
Pharmaceutical drugs act on cellular
processes or pathways to induce physio-
logical changes. In addition drugs may

also exert epigenetic effects, which affect gene
expression and related chromatin architecture
in cells. These latter effects can be targeted but
also occur as unwanted adverse occurences
(side-effects) that might put cells, organs and
eventually the whole organism at risk1. Our rap-
idly accumulating knowledge of such possible

changes in the current therapeutic practice calls
for strategies and systems biology approaches in
drug screening and drug discovery that can detect
unwanted epigenetic effects, in order to improve
the agents’ clinical utility. These new approaches,
which have been termed pharmacoepigenomics or
toxicoepigenomics (in analogy to pharmaco-/toxi-
cogenomics), if introduced into the drug develop-
ment programme, might also significantly reduce
attrition in the early phases of drug development. 
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Utilising 3D nuclear DNA
methylation patterns in
cell-based assays for
epigenetic drug screening

Since epigenetic changes are thought to underlie a wide range of complex
diseases, the scope of epigenetic drug therapy is likely to expand, as epigenetic
phenomena, in contrast to pure genetic mechanisms, are reversible. The boost
in epigenetic drug development calls for high-throughput cell-based screening
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. The authors of the
article introduce a novel cytometric approach termed 3D Quantitative DNA
Methylation Imaging, which addresses this matter. The technology applies a
machine-learning algorithm for extraction of fluorescent signals from three-
dimensional images of chromatin texture to visualise and measure drug-
induced changes in global DNA methylation and related chromatin
reorganisation in nuclei of thousands of cells in parallel. The method is
amenable to scale and can be flexibly implemented for drug screening in
research and in the pharmaceutical industry. 
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Cancer epigenetics and drug treatment
DNA and histones are the basic components of a
chromosome, in which the DNA helix is wrapped
around core histones to form the beads-on-a-string
structure that is then folded into higher-order chro-
matin. Epigenetic changes, such as DNA methyla-
tion and histone modifications, are key regulators
of gene expression and chromatin architecture in a
cell- and tissue-specific manner. Aberrant global
methylation patterns are associated with complex
diseases including several cancer types.
Methylation pattern imbalances in cancer cells
include genome-wide hypomethylation and
localised aberrant hypermethylation of CpG dinu-
cleotides (CpG islands) in promoter regions of
tumour suppressor genes2. Epigenetic control of
gene expression is a rapidly developing field of sub-
stantial potential, and oncology is likely to be the
therapeutic application in which the fastest
progress is made. The reversible nature of epige-
netic imbalances in various types of cancers consti-
tutes an attractive therapeutic target – the disrup-
tion of epigenetic misregulation via enzyme inhibi-
tion has considerable pharmacological impact that
fuels the development of epigenetic therapies by
involving the use of DNA methyltransferase
(DMNT) inhibitors and histone deacetylase
(HDAC) inhibitors3.

DNA methylation is considered the most robust
among the different types of chromatin modifica-
tions, and researchers are now comfortable with
the theory that DNA methylation can act as a
causal factor in transcriptional inactivation. In
contrast, histone modifications such as acetylation
and methylation are considered to be more ‘fuzzy’.
However, they are believed to be more finely tuned

with subtler but just as far-reaching impacts on
gene expression4. Because DNA methylation plays
an important role in controlling cellular gene-
expression programmes, the DNA methylation
machinery is an attractive pharmacological target.
Drugs that cause demethylation and the reactiva-
tion of ectopically methylated genes might be supe-
rior to many other therapeutic approaches that are
targeted at specific functions of individual pro-
teins. DNMT1 is a multifunctional protein that has
regulatory domains that potentially regulate activ-
ities related to cell growth in addition to DNA
methylation. The latter activity is responsible for
maintenance of the DNA methylation patterns
during genome replication prior to cell division. A
number of DNA methylation inhibitors of different
categories have been designed, with 5-azacytidine
(5-AZA) and its analogue 5-aza-2-deoxycytidine
(decitabine) being approved for treatment of
patients with myelodysplatic syndrome (MDS)5.
These enzymes do not remove methyl groups from
methylated chromatin, but rather prevent methyla-
tion of daughter DNA during DNA replication.
Recently a new type of cytosine analogue, 1-�-D-
ribofuranosyl-2(1H)-pyrimidone, also known as
zebularine, has shown promising results for oral
administration. This drug seems to be less toxic to
cultured cells than the other two azanucleosides6,
and has a significantly stronger anti-proliferative
effect on cancer cells than on normal cells7. 

Nevertheless it is important to recognise that
hypermethylation of single gene promoters occurs
against a strong background of general DNA
hypomethylation including a decrease in the
methylation load of heterochromatic regions of the
genome. The loss of methyl groups is achieved

Figure 1
Effect of 5-AZA on the

chromatin of AtT20 pituitary
tumour cells in culture. 5-AZA
(at 1μM concentration) causes

both, (i) demethylation of
global DNA including DAPI-

positive heterochromatic
regions and (ii) significant

reorganisation of the
chromatin in delineated AtT20

nuclei imaged with a TCS
SP5X supercontinuum

confocal scanning microscope
(Leica Microsystems,

Mannheim Germany).
Untreated cells show 20-25

small MeC foci (diameter
~1μm), close to the number of
different chromosomes, which

almost fully overlap with the
nuclear DAPI signals, except

for some heterochromatic
regions at the nuclear

envelope region. In contrast,
cells treated for 48 hours with
5-AZA display only a few (2-5)
large MeC-foci (diameter ~ 3-

5μm), which mostly have a
unique MeC-distribution: a

heterochromatic core that is
hypomethylated surrounded by

a hypermethylated ring. This
phenomenon is represented by

changes in the distribution of
the MeC and DAPI signals

displayed as a 2D scatter plot,
in which the hypomethylated
heterochromatin signals (red-

labelled in the lower panel)
exactly map to foci cores (also

red)
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mainly by hypomethylation of heterochromatin-
residing repetitive DNA sequences, including
transposable elements such as long interspersed
nuclear elements (LINE), especially LINE-1 as part
of the facultative heterochromatin, and satellite 2
(Sat2) DNA as part of the constitutive heterochro-
matin8. The extent of genome-wide hypomethyla-
tion converges closely with the degree of malig-
nancy, in a tumour type-dependent manner. In nor-
mal cells, the activity and interaction of these class-
es of DNA with neighbouring chromatin regions
(in the nuclear space) are strongly suppressed by
methylation and compaction through histone mod-
ifications. Therefore, there are multiple risks asso-
ciated with an increase in demethylation of repeti-
tive elements, which can lead to their decondensa-
tion and related consequences – Sat2 DNA
hypomethylation may favour pericentromeric
instability, and LINE-1 elements may become tran-
scriptionally active and relocate into other parts of
the genome causing enhanced genome instability
through mutational effects such as silencing of
tumour-suppressor genes or the activation of onco-

genes. This is in fact a critical issue, as malignant
cells already contain 20-60% less genomic methyl-
cytosine than their normal counterpart. Inhibitors
that disrupt the cell cycle-promoting activities of
DNMT1 and induce a more selective demethyla-
tion of specific genes for their reactivation without
necessarily affecting heterochromatin methylation
might significantly improve their clinical utility.
Such second-generation epigenetic drugs, which
cause an orchestrated reversal of multiple func-
tions, are mostly in the discovery phase. 

In addition to inhibitors of DNA methylation
numerous histone deacetylase (HDAC) inhibitors
are undergoing preclinical testing as single agents
as well as in combination with DNMT inhibitors
for cancer therapy. Lines of evidences have shown
that combinations of these two classes of drugs
exert synergistic effects on gene expression and
tumour growth9. HDAC inhibitors are immediate-
ly effective in cells even before the following cell
cycle. Nevertheless, their effects on cancer cells in
vitro may ultimately also lead to DNA demethyla-
tion as a consequence of inhibition of histone
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deacetylation10,11. DNMT inhibitors and HDAC
inhibitors have raised high hopes for epigenetic
therapies but are far from perfect. Their clinical
successes have mainly been against haematological
cancers, and they show little consistent efficacy
against solid tumours. 

Cell-based assays and cellular imaging
of chromatin texture
Despite the extraordinary degree of complexity in
chromatin modifications and signalling, which
makes the identification of suitable compounds
challenging, there is substantial enthusiasm for the
development and implementation of epigenetic
therapies in several human disease areas, especially
oncology. Chromatin phenotype is known to be sig-
nificantly disrupted in cancer. This has been demon-
strated in many morphologic studies on cancer by
the application of digital texture analysis for the
quantitative analysis of chromatin phenotype in
neoplasia – supporting the role of chromatin phe-
notype as a biomarker for diagnosis and prognosis.
Given the prevalence and load of DNA methylation
imbalances, especially hypomethylation of repeti-
tive elements, cellular imaging of global nuclear
DNA patterns may provide a powerful tool to char-
acterise mammalian cells during differentiation and
in their status of health versus disease, as the under-
lying molecular processes involve large-scale chro-
matin reorganisation, visible by light microscopy12. 

Cellular imaging can be defined as the use of a
system/technology capable of visualising a cell

population, single cell or subcellular structures,
applied in a combination with image-analysis
tools. With the availability of today’s more
advanced imaging approaches (including confocal
laser scanning microscopy, two-photon excitation
microscopy, high content cell imaging, and auto-
mated digital tissue scanning), high resolution opti-
cal imaging has evolved into an essential tool for
moving new chemical entities through the pharma-
ceutical discovery pipeline utilising cell-based
assays. Imaging advantages for drug discovery are
realised through the ability of high-resolution
microscopic imaging to measure the spatial and
temporal distribution of molecules and cellular
components, which is vital to understand the activ-
ity of drug targets at the cellular level. Structure-
activity relationships are commonly used by medic-
inal chemists to improve small-molecule proper-
ties. Cellular imaging, when combined with sys-
tems biology could promote a more biology-driven
environment for compound progression, therefore
compelling us to think in terms of structure-phe-
notype relationships. Today’s cellular imaging sys-
tems produce multispectral two- and three-dimen-
sional (2D and 3D) data in quantities that often
require machine vision support to assess and quan-
tify the degree of individual cell similarity within
an entire cell population based on cellular features.
Topological analyses typically necessitate the seg-
mentation of cellular regions of interest (ROI),
including the entire cell and/or subcellular com-
partments such as the nuclei. This process involves

Figure 2
Cell-by-cell characterisation of
cell populations by 3D-qDMI
for pharmacoepigenomics.
Example of an untreated
folliculostellate mouse
pituitary tumour cell (TtT-GF)
subpopulation with selected
differential MeC/DAPI co-
distribution patterns in
individual nuclei NT1 and NT2:
the different MeC/DAPI signal
patterns are digitally extracted
from nuclei and displayed as
colocalisation diagrams (2D
scatter plot), which contribute
to the plot for the entire cell
population and illustrate the
intra-population diversity in
MeC/DAPI patterns due to the
nonsynchronicity of the cells
regarding cell cycle (in here).
Each nucleus receives a K-L
similarity value (yellow
number) based on the
comparison of its MeC/DAPI
distribution (plot) versus the
plot of the entire
(sub)population
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the delineation of the ROI, recognition of residing
patterns, and statistical quantification of these pat-
terns with dedicated machine-learning algorithms. 

3D quantitative DNA methylation
imaging: a novel cytometric approach
Since heterochromatin decondensation bears a
serious risk in epigenetic therapy, it is important to
consider the testing of new compounds and drugs
using cell-based assays in the pre-clinical phases of
drug discovery. Logically, these dedicated assays
need to aim at the quantitative characterisation of
global DNA methylation changes in a high-
throughput statistical fashion to verify unwanted
effects such as increased hypomethylation of repet-
itive elements and its causal risk of heterochro-
matin decondensation, which can cause severe
adverse reactions of cells. Therefore, we have
recently developed and introduced 3D
Quantitative DNA Methylation Imaging (3D-
qDMI), a novel image-cytometrical approach that
can measure two important parameters of DNA
methylation changes: (i) the methylcytosine (MeC)
load, and (ii) the spatial nuclear codistribution of
MeC and global DNA (gDNA). Nuclear MeC sites
can be visualised with an immunoassay using a pri-
mary mouse monoclonal antibody that specifically
recognises 5-methylcytosine (EMD Biosciences,
Abcam) and a secondary polyclonal antibody that
is fluorophore conjugated (Invitrogen). We have
demonstrated that the codistribution patterns of
these two classes of DNA can be utilised as signa-
tures for the characterisation of stem cells in dif-
ferentiation and cancer cells upon treatment with
demethylating agents13 (Figure 1). Using our novel
algorithm we succeeded in tracking changes of
higher-order DNA organisation due to drug-

induced demethylation on a genomic scale in mam-
malian tumour cells14. 

Approximately 55% of the human genome is
comprised of heterochromatin. Epigenetic drugs
with demethylating effects have been shown to
alter genome organisation within mammalian cell
nuclei15. Therefore, we used the genome and its
3D organisation as an indicator to evaluate the
effect of demethylating drugs on cancer cells in
situ. Our approach provides a statistical measure-
ment on the two classes of DNAs (MeC and DAPI-
positive gDNA) as nuclear targets. The algorithm
compares the relative distribution of signals
derived from these two targets (from two colour-
channels), projects them on to scatter plots and
then measures the degree of similarities between
the plotted signal distributions of cells within a
population (Figure 2). This method offers a way to
evaluate cellular response to external factors such
as drugs and changes in culture conditions via dis-
similarity assessment of relevant cellular struc-
tures. The algorithm developed combines the three
major tasks: (1) automated segmentation of nuclei
in a cell population, (2) subsequent nuclear pattern
extraction, and (3) distance-based statistical meas-
urement of cell similarity using Kullback-Leibler
(K-L) divergence (Figure 3). This method considers
the strength of statistical evaluation of intra-
nuclear MeC/DAPI patterns, especially valuable
when cell population homogeneity is difficult to be
assessed due to lack of standardised reference and
sample size.

Demethylating agents cause structural reorgani-
sation of the genome in cell nuclei, as they not
only alter the DNA methylation load but also
influence its spatial distribution12-14 (Figure 1). In
particular, heterochromatin decondensation, as a

Figure 3: Structure-based
homogeneity assessment of
treated cell populations for
assessment of drug efficacy

and genotoxicity. Cells can be
categorised into different
similarity degrees by soft-

qualifiers that span increasing
ranges of K-L values and are

associated with colour codes,
as shown in here for DU145
human prostate cancer cells.
The 3D-qDMI software uses

this coding to convert the
original fluorescence image

(maximum intensity projection
across all confocal image

layers) into a colour map and a
corresponding tabular display

for better visualisation and
interpretation of the resulting

data
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secondary effect of global demethylation, results
in the relocation of heterochromatic sites within
the nucleus (which is associated with genome
destabilisation). As a consequence of these confor-
mational and organisational changes of the DAPI-
positive nuclear sites, the same DAPI signal inten-
sity is spread out over a higher number of voxels.
Thus, both MeC and DAPI have dynamic patterns
in the cell nucleus that become more discernable in
a joint 2D plots than in a 1D MeC plot, or even
when the two signals are separately displayed in
one dimension14. Kullback-Leibler’s divergence is
a valuable measure for quantitating dissimilarities
within a cell population and this measure can be
applied to any multi-colour cellular assay that
utilises topological information of intracellular
structures to assess cellular behaviour. The image
analysis system can flexibly interrogate the cells
with any number of targets and large amounts of
3D image stacks for high-content analysis (Figure
4). 3D-qDMI connects fluorescence techniques
including immunocytochemistry and fluorescence
in situ hybridisation (FISH) to computational
techniques for image analysis and data interpreta-
tion. Our experimental results underline the
robustness of the method, but also its flexibility in

dealing with a high dynamic range in sample size
suitable for low to high-throughput cell-based
screening. The original software version, written
in MATLAB (The MathWorks, Natick, MA), is
compatible with Windows 7 operational system
(Microsoft Inc, Redmond, WA) that we run on
powerful workstations such as the 8-core Mac Pro
(Apple Inc, Cupertino, CA). The system is
amenable to scale and can be implemented for bio-
medical research as well as the high-volume indus-
trial routine. EpiLumina, Inc (Encino, CA) is
working on proprietary, optimised hard-
ware/software solutions for further increasing the
system’s performance.

Conclusion
Our study of spatial DNA methylation patterns
utilising a new method we developed (3D-qDMI)
indicates that these signatures can serve as a phe-
notypic indicator for demethylation effects13,14,
as suggested by previous investigations15,16.
These report that induced changes in global
DNA methylation can influence the homeostasis
of heterochromatin methylation, specifically
leading to hypomethylation of repetitive ele-
ments and potentially causing an adverse reor-

References
1 Csoka, AB, Szyf, M (2009).
Epigenetic side-effects of
common pharmaceuticals: a
potential new field in medicine
and pharmacology. Med
Hypotheses 73, 770-780.
2 Jones, PA, Baylin, SB (2007).
The epigenomics of cancer.
Cell 128, 683-692.
3 Yoo, CB, Jones, PA (2006).
Epigenetic therapy of cancer:
past, present and future. Nat
Rev Drug Discov 5, 37-50.
4 Best, JD, Carey, N (2010).
Epigenetic opportunities and
challenges in cancer. Drug
Discov Today 15, 65-70.
5 Luebbert, M (2000). DNA
methylation inhibitors in the
treatment of leukemias,
myelodysplastic syndromes
and hemoglobinopathies:
clinical results and possible
mechanismas in action. Curr
Top Microbiol Immunol 249,
135-164.
6 Marquez, VE et al (2005).
Zebularine: a unique molecule
for an epigenetically based
strategy in cancer
chemotherapy. Ann N Y Acad
Sci 1058, 246-254.
7 Balch, C et al (2005).
Antimitogenic and
chemosensitizing effects of the
methylation inhibitor
zebularine in ovarian cancer.
Mol Cancer Ther 4, 1505-
1514.
8 Ehrlich, M (2005). DNA
Methylation and Cancer-
associated Genetic Instability.
Chapter 3.6 in: Genome
Instability in Cancer
Development, Nathan Back,
Irun R. Cohen, David
Kritchevsky, Abel Lajtha,
Rodolfo Paoletti and Erich A.
Nigg, Editors, ISSN 0065-2598.
9 Hurtubise, A, Momparler, RL
(2006). Effect of histone
deacetylase inhibitor LAQ824
on antineoplastic action of 5-
Aza-2'-deoxycytidine
(decitabine) on human breast
carcinoma cells. Cancer
Chemother Pharmacol 58,
618-625.
10 Detich, N et al (2003).
Valproate induces replication-
independent active DNA
demethylation. J Biol Chem.
278, 27586-27592.

Continued on page 35

Figure 4: The 3D-qDMI system currently offers three features for the in situ assessment of drug-induced changes in
global DNA methylation in cells: (i) changes in MeC load displayed as the nuclear mean intensity of MeC as well as an
intensity profile across different selectable cross-sections of individual nuclei; (ii) changes in the spatial distribution of
MeC (green) and global DNA (blue) as an indicator of chromatin reorganisation in cells, and (iii) the statistical
(homogeneity) assessment of the population based on 3D chromatin texture and MeC load. The graphical user
interface (GUI) allows for the parallel display of the results from the different analysis features and the export of the
graphical data for documentation purposes. Tabular data are automatically generated and output as txt-files that can be
easily imported into documentation software such as Microsoft Excel
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ganisation of the genome with side-effects, such
as transcriptional activation of oncogenes, acti-
vation of latent retrotransposons, chromosomal
instability17, and telomere elongation of chromo-
somes18. We conclude that epigenome cell-based
screening of the epigenome, especially the methy-
lome of cells with holistic methods such as 3D-
qDMI, are valuable tools in the identification of
potential impacts of second generation epigenet-
ic drugs in development (that act more DNA
sequence-specifically), as well as of drugs already
in clinical practice. Furthermore, this type of tox-
icoepigenomic assessment could be practically
expanded to any drug beyond anti-cancer drugs,
for which we have no current knowledge of epi-
genetic side-effects. DDW
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