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Abstract
Targeting chromatin and its basic components through epigenetic drug therapy has become an
increased focus in the treatment of complex diseases. This boost calls for the implementation of
high-throughput cell-based assays that exploit the increasing knowledge about epigenetic
mechanisms and their interventions for genotoxicity testing of epigenetic drugs. 3D quantitative
DNA methylation imaging is a novel approach for detecting drug-induced DNA demethylation
and concurrent heterochromatin decondensation/reorganization in cells through the analysis of
differential nuclear distribution patterns of methylcytosine and gDNA visualized by fluorescence
and processed by machine-learning algorithms. Utilizing 3D DNA methylation patterns is a
powerful precursor to a series of fully automatable assays that employ chromatin structure and
higher organization as novel pharmacodynamic biomarkers for various epigenetic drug actions.
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Therapeutic targeting of chromatin
Chromatin conformation is an important factor in the global orchestration as well the locus-
specific regulation of gene expression in the human cell nucleus [1,2]. The primary structure
of chromatin consists of the basic repeat units – ~147 bp of dsDNA wrapped around a set of
core histones, known as the nucleo-some – connected to a stretch of histone-free linker DNA
(~80 bp), which form the so-called beads-on-a-string fiber [3,4]. This structure is then folded
through several iterations into higher order chromatin [5]. Disruption of epigenetic processes
such as DNA methylation, histone modifications and the metabolism of ncRNAs that are
involved in the dynamic structure and function of this large polymer and its highly packed
structure in the nucleus, is associated with many complex human diseases, including several
types of cancer [6–8]. Pharmacologic targeting of chromatin and its basic components has
become one of the major strategies in the treatment of cancer and other multifactorial traits
such as metabolic, cardiovascular, autoimmune, neurodegenerative and behavioral disorders,
and will likely expand into other pathologies [9]. Chromatin modifications and related
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signaling are highly complex, making the identification of more specific compounds
challenging. Nevertheless, a steady increase in the development of epigenetic therapies for
several human diseases can be perceived. In this respect, oncology constitutes the
application area, in which currently the highest volume of activity is experienced. Cancer
therapy is envisioned to gain the highest benefit from chromatin targeting drugs, specifically
agents that could restore a normal DNA methylation equilibrium in cancerous cells.

Aberrant methylation of cytosine in the human genome is a hallmark of many cancers. The
often coexisting alterations fall into two categories: abnormally high levels of methylation of
a few percent (on average) of gene-specific promoters mostly in gene-rich genomic regions
termed CpG-islands that cause gene silencing; and genome-wide hypomethylation, a large
portion of which occurs in repetitive elements [10–12]. Relevant concepts in oncological
therapies involve the use of inhibitors of DNA methylation and histone modifications. DNA
methyltransferase inhibitors (DNMTi) and their demethylating effect on aberrantly
hypermethylated gene promoters in cancer cells were discovered more than two decades ago
[13,14]. Several DNA methylation inhibitors of different categories have been designed.
Among these two DNMTi, 5-azacytidine (5-AZA; vidaza) and its analogue 5-aza-2-
deoxycytidine (decitabine), have been approved for treatment of patients with
myelodysplatic syndrome and hematologic malignancies [15–17]. Unfortunately, most of
these agents turned out to be cytotoxic and genotoxic by demethylating the genome in a
global fashion that can cause unwanted hypomethylation of oncogene promoters and the
heterochromatin with its residing repetitive elements such as satellite DNAs and
retrotransposons. These three classes of DNA are suppressed by methylation in normal cells,
and have been found to be hypomethylated in transformed cells. Therefore treatment with
demethylating agents bear an even stronger threat of genome instability to malignant cells
that already harbor methylation-compromised genomic regions [18]. Possible adverse
effects may comprise of transcriptional activation of oncogenes, imbalances in the copy
numbers of satellite DNAs, translocation of latent retrotransposons such as long interspersed
nuclear elements (LINEs) and short interspersed elements that can induce mutations, and
telomere elongation of chromosomes [19–23]. Newer second-generation DNMTi are in
development that should be more sequence-specific, including small molecules that are
envisioned to be significantly less toxic [24]. On the other hand two histone deacetylase
inhibitors (HDACi), suberoylanilide hydroxamic acid (vorinostat) and romidepsin (FK228),
have been approved for treatment of patients with rare cutaneous T cell lymphoma and also
other hematological malignancies; in addition, numerous other HDACi are undergoing
preclinical testing as single agents as well as in combination with DNMTi for cancer therapy
[25–27]. Lines of results have shown that combinations of these two classes of drugs exert
synergistic effects on gene expression and tumor growth [28–30]. Nevertheless, the bilateral
relationship between DNA methylation and chromatin modifications has an important
implication in toxicology [31]. Even though HDACi directly influence histone modification,
it has been shown in vitro that they can ultimately lead to DNA demethylation [32–34]. The
antidepressant and antiepileptic drug valproic acid exemplifies this phenomenon. These
effects have raised concerns as these classes of drugs may exhibit immediate genetic toxicity
but also may lead to long-term chronic effects on the genome through compounding, as the
reversible nature of epigenetic corrections may require longer if not lifetime exposure
(substance intake) to these types of chemicals for maintaining epigenetic homeostasis. Other
classes of chromatin modifying enzymes such as histone methyltransferases, histone
demethylases, and sirtuins together with DNA demethylases – a novel class of enzymes that
has gained increased attention because of its property to actively demethylate CG-
dinucleotides – are also under investigation for their impact on DNA methylation and
chromatin remodeling [13,24,35]. The fact that these chemicals exert an enormous
complexity of actions, it is becoming increasingly important to consider their impact on the
druggable genome and to define new end points in exploratory and regulatory testing of the
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currently applied drugs as well as the new generation of compounds in development.
Adverse drug reactions (ADRs) are a major problem in drug therapy and drug development.
The potential influence of epigenetics on adverse drug response can be divided into three
categories: environmental factors that influence pharmacokinetic aspects generally defined
as absorption, distribution, metabolism and excretion, which affect the disposition of a
pharmaceutical compound in a cellular system potentially leading to ADRs; the drug,
although having a conventional target, also affects the epigenome and thereby increases the
probability of ADRs; and the drug has direct epigenetic targets and may thereby increase the
risk for ADRs [36]. Although all three categories can be correlated with chromatin
conformational changes and chromatin reorganization, this article focuses on the latter mode
of action.

Cell-based assays in epigenetic drug discovery
Testing of epigenetic leads and compounds in the preclinical phases of drug development
aim at determining drug action and efficacy as well as cytotoxicity and genetic toxicity
using cell-based screening and in vitro assays. Currently, end points for measuring drug
action and efficacy are: target abundance – in this case gDNA methylation and histone
modifications or site-specific degree of promoter CG-dinucleotide methylation and locus-
specific histone variation – and conversion rate/enzymatic activity of DNA
methyltransferases and the so called chromatin modifiers. For that, there is a host of in vitro
assays already commercially available [37]. Although concepts have been designed and are
being pharmacologically pursued that encompass the entire known range of epigenetic
targets and mechanisms, the epigenetic research and therapy field is being dominated by
DNA methylation studies and manipulation. In light of this fact, the development of relevant
quantitative assays towards holistic differential DNA methylation profiling was mainly
pioneered by utilizing 2D gel electrophoresis. However, the era of epigenomics gained a
strong momentum when microarray techniques – originally developed for gene-expression
profiling and DNA copy number analysis – were recruited in the study of DNA methylation
and histone modification patterns [38]. The current paradigm shift in sequencing technology
has recently enabled single base-pair resolution of whole-genomic DNA methylation
analysis in mammalian genomes [39–41], a principle that has begun to also significantly
impact drug discovery and development. This shift became possible after the introduction of
bisulfite treatment, which only converts unmethylated cytosine to uracil in extracted DNA
for rapid and precise methylation detection by a plethora of downstream procedures; also in
combination with chromatin immunoprecipitation, a method to determine the location of
binding sites on the genome for chromatin-associated proteins of interest [42–44]. These
techniques, despite currently being challenged by single-cell analysis, cost, time and labor
can support the drug-discovery and -development pipeline to identify drug targets and
mechanisms, as well as epigenetic side-effects. Developments toward nanoscaling of DNA
sequencing and miniaturization of parallel biochemical processing of cell extracts may
render this method economically more attractive for high-throughput drug testing in the
future.

In preclinical in vitro drug testing adverse side effects are defined as cytotoxicity and
genetic toxicity. Although in some therapeutic areas, such as cancer treatment, cytotoxicity
still constitutes a primary strategy in eliminating fast growing tumor cells by inducing
apoptosis and/or necrosis. Epigenetic treatment is shifting therapeutic objectives by
reprogramming aberrant cells towards normal phenotypes; including controlled cell
proliferation without mass cell eradication. Therefore, cytotoxicity is considered more of an
unwanted effect in this context. Classically speaking, a compound or treatment is considered
to be cytotoxic if it prevents cellular attachment, causes dramatic morphological changes,
adversely affects replication rate or leads to a reduction in overall viability. Assessing cell
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membrane integrity is one of the most common ways to measure cell viability and cytotoxic
effects using several classic vital dye inclusion, exclusion and lysosomal accumulation
techniques. Cytotoxicity can also be monitored using the 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazoliumbromide or 3-(4,5-dimethylthi azol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium assay, which measures the
reducing potential of the cell using a colorimetric reaction. Newer assays have been
developed that are more sensitive and suitable for high-throughput screening. Among them
are bioluminescence assays that use the cellular ATP content as a marker of viability [45].
On the other hand genetic toxicity (also termed genotoxicity) – the potential of drugs to
damage DNA and become carcinogenic – remains a primary concern in drug development.
The goal of genetic toxicology is to identify the carcinogenic potential of novel compounds
by in vitro tests used in the early phases of drug development as surrogates for more
expensive in vivo carcinogenesis testing conducted in animals. These liability tests usually
consist of the so called Ames assay – the current gold standard for evaluating the mutagenic
potential of chemicals – which allows for detecting reverse point mutations in a bacterial
system; and the screening for chromosome breakage using either a micronucleus formation
test or a mouse lymphoma test [46–48]. The micronucleus test can be performed with
various cell types and applies a DNA intercalating dye to detect the existence of micronuclei
in cells that form around chromosomal fragments due to breakage. As an alternative the
more detailed chromosome aberration test can be performed, in which treated cells are
arrested in mitosis followed by karyotyping of derived metaphase spreads. However, the
method is tedious and not suitable for high-throughput screening, as it requires extensive
technical skills in performance as well as outcome interpretation. The mouse lymphoma
assay evaluates forward mutations in the tk locus of L5178Y mouse lymphoma cells, which
are hemizygous for the tk locus. As a result, cells form colonies and the colony size
correlates to the degree of aberration, ranging from small point mutations to larger
chromosome rearrangements. Also in some instances a single-cell electrophoresis assay
commonly known as the comet assay is performed [49]. It involves the encapsulation of
cells in a low melting point agarose suspension, lysis of the cells and subsequent
electrophoresis of the suspended lysed cells; followed by visual analysis and staining of
DNA to determine the extent of DNA damage by means of fluorescence.

Although these tests are being used according to the International Conference on
Harmonization guidance on genotoxicity testing [101], it is important to note that they do
not reflect the wide range of conformational changes and genomic reorganizations that could
be induced by epigenetic drugs with demethylating and chromatin remodeling potentials.
Structural assays that assess the integrity of chromatin conformation and related nuclear
genome distribution in direct response to epigenetic manipulations have been widely
neglected in research, and more importantly, are currently not employed in drug testing.
Investigations using imaging technologies have shown that epigenetic intervention can have
direct implications on chromatin conformation and rearrangement [50–54]. These effects
can occur without micronuclei formation. Therefore, these structural changes need to be
appropriately addressed in an effort for better drug testing. In this context assessing the
affected higher-order 3D genome organization may serve as a valuable entity for deriving
multiple novel genotoxic end points in the evaluation of epigenetic drug actions.

Heterochromatin in cancer & epigenetic therapy
The global effect of these drugs on heterochromatin reasons for concern, as heterochromatin
comprises a large portion (55%) of the human genome and is strongly involved in nuclear
architecture, which functions as an infrastructure for a vast number of nuclear processes
[55]. Furthermore, it is important to recognize that in cancer cells hypermethylation of single
gene promoters – the actual focus of most epigenetic drug therapies – occurs against a strong
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background of gDNA hypomethylation including a decrease in the methylation load of
heterochromatic regions of the genome. The loss of methyl groups is achieved mainly by
hypomethylation of heterochromatin-residing repetitive DNA sequences, including
transposable elements such as LINEs (especially LINE-1) and short interspersed elements
(foremost Alu repeats) as part of the facultative heterochromatin and Sat2 DNA as part of
the constitutive heterochromatin, when compared with normal tissue [18,56]. The extent of
genome-wide hypomethylation converges closely with the degree of malignancy, in a tumor
type-dependent manner [57]. In normal cells, the activity and interaction of these classes of
DNA with neighboring chromatin regions (in the nuclear space) are strongly suppressed by
methylation and compaction through histone modifications. Therefore, there are multiple
risks associated with an increase in demethylation of repetitive elements [58], which can
lead to their decondensation and related consequences: Sat2 DNA hypomethylation may
favor pericentromeric instability, and LINE-1 elements may become transcriptionally active
and relocate into other parts of the genome causing enhanced genome instability through
mutational effects such as silencing of tumor-suppressor genes or the activation of
oncogenes [17]. Hypomethylation of repetitive elements could lead to large-scale chromatin
reorganization that can be made visible by cellular imaging. Therefore visualization of
global nuclear DNA patterns that reflect these classes of DNA can be extremely supportive
in drug testing [59].

3D quantitative DNA methylation imaging
■ In this sense, 3D quantitative DNA methylation imaging (3D-qDMI) has been

particularly developed as a tool towards the causal assessment of gDNA
demethylation, heterochromatin decondensation and relevant genome
reorganization in cell nuclei in response to environmental changes for directed
differentiation of stem cells and in therapeutic reprogramming by demethylating
agents [60–62]. The effects are measured through differential in situ analysis of
the relevant nuclear structures represented by methylated CG-dinucleotides
(MeC) and gDNA. The technology combines three steps:

■ Visualization of cellular targets by nondistructive assays, such as
immunofluorescence and FISH;

■ High-resolution scanning microscopy realized through different
imaging modalities;

■ Computerized 3D image analysis utilizing advanced nuclear
segmentation, signal extraction and image cytometry (cytomics).

Each step can be performed on currently existing platforms in research and is amenable to
automation and scale-up for high-throughput clinical and industrial settings. Visualization of
MeC is achieved by using a monoclonal antibody specific to the methylgroup bound to
carbon 5 on the cytosine molecule, and gDNA is delineated by staining with the
intercalating dye 4',6-diamidino-2-phenylindole (DAPI). The updated version of 3D-qDMI
offers four modules for the characterization of cells and tissues based on gDNA methylation
patterns: global nuclear load of MeC; MeC/gDNA codistribution displayed as a scatter plot;
nuclear topology, i.e., spatial distribution of MeC and gDNA; and evaluation of similarity
between cells in imaged populations based on the previous three features and the subsequent
homogeneity assessment of these cell populations for statistical purposes [63]. The first
three features are meant to provide an overall impression of changes in DNA methylation
(differential MeC phenotypes) on a per-cell basis. The emphasis lies on monitoring the
degree of demethylation caused by external influence (in this case drugs), and detection of
critical changes in MeC and DAPI loads that indicate conformational changes ranging from
local decondensation to massive relocations of heterochromatic areas in the nucleus
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[52,60,61]. The fourth module utilizes metrics frequently employed for similarity
measurements in medical and systems biology applications including registration of image
datasets, analysis of gene expression and determining DNA sequence homology. 3D-qDMI
applies robust Kullback-Leibler divergence measurement [64,65] with proven high dynamic
range in cell number variability to provide an estimate of feature homogeneity within a
treated cell population. This module fits early phase high-throughput high-content screening
practiced in pharmacology and toxicology, as the outcome can serve as a measure in
determining demethylation efficacy [66]. Additionally, outlier cells can be identified, laser-
captured and interrogated for possible mechanisms of drug resistance with downstream
molecular methods.

Investigations using 3D-qDMI disclosed significant changes in the nuclear patterns of MeC
and heterochromatin-derived signals in AtT20 mouse pituitary tumor cells upon treatment
with AZA (Figure 1) [53], an agent that alters molecular methylation patterns on a genomic
scale, in gene promoters and repetitive elements [67,68]. Furthermore, the methodology was
able to monitor the dual effect of demethylating agents in human cancer cells: a decrease in
the number of MeCs in gDNA, and the subsequent reorganization of highly compact
heterochromatic regions of the genome as reflected by a significant decrease of DAPI
intensity in the relevant nuclear regions. The effects resulted in low-intensity MeC and low-
intensity DAPI sites, whose distributions can be mapped within cell nuclei [62]. Thereby,
more nimble changes in gDNA methylation load/distribution can be detected as experienced
with more gently demethylating drugs such as zebularine in human cells, which to begin
with, also exhibit a finer granulation of heterochromatin compared with rodent cells [13].
The information of low-intensity MeC and low-intensity DAPI topology can therefore be
applied in the assessment of risks associated with genome-wide demethylation, specifically
leading to hypomethylation of repetitive elements causing an adverse reorganization of the
genome. In summary, 3D-qDMI supports profiling whole populations at single-cell level,
and provides a rapid landscape of cell-specific DNA methylation (MeC) phenotypes across
drug-targeted cells [59].

Conclusion & future perspective
Today's possibilities to use more advanced imaging approaches in an automated high-
throughput fashion – including confocal laser scanning and two-photon excitation
microscopy, as well as high-content cell imaging, and digital tissue scanning – have
rendered high-resolution optical imaging an essential tool for testing new chemical
substances in the pharmaceutical pipeline by using nondisruptive cell-based assays [69]. In
contrast to pure biochemical analytics, imaging and cytomics provide the ability to measure
the spatial and temporal distribution of molecules and cellular components within their
native environment [70]. This helps to understand drug activity at the cell systemic level.
Respectively, improvements in image cytometry towards a hybrid platform, that tries to
combine the diagnostic speed of flow cytometry and the capability of high-resolution
scanners for intracellular target mapping, have been very supportive [71]. In this context, the
impact of 3D-qDMI can be considered as twofold: it introduces spatial DNA methylation
patterns as a potential surrogate pharmacodynamic biomarker of demethylating drug action;
beyond that, it may serve as an encouraging model system to a field of future assays that
utilize chromatin structure genotoxicity relationships as an integral component in drug and
compound characterization in the pre-clinical phases of drug development. If necessary, 3D-
qDMI could be combined with more elaborate (however not with cell-by-cell) molecular
methods such as chromosome conformation capture (3C) methodology and its derivatives,
5C and Hi-C, which map the 3D architecture of the genome by proximity-based ligation and
subsequent next-generation sequencing at the resolution of ~1 Mbp [72,73]. It is conceivable
that decondensation/reorganization of larger portions of heterochromatic regions (due to
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demethylation of repetitive elements) could skew the genomic interaction maps of treated
cells generated by said methods compared with untreated cells. The introduction of in situ
and in vitro chromatin conformational assays for genotoxicity testing would also leverage
the use of cell models, and improve efficient data generation and interpretation in this very
critical phase of drug development (Figure 2). This opens possibilities with regard to
personalized medicine that focuses on utilizing a patient's own cells in order to consider
interindividual variability in drug response (pharmacoepigenomics) for the design of tailored
drug-based therapies [74]. Importantly, these approaches – which aim at manipulating
chromatin-associated epigenetic mechanisms – require optimization of dosing schedule and
sequences for improved prediction of responses and a better risk assessment of immediate to
long-term genotoxic side effects, in an effort to minimize patients' risk [75].

With the existing advanced tools that are at hand, drug testing clearly needs to integrate
additional assays and complementary informatics for detecting unwanted genomic-scale
adverse effects such as heterochromatin reorganization, mentioned in this paper. These
topologic end points cannot simply be covered by the micronucleus assay or tedious
karyotyping. The implementation of such tests in pharmacology and pharmacovigilance will
ultimately not only benefit patient safety but also significantly contribute to reducing
attrition in the very costly drug-development pipeline. Furthermore, since epigenetic
mechanisms seem to be either directly or indirectly involved in many cellular processes and
pathologies, this novel type of genotoxicity assessment could be practically expanded to any
agent beyond epigenetic drugs, for which we have no current knowledge of epigenetic side
effects: including drugs that are already in practice, and perhaps also in environmental
toxicology, under the new umbrella task coined toxicoepigenomics [75] and its subdivision
toxicomethylomics [35].
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Executive summary

Therapeutic targeting of chromatin

■ Epigenetic processes such as DNA methylation, histone modifications and
the metabolism of ncRNAs are involved in the dynamic structure and
function of chromatin.

■ Pharmacologic targeting of chromatin and its basic components has become
one of the major strategies in the treatment of complex traits.

■ The boost in epigenetic drug development calls for appropriate high-
throughput assays to be implemented into the early phases of drug discovery
for assessing the agents' genotoxic side effects on chromatin architecture and
the correlated risk of genome instability in targeted cells and tissues in order
to improve the agents' clinical utility.

Cell-based assays in epigenetic drug discovery

■ Preclinical phases of drug development focus on determining drug action and
efficacy as well as cytotoxicity and genetic toxicity using cell-based
screening.

■ Cytotoxicity is evaluated by multiplexed fluorescent assays with DNA
intercalating dyes and labeled reporters of apoptosis in conjunction with flow
cytometry to determine the percentage of apoptotic and necrotic cells.

■ Genotoxicity, which refers to drug-induced DNA damage is currently
obtained by two to three different in vitro tests: the Ames assay as the gold
standard for detection of point mutations in a bacterial system; the
micronuclei assay for detection of chromosome breakage; and the mouse
lymphoma assay for detection of smaller mutations up to chromosome
rearrangements.

■ Alternative tests include single-cell karyotyping and gel electrophoresis
(comet test).

■ These tests do not reflect the wide range of conformational changes and
genomic reorganizations that could be induced by epigenetic drugs with
demethylating and chromatin remodeling potentials.

Heterochromatin in cancer & epigenetic therapy

■ Heterochromatin (55% of the human genome) is strongly involved in genome
architecture and nuclear processes.

■ Potential hazard of demethylating agents in cancer cells: heterochromatin-
residing repetitive elements such as long interspersed nuclear element-1 and
Sat-2 are often hypomethylated in cancer cells, therefore further
demethylation would increase the chances of heterochromatin reorganization
and genome instability.

3D quantitative DNA methylation imaging

■ 3D quantitative DNA methylation imaging (3D-qDMI) combines
immunofluorescence, high-resolution imaging, and 3D image analysis, and
has been developed to assess gDNA demethylation, heterochromatin
decondensation, and relevant genome reorganization induced by
environmental changes in thousands of single cells in parallel.
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■ The effects are measured through differential in situ analysis of the relevant
nuclear structures represented by methylated CG-dinucleotides and gDNA.

■ 3D-qDMI measures end points such as methylated CG-dinucleotides and 4′,
6-diamidino-2-phenylindole loads, colocalization, and differential
distribution, as well as cell population heterogeneity based on these values
towards drug efficacy.

■ The technology is flexible and adaptable to automation for high-content and
high-throughput lead screening, and compound analysis in academic research
and industrial routine.

■ 3D-qDMI has proven itself as a method that could reconcile the reported
effects of the drugs obtained by more elaborate molecular analyses with a
rapid imaging-based approach at single-cell resolution.

Conclusion & future perspective

■ The design of better drug-based therapies that manipulate chromatin-
associated epigenetic mechanisms requires improved prediction of responses
to these and a better risk assessment of immediate to long-term genotoxic
side effects such as heterochromatin reorganization.

■ Drug testing needs to integrate additional in situ assays and complementary
informatics that assess chromatin structure–phenotype relationships for
detecting unwanted genome-scale adverse effects.

■ 3D-qDMI introduces spatial DNA methylation patterns as a potential
surrogate pharmacodynamic biomarker of demethylating drug action, plus
serves as a model for future genotoxicity assays that utilize chromatin
structure and discerned patterns in drug testing.

■ Universal implementation of such assays beyond epigenetic drug testing
should lead to better patient safety and reduction of attrition in drug
development.
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Figure 1. Effect of 5-azacytidine on the heterochromatin of AtT20 pituitary tumor cells in
culture
5-AZA causes both, demethylation of gDNA including DAPI-positive heterochromatic
regions and significant reorganization of the chromatin as inferred by maximum intensity
projections of three cell nuclei imaged by confocal microscopy, and quantitative 3D image
ana lysis (correlated scatterplots). Untreated cells show numerous small (diameter ~1 μm)
MeC foci (so-called chromocenters that consist of centromeric and pericentromeric
repetitive DNA) – close to the number of different chromosomes – which display an even
MeC distribution (in green), and almost fully overlap with the nuclear DAPI signals (in red)
(A); in contrast, cells treated for 48 h with 5-AZA show only a few (2–5) giant MeC foci
(diameter ~3–5 μm), which mostly exhibit a drastically different MeC distribution. A
hypomethylated heterochromatic core surrounded by a hypermethylated ring (B). This
phenomenon is represented by changes in the distribution of the MeC and DAPI signals
displayed as respective 2D scatter plots (A & B). The reverse mapping of selected groups of
plotted signals (red labeled in [D]) explains that corresponding heterochromatic areas of the
genome (red labeled in [C]) have experienced different degrees of demethylation in lieu of
drug exposure; including loci that stay hypermethylated (left column), loci that have become
less demethylated (middle column) and more strongly hypomethylated (right column). Also,
drug-treated cells appear larger and flatter than their naive counterparts. (E) The cluster of
three ACTH-producing AtT20 cells in this subfigure shows the more heterogeneous drug
response of the cells after only 24 h of exposure. The normal-sized nuclei 1 and 2 present
foci with unchanged and slightly changed morphology and heterochromatin organization,
whereas cell 3 already presents full-blown demethylation effects, including significantly
altered morphology and merged chromocenters (scale bars are 10 μm).
5-AZA: 5-azacytidine; ACTH: Adrenocorticotropic hormone; DAPI: 4′,6-diamidino-2-
phenylindole; MeC: Methylcytosine.
Adapted from [39,44].
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Figure 2. Currently applied and suggested future genotoxicity tests
(A) The current battery of recommended tests in accordance with the International
Conference on Harmonization S2 guidance. The combination of the Ames test, and one in
vitro and one in vivo assay is accepted for being sufficient to demonstrate absence or
presence of genotoxicity for a an agent. Thereby, all three cytogenetic in vitro tests are
recognized as equivalent and are therefore interchangeable. The guidance allows for an
additional test. (B) This article suggests additional in situ (3D-qDMI) and molecular
chromatin conformational tests to assess unwanted drug effects on the 3D genome
architecture, not detectable by the presented conventional methods. 3D-qDMI is a true cell-
by-cell assay that can be combined with chromosome conformation capture methods (5C or
Hi-C), which have a lower cellular resolution but probe at a higher molecular resolution.
These novel approaches can be adapted for genotoxicity testing to provide information
regarding possible decondensation and/or reorganization of heterochromatic areas of the
genome as a result of drug application. Such effects may bear risks for unwanted
interactions of these normally suppressed and compacted regions with other sites within the
genome and mutations caused by unleashed transposition events.
3d-qDMI: 3D-quantitative DNA methylation imaging.
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