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Chapter 9

SUMMARY AND FUTURE PROSPECTS

After infectious diseases, cancer is the leading cause of death worldwide, with about
1in 5 men and 1 in 6 women diagnosed with cancer during their lifetime [1]. A tumor
results intrinsically from tissue growth deregulation and develops when normal cells
start dividing in an uncontrolled manner. In order for a normal cell to transform into a
cancer cell, genes that tightly control the cell cycle and cell growth get altered, often
via mutations in or deletions of so-called oncogenes or tumor suppressor genes
[2]. Many therapies exist to treat cancer, and multiple new treatment options are
developed and implemented in the clinic as medical research keeps progressing.
These treatments include targeted therapies and cancer-immunotherapy, which
have shown high efficiency in certain tumor types. Nevertheless, the primary treat-
ment options for most cancers remain surgery, irradiation, and/or chemotherapy.
Anthracyclines are one of the most extensively used classes of chemotherapeutics
to treat various solid and hematological tumors [3]. The first compound of this class
of chemotherapeutic drugs, daunorubicin, was already reported in 1960, after being
isolated from a soil bacterial sample in Italy [4, 5]. This compound is a product of the
actinobacterium strain Streptomyces peucetius. While it was initially studied for its
antibiotic properties, its anticancer properties were soon discovered [5]. Shortly after,
daunorubicin’s close structural homolog doxorubicin was isolated from a slightly dif-
ferent S. peucetius culture [6]. Daunorubicin and doxorubicin act by interfering with
the catalytic cycle of topoisomerase lla (Topo lla), resulting in the formation of DNA
double-strand breaks [7]. Cells then activate the DNA damage repair pathway to
repair the breaks, or to initiate cell death when the damage is too severe [8]. Rapidly
replicating cells, such as tumor cells, are in general more sensitive to the resulting
DNA damage than normal cells, thus constituting a chemotherapeutic window [8]. A
second mechanism by which the anthracycline drugs impose their antitumor effect is
via eviction of histones [9, 10]. This has multiple consequences such as epigenetic
and transcriptomic changes, which are together referred to as chromatin damage.
Nowadays, multiple anthracycline variants are used to treat over one million patients
every year. However, the exact molecular mechanism by which these drug kill tu-
mor cells remain unclear. In addition, treatment with anthracyclines coincides with
severe adverse effects such as cardiotoxicity, secondary tumor formation and gon-
adotoxicity. Understanding how these highly effective anticancer drugs function and
why they cause these severe toxicities would have tremendous impact on cancer
treatment and the quality of life of cancer survivors. Therefore, even today, studying
old anticancer drugs has high therapeutic potential and opens new exciting paths to
improve currently available treatment options.

Treatment-limiting side effects of doxorubicin

Although doxorubicin is a very effective anticancer therapeutic, treatment is limited
by various adverse effects. These side effects can be categorized into two groups:
(i.) acute and generally reversible side effects, such as nausea, vomiting and diar-
rhea and (ii.) long-term and generally irreversible side effects, including gonadotoxic-
ity, therapy-related tumor formation, and cumulative cardiotoxicity. These long-term
side effects are especially treatment limiting and devastating for cancer survivors
[11, 12]. To overcome these limitations, extensive research is done to identify the
underlying mechanisms by which these drugs induce their anticancer function as
well as their side effects. Additionally, hundreds of doxorubicin analogs have been
isolated or synthesized in order to find effective treatment with less toxicity, however,
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this did not result in new effective anthracyclines variants that entered the clinic. In
Chapter 1, we describe the various mechanisms proposed by which doxorubicin
functions and induces these side effects. Further, we provide several suggestions
to overcome these toxicities, and we discuss perspectives on how to improve doxo-
rubicin.

Novel factors controlling doxorubicin resistance

Besides the occurrence of side effects, doxorubicin treatment is hampered by drug
resistance. To overcome the lack of knowledge on the molecular basis of doxoru-
bicin resistance, we performed a genome-wide gene knockout screen. In Chapter 2,
we describe the identification of three novel factors independently controlling doxo-
rubicin resistance by interfering with the DNA double-strand break and repair path-
way, namely Keap1, the SWI/SNF complex, and C9orf82 (also known as CAAP1).
Both Keap1 and the SWI/SNF complex affect the promotion of DNA damage via
Topo lla. While the loss of the SWI/SNF complex limits the activity of Topo lla by
preventing the loading of the protein onto chromatin, Keap1 controls the expres-
sion of Topo lla. On the other hand, C90rf82, controls the DNA repair pathway. Loss
of C90rf82 accelerates yH2AX resolution and thereby promotes resistance to DNA
double-strand break inducers such as the Topo lla poisons doxorubicin and etopo-
side. Clinically, we showed that the expression of Keap1 and the SWI/SNF complex
subunits SMARCB1 and SMARCAA4, correlate with the response of triple-negative
breast cancer patients to doxorubicin-containing regimes. Collectively, our work pro-
vides a molecular basis for doxorubicin resistance. Since mutations in various SWI/
SNF complex subunits, as well as in Keap1 and C90rf82, have been found in differ-
ent tumor types [13-19], profiling patients for mutations in these specific genes would
help to predict their response towards doxorubicin-based treatment. This knowledge
would prevent people from undergoing ineffective treatment and supports the selec-
tion of alternative regimes with drugs that do not target Topo lla, such as the Topo
| poison topotecan, or anthracycline analogues that only have chromatin damage
activity (such as aclarubicin or diMe-Doxo, see below).

Chromatin damage is the main mechanism for the anticancer activity of an-
thracyclines

The anthracycline drug doxorubicin and its analogs daunorubicin, epirubicin, and
idarubicin are Topo lla poisons [7]. They induce DNA double-strand breaks by inter-
fering with the catalytic cycle of topoisomerase forming DNA-Topo lla-drug tertiary
complexes [7]. As a consequence, DNA repair pathways are activated, the cell cycle
is arrested, and apoptosis is initiated [20]. For a long time, it was thought that induc-
tion of DNA breaks via Topo lla was the main mechanism by which these drugs func-
tion. But recently, a second mechanism of action was uncovered: chromatin damage
via eviction of histones [9, 21]. Chapter 3 describe our findings that indicates that
histone eviction might be the major anticancer activity of these drugs. We studied the
biological activity of doxorubicin (inducing both DNA- and chromatin damage), the
structurally unrelated Topo Ila poison etoposide (inducing DNA damage only), the
anthracycline family member aclarubicin (inducing chromatin damage only) and am-
rubicin (inducing DNA damage only), and the newly synthesized doxorubicin analog
diMe-Doxo (inducing chromatin damage only). Our results demonstrate that drugs
abstained from the classical DNA damaging capacity (i.e. aclarubicin and diMe-
Doxo) are effective anticancer drugs in vitro and in vivo. Furthermore, we report that
the doxorubicin-induced cardiotoxicity is caused by the combination of these two ac-
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tivities, since compounds that either induce DNA damage (etoposide) or chromatin
damage (aclarubicin and diMe-Doxo) fail to induce cardiotoxicity in mice and human
cardiac microtissues. While treatment of pluripotent stem cell derived human cardiac
microtissues with amrubicin (DNA damage only) and aclarubicin (chromatin damage
only) had no effect on the contraction amplitude and velocity of the microtissues,
the combination treatment resulted in impaired contraction, similar to treatment with
doxorubicin where these two activities are combined in one molecule. Also, therapy-
related secondary tumors and infertility are absent or reduced for drugs possessing
only one of these two activities. We showed that detoxification of doxorubicin is
possible by separating the DNA- and chromatin damage activities by introducing a
small modification on the 3’ amine of the amino sugar moiety. In the different murine
models tested, both aclarubicin and diMe-Doxo remain effective anticancer drugs
with limited toxicity, suggesting that these drugs could be used for patients which are
currently excluded from effective treatment, such as old patients or patients with a
recurrent tumor with a history of anthracycline-based therapy.

Chemical features defining the biological activity of anthracycline drugs
Based on our findings described in Chapter 3, we anticipated that finding structural
features responsible for chromatin damage activity without inducing DNA damage
will advance the discovery of novel anthracycline analogs with limited toxicity. There-
fore, we decided to synthesize and test three coherent sets of anthracycline analogs.
In Chapter 4, we evaluated 10 doxorubicin/aclarubicin hybrid structures for their
ability to induce DNA double strand breaks, eviction of histones, and cytotoxicity.
These structures diverged by the anthraquinone aglycon, the nature of the carbo-
hydrate portion, and the alkylation pattern of the amine on the first sugar moiety.
Comparing these analogs, we observed a clear correlation between the efficiency
of histone eviction and cytotoxicity in vitro, which is in line with our results described
in Chapter 3. We observed that N,N-dimethylation of the carbohydrate considerably
improved the histone eviction capacity of these compounds and thereby cytotoxicity.
Furthermore, the doxorubicin anthraquinone aglycon appeared slightly more efficient
in Killing tumor cells in vitro than the aclarubicin aglycon, and the aclarubicin trisac-
charide showed higher cytotoxicity than the doxorubicin monosaccharide. Hence,
we yielded three structures, named compound 3, 8 and 11 (Chapter 4), that were
more cytotoxic than doxorubicin. Remarkably, compound 11 that combines the struc-
tural features described above, was the most cytotoxic variant in this focused library.
Besides, these three hybrid compounds were unable to produce DNA double-strand
breaks but induced cell death via chromatin damage, strengthening our scenario of
histone eviction as the main mechanism of action of this class of anticancer drugs.
Our findings raised the following broader question: ‘Is there a structure-activity rela-
tionship for the sterecisomeric analogs of doxorubicin?” To test this, we synthesized
and evaluated a targeted library of epimeric doxorubicin analogs (Chapter 5). We
showed that both the N-substitution state and the stereochemistry of the 3’ amine
were critical for the biological activity of the drugs. While the orientation of the hy-
droxyl group at the 4’ position did not affect cytotoxicity, compounds featuring an
N,N-dimethylamine in the equatorial position showed improved cellular uptake, his-
tone eviction effectivity, and cytotoxicity.

In Chapter 6, we described a third set of doxorubicin analogs designed to further
investigate the mode of action of the 3’ amine moiety. Next to diMe-Doxo, we syn-
thesized and tested three non-basic 3’ variants and four cyclic-doxorubicin analogs
and compared their biological activity with doxorubicin. Where all the non-basic
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doxorubicin induced effective DNA damage without histone eviction activity, the four
cyclic-doxorubicin analogues, on the opposite, evicted histone without inducing DNA
damage. Despite this divergence, they were all able to re-locate Topo lla. Using
ChlIP-sequencing of endogenously tagged Topo lla, we found that Topo lla targeting
occurred at distinct genomic locations. This difference appears to be determined by
their structure (modification at the amino sugar) and subsequent biologic activity. A
similar observations is made for the genomic selectivity of the chromatin damage
activity of these drugs. Analogs that are able to induce DNA double-strand breaks af-
fect distinct regions from the variant that are effective histone evicting drugs because
of their tertiary amine at the 3’ position.

In summary, the side group at the 3’ position of the amino sugar determines the
biological activity and genomic selectivity of the various analogues. Studying the ef-
fectivity and toxicity of the most potent analogs described above in an in vivo model,
could lead to the development of anthracycline analogs for novel therapeutics. Be-
sides, since these analogs selectivity target genomic locations for Topo lla relocation
and/or chromatin damage activity, identifying which exact genomic locations are tar-
geted would shed new light on anthracycline molecular mode of action. Eventually,
such information could be used to refine the selection of specific analogs over others
for the treatment of different tumor types.

A role for nuclear DNA sensors in chromatin damage-induced cell death

Chromatin damage, via eviction of histones, is the main anticancer activity of the
different anthracycline drugs [22]. Yet, the exact mechanism by which histone evic-
tion induces cell death remains unclear. Under physiological circumstances, DNA
is closely packed in nucleosomes and the chromatin compaction state tightly con-
trols the regulation of gene expression [23]. Large stretches of histone-free DNA
are therefore uncommon in eukaryotic cells, and we predicted that this unnatural
situation would induce a cellular response. Hence, we hypothesized that anthracy-
cline-induced histone-free DNA can be sensed by proteins that can restore histone-
DNA association, that can initiate an immune response as they ‘think’ that the cell
is infected by a DNA virus and/or that initiate cell death. In Chapter 7, we described
three nuclear DNA sensors from the PYHIN protein family (IFIX, IFI16 and MNDA),
which are known for their role during viral infection [24-26]. These three sensors spe-
cifically re-locate to DNA upon treatment with histone evicting anthracycline drugs.
Furthermore, we showed that DNA binding of IFI16 is enhanced upon treatment
with doxorubicin and aclarubicin, but not with etoposide. These results indicated
that the ‘naked DNA' resulting from the chromatin damage activity of these drugs
can be sensed and bound by the DNA sensors. Mass spectrometry analyses to
identify novel interaction partners for these three nuclear DNA sensors yielded two
proteins from the ubiquitin machinery (the de-ubiquitinating enzyme USP7, and the
E3-ligase TRIM26) and a DNA helicase (XRCC6), all known to play a role in viral
infection and cell death [27-29]. Yet, if and how the interactions of these proteins
with the DNA sensors could lead to cell death upon chromatin damage is as of yet
unclear. Work by Johnstone and colleagues showed that the DNA sensors IFI16
can interact with p53 to regulate the cell cycle and apoptosis [30]. This interaction
enhances the p53-mediated transcription of its target gene p21 in U20s cells, allow-
ing cell cycle regulation [31]. Since both IFI16 and USP7 are known to interact with
p53 [30, 32], we hypothesized that USP7 is recruited to the histone-free DNA via
IF116 to de-ubiquitinate p53 and initiate a stress response. On the other hand, sens-
ing histone-free DNA could activate the innate immune system via the recruitment
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of TRIM26. While not much is known about the function of TRIM26, this protein is
described to interact and activate TBK1 and thereby regulate IRF3 and NF-«kB acti-
vation and IFN-B induction upon detection of RNA virus infection [28]. Activation of
an innate immune response upon TRIM26 recruitment to the DNA might play a role
in the anti-tumor response in vivo. The molecular mechanism by which the sequen-
tial binding of ‘naked-DNA’, by the DNA sensors, and USP7 and/or TRIM26 leads to
anthracycline-induced cell death remains to be explored. In particular, p53-mediated
apoptosis upon the complex formation of the DNA sensors with USP7, TRIM26, or
other interactors would be a promising lead for further investigations.

Besides, expression of the PYHIN protein family in hematopoietic cells is positively
regulated by type | and/or type Il interferons [33]. We showed that stimulation with
IFNB or IFNy upregulates the expression of IFI16 in MelJuSo cells. Consequently,
IFNB stimulation makes these cells more sensitive to treatment with anthracycline
drugs. This observation is supported by a study from Fujiuchi and colleagues, who
showed that enhanced expression of IFI16 in MCF-7 cells increased the cellular sus-
ceptibility for apoptosis induced by p53-dependent ionizing radiation [34]. Together,
this indicates that IF116 might play a role in DNA/genotoxic stress-induced cell death
in general. More experiments needs to be done to reveal the consequences of the
PYHIN family protein activation in response to anthracycline treatment.

Small molecules to improve cancer-immunotherapy

While chemotherapy has a long history in cancer treatment, cancer-immunotherapy
is a relatively new treatment option used in the clinic [35, 36]. Its operating principle
is to direct a systemic cytotoxic (CD8*) T lymphocyte response toward tumor cells,
which ideally also eradicates secondary lesions [37]. Various immunotherapy strate-
gies are known, but especially checkpoint blockade therapies, using monoclonal
antibodies against CTLA-4, PD-1, or PD-L1, have led to prominent breakthroughs
in the cancer-immunotherapy field. However, despite its impressive achievements,
checkpoint blockade therapy is only successful in a fraction of the patients [36]. This
limited effectivity generally results from inhibitory immune cells or other mechanisms
that counteract the cytotoxic T cell response towards the tumor. To overcome these
immunosuppressive mechanisms, various combination treatments have been sug-
gested and tested. Especially the use of small-molecule based combination ther-
apies are promising. They offer valuable opportunities to increase the efficacy of
cancer immunotherapy, either by targeting immunosuppressive cells in the tumor
microenvironment in a rationale mechanism-guided fashion, or by stimulating tu-
mor immunogenicity. An overview of these novel small-molecule based combination
therapies is provided in Chapter 8.

In summary, we demonstrated that the combination of DNA- and chromatin damages
coinciding with doxorubicin treatment is the underlying mechanism responsible for
its severe long-term side effects. Furthermore, we showed that chromatin damage is
most likely the major anticancer activity of several anthracycline drugs. We identified
specific structural features that are responsible for the biological activity of anthra-
cycline drugs and determined novel analogs with improved cytotoxicity. The exact
mechanism by which histone eviction leads to cell death remains unknown, but we
anticipate that nuclear DNA sensors may play a role in the detection of histone-free
DNA. Together, the findings described in this thesis illustrate that studying an old
anticancer drug with novel concepts and techniques can open uncharted paths to
improve current cancer treatment.
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