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Abstract

The field of epigenetics describes the relationship between genotype and phenotype, by regulating
gene expression without changing the canonical base sequence of DNA. It deals with molecular
genomic information that is encoded by a rich repertoire of chemical modifications and molecular
interactions. This regulation involves DNA, RNA and proteins that are enzymatically tagged with
small molecular groups that alter their physical and chemical properties. It is now clear that
epigenetic alterations are involved in development and disease, and thus, are the focus of intensive
research. The ability to record epigenetic changes and quantify them in rare medical samples is
critical for next generation diagnostics. Optical detection offers the ultimate single-molecule
sensitivity and the potential for spectral multiplexing. Here we review recent progress in
ultrasensitive optical detection of DNA and histone madifications.

Introduction

Optical detection and quantification is widely used throughout all fields of biology and
biotechnology. Specifically, it has been instrumental to the field of genetics, where the
majority of sequencing instruments use optical contrast in order to read genetic information.
With genetic DNA sequencing solved and established, epigenetic analysis is becoming
accessible and is considered a new frontier for discovery. Even with identical genetic
content, cells may differ in their function due to different epigenomic patterns that regulate
gene expression. Two of the most-pronounced epigenetic regulation mechanisms involve
DNA and histone tail modifications, with direct physical impact on the process of
transcription. Chemical modifications such as methylation of DNA may lead to repelling or
recruiting various functional binding proteins. Modifying histone tails affects their packing
density and thus the compaction of chromatin and its accessibility. The stochastic and
dynamic nature of epigenetic modifications yields a great degree of variability in the
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epigenetic profile of different cells. This in turn requires reading epigenetic information on
the single-cell and single-molecule level.

Despite a plethora of molecular biology-based techniques for assessing epigenetic
modifications [1-5], light-based detection holds two unique advantages for such analysis.
The first is the extreme sensitivity offered by modern optical detection, allowing the
detection and quantification of individual molecules. The second is the inherent multiplexing
offered by the spectral properties of light. This may be accomplished either by use of labels
of different colors to distinguish different modifications or by directly detecting the specific
spectral signatures of different epigenetic moieties as they interact with light. High
sensitivity and the capability to multiplex are especially advantageous for biomedical
applications, where only minute amounts of sample are available, notably for personalized
medicine and liquid biopsies. Ideally, the maximum amount of diagnostic information
should be extracted from the minimum amount of patient sample. Light-based methods offer
key properties for achieving this goal. This review seeks to present current advances in
optics-based analytical epigenetics with a clear path towards clinical utility. As such, we will
not cover a range of single-molecule biophysical work that were applied to epigenetic
systems [6-9]. Discussion is focused on reports that provide real quantitative data on the
epigenetic state of DNA and chromatin. Specifically, we survey work on the detection of
histone-tail modifications and the DNA modifications 5-methylcytosine (5mC), 5-
hydroxymethylcytosine (5hmC), 5-formylcytosine (5fC), and 5-carboxycytosine (5caC). We
divide our review by the three labeling modalities for epigenetic information (Figure 1):

The first is the attachment of a fluorescent reporter to the target mark by affinity binding.
The second focuses on covalent attachment of fluorescent molecules to epigenetic targets,
and finally, we discuss recent advances in epigenetic label-free detection offered by surface-
enhanced Raman scattering (SERS).

Affinity labeling

The most-established mode of specific molecular labeling in biology and medicine is
immunostaining, the use of antibodies to detect a specific protein or molecular species in a
sample [10]. Fluorescent labeling is achieved by primary antibodies conjugated to
fluorophores or by fluorescently-labeled secondary antibodies. The development of
antibodies against epigenetic modifications opened new avenues for single-molecule
detection of these marks. Recombinant epigenetic reader proteins with natural affinity to
their native target marks are an alternative to antibodies. Methyl binding domain (MBD)
proteins, for example, specifically bind methylated DNA [11] and were used for fluorescent
labeling by conjugation with a fluorophore or fusion with a fluorescent protein [12].
Aptamers specific for histone modifications have also been reported and may function as
non-peptide-based labeling agents [13].

Only few affinity-based single-molecule detection schemes have provided evidence for
clinical potential. A set of reports by Craighead, Soloway and Coworkers [6,14,15] describes
a method for single-molecule sorting and analysis of chromatin fragments in nano-channel
devices (Figure 2 (a)). Single-chromatin molecule analysis at the nanoscale (SCAN) is
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analogous to fluorescent activated cell sorting (FACS). While FACS sorts cells tagged with
fluorescent antibodies, SCAN sorts chromatin fragments according to their fluorescent
signatures. These are dictated by the colors of fluorescent tags on the DNA and the
epigenetic marks it carries. The team used fluorescent antibodies against specific histone
modifications or fluorescently-labeled MBD1 to mark methylation sites on DNA.
Combinations of antibodies, each recognizing distinct epigenomic marks and carrying
distinct fluorophores, might enable the parallel assessment of the levels of different
epigenetic marks. Soloway et al. detected epigenetic differences between normal and
immortalized genomes, implying that SCAN may be used for diagnosis and monitoring of
cancer [16]. With appropriate calibration, the optical signal could convey the global amount
of epigenetic marks, and with further improvement in throughput, each sorted fraction may
be collected for further analysis such as DNA sequencing.

The ability to not only quantify the global epigenetic status, but to characterize the state of
specific genomic loci, provides additional information with high biomedical potential. Two
reports from the Bernstein lab have been able to integrate antibody-based epigenetic
characterization with optical genetic mapping techniques. Oren et. al. developed ChiP-
String, for characterizing the chromatin state at several hundreds of positions in the genome
[17]. Transcript identity is achieved by hybridizing specific fluorescent barcodes, offering
several hundreds of unique patterns. The team used antibodies to pull-down chromatin
fragments with specific histone modifications and then used the nCounter (NanoString Inc.
Seattle, USA) to analyze the DNA released from the captured nucleosomes. Despite the high
sensitivity, this method is limited by the number of available fluorescent barcodes and is not
suitable for genome-wide analysis. Shema et al. [18] overcome this limitation by utilizing
single-molecule sequencing-by-synthesis [19] (Figure 2 (b)). Chromatin fragments
containing a single nucleosome are tethered to a microscope slide and the attachment and
detachment of fluorescent antibodies against two different histone states are monitored.
Once the combinatorial state at each nucleosome location is determined, nucleosomes are
dissociated and the remaining tethered DNA is sequenced on the slide to determine the
genomic positions of modified nucleosomes.

The single-molecule sensitivity of these techniques offers analysis of unamplified, native
DNA, potentially suitable for limited medical samples such as liquid biopsies or circulating
tumor cells. However, quantitative analysis at low concentrations is limited by the inherent
unbinding kinetics of the affinity reagents.

Covalent labeling

Conjugation stability of covalently attached labels is not affected by the analyte
concentration. Therefore, they are more suited for analyses in the low concentration regime
and particularly at the single-molecule level. The small size of the covalently-attached
probes presents another advantage over antibodies: Being bulky molecules, antibodies
cannot accurately quantify closely-spaced epigenetic marks and therefore might
underestimate their occurrence. With covalently attached molecules of similar size as
nucleotides, an accurate quantification even at high densities of epigenetic modifications is
possible. Whereas affinity labeling can be evolved towards any molecular residue, covalent
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labeling relies on the existence of specific chemical or chemoenzymatic coupling reactions
for each epigenetic modification. In the following, labeling strategies for the most-important
cytosine modifications will be discussed. Covalent labeling schemes for histone tails are still
in early development and were not yet utilized for analytical work [20,21].

5-hydroxymethylcytosine (5hmC)

The nucleobase most-thoroughly studied by covalent epigenetic labeling is 5hmC, owing to
the ability of T4 p-glucosyltransferase (BGT) to selectively place a glucose moiety onto the
hydroxyl group of 5hmC. When the respective cofactor in this reaction, uridine
diphosphoglucose (UDPG), is modified, new chemical functionalities can be introduced
[22,23]. In particular, an azide-modified glucose offers a universal linkage point through
click chemistry (Huisgen cycloaddition). When fluorophores are attached, the 5hmC content
can be read out with optical means: either globally, with a spectrometer, or at the single-
molecule level, by optical mapping. Both were demonstrated by Michaeli et al. [24]. For
global monitoring of 5hmC levels, the absorbance of the dye was compared with that of
DNA, in a simple UV/Vis spectrometer. If the fluorescence of the label is measured, the
sensitivity improves. This allowed the detection of 5hmC levels as low as 0.002 % of the
total nucleotides in mouse tissues at high throughput with a common plate reader [25].
Single-molecule optical mapping approaches offer the ultimate sensitivity. Typically,
fluorescently-labeled DNA is deposited or stretched on a microscope slide and imaged by a
fluorescence microscope [26,27]. This enables precise quantification by single-molecule
counting, while requiring only minute amounts of sample (~50 ng DNA) [28]. Thus, blood
and colon cancer cells could be identified by their decreased 5hmC content despite the
naturally low levels in these tissues [28] (Figure 3 (a)). Additionally, the method enables
multiplexing, as demonstrated by assessing 5hmC positions and fluorescently-labeled DNA
damage sites on the same DNA molecules [29]. The first whole-genome single-molecule
epigenetic profiles were recently reported for human blood by combining 5hmC labeling
with optical genome mapping in nanochannels (commercialized by BioNano Genomics Inc.)
[30]. Such information may provide locus-specific 5hmC patterns with future diagnostic
value such as the epigenetic status of long variable genomic regions such as the human
leukocyte antigen (HLA) genes.

5-methylcytosine (5mC)

Considering the multitude of possible epigenetic marks and, in part, their high abundance
(up to 80 % of all CpG dinucleotides are methylated) [31], the interrogation of non-modified
nucleobases becomes an important task in its own right. In the case of unmodified CpGs, a
selective labeling with alkyne or amine groups can be achieved by ‘methyltransferase-
directed transfer of activated groups’ (mTAG) [32-34]. The universal methylation cofactor
S-adenosyl-methionine (SAM) can be chemically modified such that a methyltransferase
enzyme is tricked into transferring a group of interest to the target methylation site on DNA
[35-37]. This reaction is only successful if the site is unmethylated. After tagging with
fluorophores, the unmethylated sites (or, the “‘unmethylome”) can be read out by genome-
wide optical methylation mapping [38] (Figure 3 (b)), allowing the analysis of large
structural aberrations such as pathogenic macrosatellite arrays. Future implementation of
super-resolution mapping promises to locate the epigenetic modifications more precisely,

Curr Opin Biotechnol. Author manuscript; available in PMC 2019 February 20.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Heck et al.

Page 5

possibly resolving the detailed methylation status of CpG islands [39]. The lack of direct
covalent labeling strategies for 5mC can also be bypassed by transforming 5mC into 5hmC
with Tet enzymes [40]. Selectivity between 5hmC and 5mC can be maintained if the native
5hmC is blocked by pGT-mediated glucose-transfer beforehand. This enabled a multiplexed
study, where 5mC and 5hmC were tagged with different fluorophores and their relative
distance was assessed by Forster resonance energy transfer (FRET) [41] (Figure 3 (c)).

5-formylcytosine (5fC)

The chemical reactivity of the aldehyde group in 5fC enables a plethora of covalent labeling
strategies. A detailed account is given in a recent review by Dietzsch et al. [42]. A challenge
for these approaches is that abasic sites and 5-formyluracil (5fU) also display respective
aldehyde groups. Selectivity towards the aldehyde group of 57C can be achieved through
fine-tuning of reaction conditions. Still, considering the low abundance of 5fC in natural
samples, even low levels of background noise are problematic [31]. An elegant strategy to
increase selectivity and sensitivity is to form a fluorophore with the nucleobase of interest /in
situ. Liu et al. presented a bifunctional labeling agent that forms a fluorophore by reacting
with both the aldehyde and the amine group of 5fC [43]. The reaction products with 5fU and
abasic sites are not fluorescent. Another, intrinsic advantage is that no purification from the
unreacted, non-fluorescent labeling agent is necessary. While not relying on common
coupling chemistry (NHS, click reactions), this has potential to be a valuable, orthogonal
labeling strategy, especially for multiplexing in optical mapping techniques.

Epigenetic modifications for which no specific covalent coupling reactions were reported
can be marked indirectly by selective glycosylases: After excision of the nucleotide of
interest, a modified derivative of the nucleotide can be incorporated at the position of the
lesion [44]. Several reports have used this strategy to introduce fluorescent nucleotides
instead of various DNA damage lesions for optical detection of DNA damage [29,45]. 5-
Carboxycytosine (5caC), for example, can be selectively excised by thymine DNA
glycosylase (TDG) [46] and could be replaced by a fluorescent nucleotide via /n-vitro DNA
repair.

Surface-enhanced Raman scattering

Fluorescence-based techniques for epigenetic analysis have very high sensitivity, but rely on
labeling and provide only limited possibilities for multiplexing due to a limited number of
fluorescent dyes that can be detected in parallel within the currently accessible spectral
window. Surface-enhanced Raman scattering (SERS) is a promising technique in this respect
because it can be sensitive enough to detect single molecules while providing a chemical
fingerprint allowing for label-free analyte detection [47,48]. SERS is based on the strong
Raman signal enhancement in close vicinity of gold or silver nanostructures upon excitation
of their surface plasmon resonance.

Gold or silver nanoparticles coated with dye molecules (‘SERS tags’) represent a labeling
alternative to fluorescent tags. SERS tags could quantify methylated DNA in breast cancer
cell lines and a serum-derived DNA sample [49] (Figure 4 (a)). These tags consisted of gold
nanoparticles coated with: (1) DNA oligos that bind either T- or C-rich DNA after bisulfite
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treatment, and (2) dye molecules that act as a barcode by having a strong and characteristic
Raman signature. In a complementary approach, one SERS tag served as an internal
normalizing control, while the other one was the methylation indicator [50]. Since Raman
spectra have very narrow bandwidths, SERS tags are suitable multiplexing labels.

SERS can also serve as a tool for the direct detection of DNA modifications. Barhoumi et al.
demonstrated the label-free detection of N6-methyladenine (6mA), 5mC, 5hmC and 8-oxo-
guanine by SERS [51]. Guerrini et al. extended this approach and demonstrated the
detection of single base mismatches and base methylations (5mC and 6mA) in DNA
duplexes [52]. At the same time, hybridization events could be quantified. In another study,
several C modifications (among them 5mC and 5ShmC) were quantified in sSDNA and
dsDNA [53] (Figure 4 (b)). The authors applied positively-charged spermine-coated silver
nanoparticles, which aggregate upon addition of DNA due to electrostatic interactions. In
this way, DNA is trapped in the plasmonic hot spot and detection of pg-amounts of DNA is
possible, making pre-amplification of DNA samples obsolete. The method is also suitable to
quantify the relative amount of DNA base modifications within a DNA strand. C
modifications lead to an intensity decrease and band shifts in the SERS spectra. The initial
proof-of-concept studies demonstrate the capabilities of SERS and its potential for label-free
detection of DNA modifications. When data are analyzed with chemometric techniques,
there is no fundamental limit for multiplexing. In the future, robust procedures for sample
preparation and analysis need to be developed.

Summary and outlook

Epigenetic analysis is emerging as an important field for biotechnological development.
Optical detection schemes adapted to quantify various epigenetic marks are becoming
available and will potentially become accessible to the wider research and biomedical
community. Clearly, the single-molecule sensitivity offered by fluorescence has enabled
extremely precise measurements on small amounts of genetic material. Nevertheless, some
of the advantages of optical detection have not been fully exploited. Most noticeable is the
lack of multiplexing experiments, with a maximum of three-color detection reported [38].
Understanding the relations between the various epigenetic marks is one of the most exciting
prospects in the field. With the right choice of optics and dyes, multiple modifications may
be recorded simultaneously, may it be by global quantification of fluorescence or by optical
mapping. In any case, the number of observables is limited by the orthogonality of the
labeling reactions and the spectral width of the fluorophores. Alternative optical labels such
as Raman tags, with their unique spectral fingerprint, promise to further expand this scope.
Ultimately, label-free detection will provide analytical solutions that decrease to a minimum
the processing time and effort of the analyzed sample. It is now to be seen if any of the
concepts described here will establish itself as a gold standard for analytical epigenetics.
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Figure 1.
The detection schemes discussed in this review: affinity labeling via fluorescently-labeled

antibodies or other binding proteins such as the methyl binding domain protein 1 (MBD1),
direct covalent labeling with a fluorescent dye, and the label-free detection via surface-
enhanced Raman scattering (left to right, sizes not to scale). The chemical structure of
cytosine (C), 5-methylcytosine (5mC), 5-hydroxymethylcytosine (5hmC), 5-formylcytosine
(5fC), and 5-carboxycytosine (5caC) is shown in the box.
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Figure 2.
Affinity-based methods for optical detection of epigenetic marks. (a) Single-molecule

detection of DNA methylation sites. Methylation sites on stained DNA are labeled with
fluorescent MBD1 protein. Two-color labeled DNA is then loaded on a nano-fluidic device,
detected and sorted according to its fluorescent signature [15]. (b) Single-molecule detection
of post translational modifications on nucleosomes. Nucleosomes are prepared by MNase
digestion. DNA ends are ligated to fluorescent biotinylated adaptors, purified and captured
on PEG-streptavidin-coated slides. Attached nucleosomes are incubated with fluorescently-
labeled antibodies to histone modifications which can be then imaged. Finally, histones are
removed, and their genomic position is determined by single-molecule sequencing-by-
synthesis [18]. Reprinted with permission from AAAS.

Curr Opin Biotechnol. Author manuscript; available in PMC 2019 February 20.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Heck et al. Page 12

@i pcr

(a)
5hmC 5hmC e

5hmC 6-N3-Glu
luorophores
C mistry healthy colon colon cancer

Non-methylated DNA ’ o

) q"\r‘ ’ ) {[_;L‘II \
DGR —> WDEAUDd
. M.Taql

CpG-methylated DNA Adoynlatha

) 2PN | 2N
UGN W57 NN

(C) DNA fragments

e [

end-label DNA with biotin Single-molecule
label 5hmC with Cy5 @ imaging
gm‘;c : label 5mC with Cy3 @
5mC 5hmC
Figure 3.

Covalent-based methods for optical detection of epigenetic marks. (a) Enzymatic
glycosylation of 5hmC is performed, then a fluorophore is attached. Fluorescence
microscopy images on the right compare 5hmC levels in single DNA molecules from
healthy colon and colorectal cancer tissue [28]. (b) Fluorescent labeling of non-methylated
CpGs. M.Taqgl catalyzes the transfer of a fluorophore onto the adenine in its recognition site.
If the CpG is methylated, the reaction is blocked. Genomic DNA (blue) from a human
lymphocyte cell line was tagged with genetic (red) and methylation-sensitive labels (green),
then imaged on a nanochannel array chip [38]. (c) Simultaneous detection of 5mC and
5hmC. 5hmC is labeled with Cy5, 5mC with Cy3 and DNA fragments are end-labeled with
biotin for immobilization. Single DNA molecules are then imaged by TIRF microscopy
[41].
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Figure 4.
SERS-based methods for detection of epigenetic marks. (a) Nanoparticles functionalized

with DNA and dye molecules allow to determine the degree of methylation. Adapted from
Ref. [49] with permission from The Royal Society of Chemistry. (b) Direct label-free
detection of various DNA modifications by silver nanoparticles that aggregate in the
presence of DNA, leading to a shift of their surface plasmon resonance and consequently a
color change of the nanoparticle solution. Two SERS bands show an intensity change for the
modified nucleobases 5mC and 5hmC [53].
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