and 
nucleus, the photoactivated part of the nucleus is indicated. Middle panel shows the photoactivated 
histones at the onset of the experiment after compound addition. Photo-activation was monitored 
by time-lapse confocal microscopy for 1 hour in the presence of the indicated compounds at 10 μM. 
Stills made at 60 min are shown in the right panel. Scale bar, 10 μm.
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To study in detail if the intercalation and competition for space with histones is determined 
by structural differences, we first assessed DNA binding of these anthracyclines in a 
cell free setup. Here, we compared the properties of different anthracyclines in their 
displacement of an DNA intercalating dye (Picogreen, Figure 8A) and the displacement of 
a DNA minor groove binding dye (DAPI, Figure 8B). 

All anthracycline variants tested intercalate into double stranded DNA and displace the 
Picogreen dye, albeit with different affinities. Doxorubicin displays the highest affinity 
for DNA intercalation in this set, and doxorubicinone the lowest. From crystal structure 
solution studies on the doxorubicin-DNA complex it was deduced that doxorubicin 
intercalates into the DNA with the sugar moiety pointing into the minor groove.24 We 
performed a dye displacement assay with a minor groove binding dye, and here N,N-
dimethyldoxorubicin showed the largest dye displacement. Remarkably, doxorubicinone, 
lacking the sugar moiety, displaces the minor groove binding dye DAPI like the other 
compounds. This could mean that the minor groove binding dye may dissociate from the 
DNA because of the intercalating properties that all anthracyclines used here show. 
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anthracyclines was tested in a competition dye displacement assay with PicoGreen. The percentage 
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binding affinity of anthracyclines was measured with the minor-groove binding dye DAPI. The 
percentage of initial fluorescence is plotted against the concentrations of the indicated compounds.
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In addition, we determined nucleosome collapse in cell free conditions in response to 
different anthracyclines. Reconstituted nucleosomes composed of the histones H2A, H2B, 
H3 and H4 were incubated with different concentrations of doxorubicin (Figure 9A). There 
is a clear dose-response relationship for doxorubicin in the disruption of nucleosomes. We 
compared different anthracycline variants in their capacity to cause histone dissociation, 
but only doxorubicin and N,N-dimethyldoxorubicin cause significant nucleosome collapse 
(Figure 9B) which is in line with the results published in chapter 2. Collectively, the results 
indicate that histone eviction is not just competition for space between anthracyclines 
and histones but is more likely determined by many intricate interactions. Since all 
doxorubicin variants intercalate into the DNA, the sugar-moiety may be a determining 
factor in the disruption of chromatin structures. The capacity of anthracyclines to induce 
histone eviction and nucleosome collapse is presumably determined by their structure, 
and independent of active processes within the cellular environment. 

Ultimately, higher resolution techniques are essential to study DNA intercalation and 
nucleosome collapse in more detail. Magnetic tweezers measurements could shed more 
light on the nanomechanical properties of DNA winding and unwinding in the presence 
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Figure 9 – Reconstituted nucleosome integrity in the presence of doxorubicin analogues. (A) 
Nucleosomes were incubated with different concentrations of doxorubicin. Results are quantified 
relative to untreated control. (B) Nucleosomes were incubated with different doxorubicin analogues 
at a concentration of 10µM. Results are quantified relative to untreated control. Incubation with 
doxorubicin or N,N-dimethyldoxorubicin induces nucleosome collapse. 
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of anthracyclines. Such studies have been performed in the past for doxorubicin and 
daunorubicin25,26, but larger structure-activity relationship studies with the different 
doxorubicin variants could greatly enhance our understanding. Recently, a very elegant 
method was reported to label nucleosomal DNA for nuclear magnetic resonance (NMR) 
spectroscopy studies. In this study, it was observed that aclarubicin binds the exposed 
AT-rich minor groove and, and that it is likely that the drug invades nucleosomes from 
the terminal ends inward, eventually resulting in histone eviction.27 This method opens 
new opportunities to study the structural dynamics of nucleosomal DNA, and it may be 
possible to compare different anthracycline variants. 

Resistance to anthracyclines presents a significant hurdle in cancer treatment and is often 
mediated by ATP-binding cassette (ABC) transporters that actively pump compounds 
across the plasma membrane, diminishing their efficacy. We previously demonstrated 
that the combination of DNA damage and histone eviction exerted by doxorubicin 
drives its associated adverse effects. However, whether the same properties dictate drug 
resistance is unclear.

In chapter 4, we evaluated a library of 40 anthracyclines on their cytotoxicity in cancer 
cell lines overexpressing the ABCB1 transporter or ABCG2 transporter. We identified 
several highly cytotoxic anthracyclines, that stand out due to their effectiveness in 
doxorubicin-resistant cells. We identified structural variants of the clinically used 
anthracyclines doxorubicin, epirubicin, daunorubicin, idarubicin and aclarubicin 
that outperform their respective partner compounds. We performed more in-depth 
analyses with these compounds, to identify how structural variations affect intracellular 
uptake, subcellular localization, DNA intercalation and Topo II inhibition in ABCB1-
overexpressing, doxorubicin-resistant cells. Two of these anthracycline variants warrant 
further investigation: N,N-dimethyl-idarubicin and a related idarubicin variant composed 
of the idarubicin aglycon and the aclarubicin trisaccharide stand out, due to their histone 
eviction-mediated cytotoxicity toward doxorubicin-resistant cells. 

This study focuses on the limitations of anthracyclines in clinical use — doxorubicin, 
daunorubicin, epirubicin and idarubicin — due to treatment-related toxicities and 
drug resistance. Previously we showed that doxorubicin and its analogues exert their 
anticancer effects through two independent mechanisms: inducing DNA double-
strand breaks and causing chromatin damage via histone eviction. Notably, N,N-
dimethyldoxorubicin, a compound that only induces histone eviction, showed reduced 
side effects compared to its clinical counterparts. We assessed a total of 40 anthracycline 
variants, of which their molecular mechanisms were determined in chapter 2, for their 
cytotoxicity in doxorubicin-resistant cells overexpressing ABCB1 or ABCG2. We showed 
that all anthracyclines that are currently in clinical use are less effective against ABCB1-
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overexpressing cells, confirming their status as ABCB1 substrates. In contrast, a total of 
16 of the novel anthracycline variants retained their cytotoxicity in drug- resistant cells, 
demonstrating potential for overcoming ABCB1 and ABCG2-mediated drug resistance. 
Anthracyclines featuring N,N-dimethyl amino sugars were shown to be less likely 
substrates for ABCB1, enhancing their therapeutic potential. This study highlights several 
promising structural variants, most notably N,N-dimethyl-idarubicin and N,N-dimethyl-
idarubicin trisaccharide. The cytotoxicity of these anthracyclines is not compromised 
by the overexpression of drug transporters, and due to their histone-eviction mediated 
cytotoxic they may be less damaging than their traditional counterparts. These 
compounds not only bypass common resistance mechanisms but also exhibit enhanced 
nuclear accumulation, which correlates strongly with their efficacy. 

Overall, we gained valuable insights into the design of new, safer anthracycline drugs 
and showed that specific structural modifications can enhance their effectiveness in 
drug resistant cells. Further exploration of the most promising compounds in preclinical 
studies is warranted. Future research should first confirm the anti-tumor efficacy of 
proposed N,N-dimethyl-idarubicin analogues in in vivo models. If their potency is as 
good as expected based on the in vitro results, it is of utmost importance to research if 
these compounds are also less cytotoxic to healthy cells and therefore may cause less 
side effects. 

In conclusion, while anthracyclines remain cornerstone treatments in oncology due to 
their effectiveness, it is essential to address their associated toxicities and resistance 
mechanisms. Ongoing research should focus on minimizing adverse effects and 
improving the therapeutic use to enhance treatment outcomes and patients’ quality 
of life.

Methods

Reagents and antibodies
Doxorubicin was obtained from Accord Healthcare Limited, UK, daunorubicin was 
obtained from Sanofi, aclarubicin (sc-200160) and doxorubicinone (sc-218273) were 
purchased from Santa Cruz Biotechnology (USA), etoposide was obtained from 
Pharmachemie (the Netherlands). N,N-dimethyl-doxorubicin, N,N-dimethyl daunorubicin, 
azido-doxorubicin, hydroxy-doxorubicin and desamino-doxorubicin were synthesized as 
described previously.28
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Cell culture
AT-3 cells (provided by R. Arens, LUMC, The Netherlands), U2OS cells (ATCC, HTB-96) and 
H9c2 cells (provided by M. Goumans, LUMC, The Netherlands) were maintained in DMEM 
medium supplemented with 8% FCS. All cell lines were maintained in a humidified 
atmosphere of 5% CO2 at 37 °C, regularly tested for the absence of mycoplasma and the 
origin of cell lines was validated using short tandem repeat (STR) analysis.

U2OS cells were endogenously GFP-tagged for TFAM, TFB2M and mtRNAP, as described 
previously. In short, gRNA sequences for each target protein were designed using the 
publicly available CRISPOR tool and subsequently cloned into the pX330/Cas9 vector. 
Making use of homologous recombination constructs with flanking HDRs as on the 
pX330 vector, both plasmids were used to co-transfect U2OS cells. Cells were single-cell 
FACS sorted and validated using confocal microscopy and western blot. 

Flow cytometry
Cells were treated with 10 μM compound for 2 hours. Samples were washed with PBS, 
collected, and fixed with paraformaldehyde. Samples were analyzed by flow cytometry 
using BD FACS Aria II, with 561-nm laser and 610/20-nm detector. The cellular uptake of 
anthracyclines was quantified using FlowJo software.

Constant-Field Gel Electrophoresis (CFGE)
Cells were seeded into 12-well format (200.000 cells/well), treated with 5 μM of each 
compound or 200 µM of H2O2 for 2 hours. Subsequently, drugs were removed by extensive 
washing and cells were collected and processed immediately. DNA double strand breaks 
were quantified by constant-field gel electrophoresis as described.29 

Long-range PCR for mitochondrial DNA damage
Cells were seeded in a 12-well plate (100.000 cells/well) and treated with 5 µM of 
the indicated compounds, or 100 µM H2O2 for 2 hours. Cells were subsequently 
washed and total DNA was isolated using the Isolate II Genomic DNA kit 
(Meridian Bioscience). Quantitative long-range PCR method was performed as 
described previously30, to measure mitochondrial DNA damage. Primers used 
were described before, supplied by Integrated DNA Technologies: FW small 
(5’-CCCAGCTACTACCATCATTCAGT-3’); RV small (5’-GATGGTTTGGGAGATTGGTTGATGT-3’); 
FW large (5’-GCCAGCCTGACCCATAGCCATAATAT-3’); RV large 
(5’-GAGAGATTTTATGGGTGTAATGCGG-3’). PCR-fragments were run on agarose gels, 
stained with ethidium bromide, imaged using the Molecular Imager Gel Doc XR system 
(Bio-Rad). Images were analyzed using ImageStudio (v5.2) and relative amplification was 
quantified and normalized to controls. 
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DNA intercalation competition assay
Plasmid DNA of 17.8kb (100ng) was incubated with a concentration range indicated 
compounds to a final volume of 10 µL and incubated for 5 min at RT. Samples were run on 
a 0.8% agarose gel for 25 min on 100 V and subsequently stained using 0,5 µg/mL EtBr for 
30 min followed by de-staining in ultra-pure water for 15 min. Gels were imaged with the 
Molecular Imager Gel Doc XR system (Bio-Rad). 

RT-qPCR
U2OS or H9c2 cells were treated with 5 µM of each anthracycline or 100 µM H2O2 and 
0,5 µg/mL EtBr for 2 hours. Subsequently, cells were washed and RNA was isolated 4 
hour post treatment using the ISOLATE II RNA mini kit (Meridian Bioscience). For cDNA 
synthesis Transcriptor High Fidelity cDNA synthesis kit (Roche Life Science) was used. 
qPCR was performed with the SensiFAST SYBR No-ROX kit (Meridian Bioscience) and 
measured using the Bio-Rad CFX384 imager. Primers were designed and described 
before31–34. For analysis, Ct values were normalized against the expression of GAPDH and 
relative expression against the untreated control was quantified with the 2-ΔΔCT method.

Gene Cell line Primer Sequences

GAPDH

H9c2
FW: CTCGTCTCATAGACAAGATGGT

RV: GGGTAGAGTCATACTGGAACATG

U2OS
FW: TACTAGCGGTTTTACGGGCG

RV: TCGAACAGGAGGAGCAGAGAGCGA

mt-ND1

H9c2
FW: TCCTCCTAATAAGCGGCTCCTTCT

RV: TGGTCCTGCGGCGTATTCG

U2OS
FW: CCACCTCTAGCCTAGCCGTTTA

RV: GGGTCATGATGGCAGGAGTAAT

mt-CYB
H9c2

FW: TACGCTATTCTACGCTCCATTC

RV: GCCTCCGATTCATGTTAAGACTA

U2OS
FW: ATCACTCGAGACGTAAATTATGGCT

RV: TGAACTAGGTCTGTCCCAATGTATG

mt-CO1
H9c2

FW: GCCAGTATTAGCAGCAGGTATCA

RV: GCCGAAGAATCAGAATAGGTGTTG

U2OS
FW: GACGTAGACACACGAGCATATTTCA

RV: AGGACATAGTGGAAGTGAGCTACAAC

Western Blot
Cells were seeded (200.000 cells/well) and treated with 5 µM of each compound or 200 
µM of H2O2 for 2 hours. For western blot, cells were washed with PBS and lysed in SDS-
sample buffer (2%SDS, 10% glycerol, 5% β-mercaptoethanol, 60 mM Tris-HCl pH 6.8, and 
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0.01% bromophenol blue). Samples were separated by SDS-PAGE and transferred to a 
nitrocellulose membrane. Blocking of the filters and antibody incubations were done in 
PBS supplemented with 0.1% (v/v) Tween and 5% (w/v) milk powder (skim milk powder, 
LP0031, Oxiod). Blots were imaged by an Odyssey Classic imager (Li-Cor).

Histone eviction
For PAGFP-H2A photoactivation and time-lapse confocal imaging, U2OS-PAGFP-H2A 
cells were seeded in a 35 mm glass bottom petri dish (Poly-d-lysine-Coated, MatTek 
Corporation). Cells were treated with 10µM of the indicated compounds for 1 hour. For 
ATP-depletion cells were pre-incubated for 30 minutes with 0.01% NaAz and 10mM 
2-deoxyglucose. Time-lapse confocal imaging was performed on a Leica SP8 confocal 
microscope system 63x lens, equipped with a climate chamber as described previously.

DNA Dye Competition Assay
1 μg/mL circular double-stranded DNA was incubated with Quant-iT PicoGreen dsDNA 
reagent (Thermo Fisher Scientific, P7581) or DAPI (Thermo Fisher Scientific, D1306) for 
5 min at RT. Subsequently, indicated drug concentrations were added to the DNA/dye 
mixture and incubated for another 5 min at RT followed by measurement of fluorescence 
using a CLARIOstar plate reader (BMG Labtech) excitation 480 nm / emission 520 nm 
(480-20/520-10 filter) Picogreen, excitation 350nm / emission 465 nm (350-20/465-10 
filter). Fluorescence was quantified relative to that of the untreated controls. Fluorescent 
signals of all samples were corrected for the corresponding drug concentrations in the 
absence of DNA.

Nucleosome assembly and collapse 
Mono nucleosomes were assembled from recombinant human histones expressed 
in E. coli (two each of histones H2A, H2B, H3 and H4. Accession numbers: H2A-P04908; 
H2B-O60814; H3.1-P68431; H4-P62805) wrapped by provided 217 base pair DNA 
sequence that includes the Widom 601 sequence with an added GATC (EpiCypher, 16-
1410). Mono nucleosomes were incubated with indicated compounds for 5 minutes at 
RT. Nucleosomes were subsequently resolved on a 8% native poly-acrylamide gel and 
stained with ethidium bromide. Gels were imaged with the Molecular Imager Gel Doc XR 
system (Bio-Rad).
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Figure S1 – ATP depletion validation for different conditions in U2OS cells. Total ATP levels were 
measured in U2OS cells in response to different concentrations of sodium azide and 2-deoxyglucose. 
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Figure S2 – Coomassie staining of mono nucleosomes. Total protein levels are shown for all 
treatments compared to untreated control. 
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Anthracyclines vormen een belangrijke klasse van chemotherapeutica en behoren tot 
de meest effectieve antikankermiddelen. Daunorubicine, dat voor het eerst in 1960 werd 
ontdekt, en doxorubicine zijn de meest prominente voorbeelden binnen deze klasse 
van medicijnen. Daunorubicine is vooral effectief voor de behandeling van leukemieën, 
terwijl doxorubicine daarentegen een bredere werkzaamheid heeft en ook wordt 
ingezet voor de behandeling van lymfomen, sarcomen en verschillende soorten solide 
tumoren. Ondanks dat deze medicijnen decennia geleden ontdekt zijn vormen ze nog 
steeds de basis van moderne oncologie en zijn ze essentieel voor de behandeling van 
verschillende kankersoorten.

De archetypische anthracyclines, zoals doxorubicine en daunorubicine, bestaan uit 
een tetracyclisch anthraquinone aglycon dat via een glycosidebinding is gekoppeld 
aan een suikergroep. De effectiviteit van de klassieke anthracyclines is zo opmerkelijk, 
dat er duizenden analogen zijn ontwikkeld in de hoop om vergelijkbare antikanker 
medicijnen te ontdekken. Tot op heden zijn er echter slechts zes anthracycline varianten 
die in de dagelijkse praktijk worden gebruikt. De moleculaire mechanismen waarmee 
anthracyclines hun anti-kankeractiviteit uitoefenen, zijn zeer complex en omvatten onder 
andere DNA-intercalatie, het veroorzaken van DNA-schade, de disruptie van chromatine 
structuren en het verstoren van de mitochondriale functie. Deze verschillende 
moleculaire mechanismen leiden uiteindelijk tot tumorcel dood. 

Ondanks dat deze medicijnen heel effectief zijn hebben de anthracyclines zeer ernstige 
bijwerkingen, variërend van acute en reversibele problemen zoals misselijkheid en 
haaruitval tot langdurige complicaties zoals cardiotoxiciteit, vruchtbaarheidsproblemen 
en de ontwikkeling van secundaire tumoren. Deze bijwerkingen hebben niet alleen 
impact op het verloop van de behandeling van de patiënt, maar ook op hun kwaliteit van 
leven. Het is een uitdaging om deze bijwerkingen te voorspellen, aangezien ze afhankelijk 
zijn van meerdere factoren, zoals de dosis chemotherapie, het aantal behandelingscycli 
en individuele risicofactoren. Er zijn ontelbare pogingen gedaan om de toxiciteit van 
anthracyclines te verminderen, maar deze inspanningen hebben nog niet geleid tot 
effectieve en breed toepasbare oplossingen in de oncologie.

Een ander belangrijk probleem bij de behandeling met anthracyclines is de ontwikkeling 
van resistentie, wat een belangrijke hindernis vormt voor succesvolle chemotherapie. 
Deze resistentie wordt in het geval van anthracyclines vaak gemedieerd door een klasse 
membraan transporters, die zeer effectief medicijnen uit tumorcellen pompen waardoor 
de intracellulaire concentraties van de geneesmiddelen afnemen en de effectiviteit 
vermindert. Onderzoek naar nieuwe anthracycline-varianten die deze vorm van 
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resistentie kunnen omzeilen, is van cruciaal belang om de chemotherapie behandeling 
voor patiënten te verbeteren.

Dit proefschrift richt zich op de synthese en biologische evaluatie van structurele 
variaties van de klassieke anthracyclines. Het doel is om een beter begrip te krijgen 
van de structuur-activiteit relaties van deze verbindingen, zodat nieuwe varianten 
kunnen worden geïdentificeerd die minder bijwerkingen veroorzaken en de moleculaire 
mechanismen die bijdragen aan resistentie kunnen omzeilen. In hoofdstuk 2 zijn de 
moleculaire mechanismen van een groot aantal verschillende anthracycline varianten 
in detail onderzocht. Deze informatie geeft aanknopingspunten om de zeer ernstige 
bijwerkingen van anthracycline behandeling te verminderen in de toekomst. Het is 
nog onbekend hoe sommige van deze moleculaire mechanismen leiden tot celdood. 
In hoofdstuk 3 is onderzocht hoe specifiek de disruptie van chromatine structuren 
kan leiden tot tumorcel dood na behandeling met de anthracycline aclarubicine. In de 
zoektocht naar nieuwe effectieve anthracyclines is in hoofdstuk 4 gekeken naar de 
manier waarop resistentie optreedt tegen verschillende varianten. De verschillende 
eigenschappen van anthracyclines zijn in detail verder onderzocht in hoofdstuk 5 en op 
basis van deze resultaten zijn aanbevelingen geformuleerd die de huidige limitaties van 
anthracyclines adresseren. 

Samengevat kunnen de resultaten beschreven in dit proefschrift bijdragen aan de 
ontwikkeling van effectievere anthracyclines die minder bijwerkingen veroorzaken voor 
patiënten, wat van groot belang is voor de toekomst van de behandeling van kanker. 
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