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The contribution of mass
spectrometry-based proteomics to
understanding epigenetics

Chromatin is a macromolecular complex composed of DNA and histones that regulate
gene expression and nuclear architecture. The concerted action of DNA methylation,
histone post-translational modifications and chromatin-associated proteins control
the epigenetic regulation of the genome, ultimately determining cell fate and the
transcriptional outputs of differentiated cells. Deregulation of this complex machinery
leads to disease states, and exploiting epigenetic drugs is becoming increasingly
attractive for therapeutic intervention. Mass spectrometry (MS)-based proteomics
emerged as a powerful tool complementary to genomic approaches for epigenetic
research, allowing the unbiased and comprehensive analysis of histone post-
translational modifications and the characterization of chromatin constituents and
chromatin-associated proteins. Furthermore, MS holds great promise for epigenetic
biomarker discovery and represents a useful tool for deconvolution of epigenetic drug
targets. Here, we will provide an overview of the applications of MS-based proteomics

in various areas of chromatin biology.
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Epigenetic features, which include DNA
methylation, nucleosome positioning and
histone post-translational modifications
(hPTMs), play a critical role in the regu-
lation of gene activity and nuclear archi-
tecture, ultimately defining the fate of the
different cell types of an organism starting
from the same DNA sequence by determin-
ing the way genetic information is used in
differentiated cells. In eukaryotes, DNA
compaction depends on chromatin, a mac-
romolecular complex composed of nucleo-
somes, which consist of 147 bp of DNA
wrapped around a protein core formed by
one histone H3-H4 tetramer and two his-
tone H2A-H2B dimers. Histones contain
a variety of dynamic and reversible PTMs.
The type, location and combination of such

modifications contribute to regulate the
underlying DNA by affecting chromatin
configuration and accessibility and by gen-
erating binding sites for the recruitment
of protein complexes that mediate down-
stream events [1.2]. Such effector proteins,
which translate the information encoded
by the modification patterns into specific
biological outcomes, are known as chroma-
tin ‘readers’, while the enzymes responsible
for placing and removing the hPTMs are
known as ‘writers’ and ‘erasers’, respectively.
In addition, histone variants — namely,
histones encoded by separate genes and
characterized by distinct sequences and
functionality — are locally enriched at dis-
tinct chromatin regions and also influence
chromatin-related processes [3.4].
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Current DNA sequencing technologies have enabled
the comprehensive genomic mapping of various fea-
tures of the epigenome, including DNA and histone
modifications, nucleosome positioning and higher
order chromatin structures. However, it is essential
not only to determine where in the genome epigen-
etic modifications are occurring, but also to under-
stand how they exert their biological functions. Mass
spectrometry (MS) provides data complementary to
high-throughput genomics, and as such has gained
an increasingly important role in epigenetic research.
The recent advent of high-resolution MS has further
increased the impact of MS-based hPTM analysis by
allowing the discrimination of near-isobaric modifica-
tions, either singly or in combinations, while the intro-
duction of different chemical and metabolic labeling
strategies has enabled the accurate quantitation of
modifications as well as protein levels, which have
been exploited for both basic and clinical research.

In this review, we will provide an overview of the
contributions of MS-based proteomics to the epi-
genetics field, focusing on three main aspects: iden-
tification and quantitation of hPTMs, identification
of chromatin constituents and chromatin-associated
proteins, and clinical applications, including epigen-
etic biomarker discovery and target deconvolution of
epigenetic drugs (Figure 1).

Analysis of hPTMs
In recent years, MS has become an invaluable tool for
the identification and quantitation of hPTMs. In MS,
PTMs are first identified by detecting a ‘delta-mass’
(Am) between the theoretical and experimentally mea-
sured masses of a peptide and then their exact posi-
tion is assigned by MS/MS fragmentation. This allows
the characterization of single modifications as well as
their combinations without requiring a priori knowl-
edge of the modification site or type. In addition to
its unbiased nature, MS offers several other advan-
tages over traditional antibody-based methods, such
as immunoblotting (WB), immunofluorescence (IF)
and immunohistochemistry (IHC): it offers a compre-
hensive view of histone modification patterns, it can
detect combinations of modifications and does not
suffer from the cross-reactivity and epitope masking
(poor efficiency to detect a modification when another
one is present nearby) effects typically associated with
antibody-based assays.

While referring to a more specialized review [s] for
a detailed description of MS-based hPTMs analysis,
we will offer here an conceptual overview of MS-
based approaches to identify and quantitate hPTMs,
together with some examples on how they contributed
to the epigenetics field.

Identification of hPTMs & their combinations
Three main MS-based analytical strategies can
be used to identify hPTMs in biological samples:
bottom—up, middle—down and top—down approaches.
In bottom—up approaches, MS histones are enzymati-
cally digested into peptides prior to MS analysis and
separated in an LC/MS set up with reversed-phase
HPLC, using gradients adapted to the highly hydro-
philic nature of histones [6]. This chromatographic step
allows the separation of very complex peptide mix-
tures prior to MS analysis and is particularly impor-
tant when analyzing hypermodified proteins such as
histones, where the identification and quantitation of
isobaric peptides often relies on the ability to chro-
matographically separate them. Due to the elevated
presence of basic residues in the histone sequences,
trypsin (which cuts at positively charged Lys and Arg
side chains) produces peptides that are too small to be
easily detected by LC-MS. Therefore Arg-C, which
specifically cleaves at the C-terminal of arginine resi-
dues, is usually the protease of choice for bottom—up
studies [7]. Although Arg-C does not perform well
when used in in-gel digestions, Arg-C-like digestions
can be obtained starting from gel bands by chemically
alkylating unmodified and mono-methylated lysines
with agents that impair trypsin digestion at lysine sites,
such as propionic or deuterated acetic anhydride [s-11].
Other advantages of chemical alkylation include
changes in the molecular weight and hydrophobicity
of the alkylated peptides — and, as a consequence, in
their retention time during HPLC separation — which
can be exploited to better discriminate isobaric species.
For instance, the methylated forms of histone H3 pep-
tide 27-40 can be easily distinguished after deuterated
acetic anhydride derivatization [12]. In addition, chem-
ical derivatization can improve HPLC retention and
detectability for very short peptides, as recently shown
for histone H3 peptide 3-8 [13].

A peptide-centric strategy such as bottom—up,
however, is not ideal when analyzing co-occurring
histone modifications that may be distant from each
other in the protein sequence. As an alternative, intact
histones or large protein fragments can be analyzed
by top—down or middle—~down MS approaches [14],
respectively, which provide a more complete view on
the proteoforms present in a sample. In top—down,
intact histones are chromatographically separated
and directly analyzed, while in middle-down long
histone peptides (>5 kDa) are obtained through enzy-
matic digestion with endoproteases that cleave at less
frequently occurring residues, such as Glu-C and
Asp-N, and are usually separated using weak-cation
exchange combined with hydrophilic interaction lig-

uid chromatography (WCX-HILIC) [15]. One of the
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Figure 1. Applications of MS-based proteomics approaches in different areas of chromatin biology.
hPTM: Histone post-translational modification; MS: Mass spectrometry; PTM: Post-translational modification.

major challenges in MS-based hPTM analysis is the
ability to distinguish isobaric species (peptides carry-
ing the same modification(s), but on different posi-
tions), a problem that becomes more relevant for the
larger molecules analyzed in middle— and top—down.
Using these approaches, isobaric species are often co-
isolated and fragmented at the MS/MS level, and as
a consequence they cannot be discriminated. Another
issue related to top— and middle—~down approaches is
that long peptides have much wider charge state distri-
butions than bottom—up peptides, which reduces the
overall signal intensity of each charged state. This sen-
sitivity issues may be partially solved for middle—down
strategies by prefractionation of the digestion prod-
ucts. However, top— and middle—down approaches are
fundamental to detect long-range PTM associations
and enabled to uncover a long-distance link between
methylation and acetylation on histone H3 and H4
N-terminal tails [16,17]. Different MS strategies have
also been used in parallel to take advantage on the one
hand of the unambiguous PTM identification obtain-
able with bottom—up methods and on the other hand
of the more global view of PTM occupancy offered
by top— and middle—down. For instance, the effects
of the knockdown of the lysine methyltransferase G9a
and its interaction partner Glpl on the most abun-
dant histone H3 PTMs were analyzed by bottom-—
up and middle-down MS (18], while a combination
of top—down and bottom-up approaches were used
to dissect the hPTM pattern of linker histone H1 in
Drosophila melanogaster 19).

Thanks to these diverse approaches, MS has signifi-
cantly expanded the list of existing hPTMs and their
combinations [20]. For example, histone H4R3mel was
initially discovered by MS and was then linked to tran-
scriptional repression associated with the protein argi-
nine methyltransferase PRMT1 [21]. A gene regulation
role for modifications not located on histone tails has
also been described thanks to MS-approaches, such
as the discovery of H3R42 as a new methylation site
that positively affects transcription [22]. Remarkably,
MS-based studies helped uncover completely novel
types of modifications, including O-GIcN acetylation
and lysine propionylation, butyrylation, formylation,
succinylation and malonylation [23-27].

hPTM quantitation

An accurate quantitation of the various modified forms
of histone peptides is often as essential for the charac-
terization of a biological sample as their identification.
Different MS-based strategies have been used to com-
prehensively and accurately quantify hPTMs (reviewed
in 5]). Label-free analysis of histones involves the direct
comparison of unlabeled samples through ion inten-
sity-based quantitation, where the raw abundance of
each modified peptide is obtained using MS-extracted
ion chromatograms (XICs). Isobaric peptides that can-
not be chromatographically separated can be quanti-
tated based on the relative ratios of fragment ions at the
MS/MS level [28.29]. Label-free strategies have been used
in bottom—up [30-33] (see below) as well as middle— and
top—down studies. For instance, label-free was used in
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combination with a middle-down approach to dem-
onstrate that nucleosomes are asymmetrically modified
with respect to H3K27 di-/tri-methylation and H4K20
methylation [34].

Histones can also be quantified by iz vivo meta-
bolic labeling, for instance by stable isotope labeling
by amino acids in cell culture (SILAC), where up to
three cell populations are labeled with isotope-encoded
amino acids that are distinguishable by MS [3s].
SILAC-labeled cell populations can be combined at
a very early stage of the MS-proteomics workflow,
reducing the experimental variation due to sample
preparation and improving quantitation accuracy.
SILAC was employed to quantify hPTMs in several
studies addressing modification dynamics during the
cell cycle (3637], nutrient-induced cell cycle re-entry
from quiescence [38], chromatin maturation [39] and
hPTM cross-talk [40]. Modified versions of the SILAC
approach employ histones from a reference cell line [41]
or a pool of representative cell lines [42.43] (which rep-
resents a histone-focused version of the super-SILAC
approach [44]) as a spike-in standard to which the dif-
ferent biological samples can be compared. Differently
from classical SILAC, these approaches can be used to
analyze any number of samples and also allow studying
samples that cannot be metabolically labeled. Spike-in
approaches have been used to dissect the hPTM pat-
terns in breast cancer cell lines [41], to profile global his-
tone modifications in human cancers [42] and, recently,
to detect differences among breast cancer subtypes in
primary samples (see also below) [43]. Another varia-
tion of SILAC, heavy methyl SILAC (hmSILAC) [4s],
allows one to discriminate true methylations from other
isobaric modifications or amino acid substitutions,
thus increasing the confidence in the identification of
methylations at lysine and arginine residues. While for
quantitative studies addressing hPTM changes among
functional states both SILAC and label-free techniques
can be used, SILAC is the method of choice for pulse
experiments. For instance, hmSILAC was employed to
study H3K9me3 turnover in pericentric chromatin [46]
and to globally profile the turnover of histone lysine
methylation [47]. The progression of H3K79 meth-
ylations through the cell cycle was also carried out
through a combination of standard and heavy methyl-
SILAC in pulse-chase experiments [48], while classical
SILAC was used to profile both histone variants and
hPTMs [49].

Another labeling strategy that can be exploited for
hPTM quantitation relies on chemical derivatization.
Samples in different functional states are either left
unlabeled or labeled using deuterated acetic or propi-
onic anhydride, which allows to distinguish them by
MS when mixed in a 1:1 ratio, similarly to metabolic

labeling [s0]. An interesting application of a quantita-
tive SILAC approach combined with chemical label-
ing of histone and nonhistone proteins to quantify
acetylation stoichiometry has recently been used to
analyze acetylation dynamics in distinct subcellular
compartments [51].

Finally, hPTMs can also be quantitated using MS-
targeted approaches [s2], which are particularly useful
to reproducibly and quantitatively analyze a set of pep-
tides known a priori across multiple samples. When
synthetic isotope-labeled peptides are employed as
internal standards, targeted approaches can be used for
the absolute quantitation of histones and their PTMs.
This type of approach has been employed to analyze
H2B ubiquitination (53] and to determine the absolute
abundance of 42 histone-modified peptides in cancer
cell lines [s4]. Recently, a library of 93 synthetic Pro-
tein-Aqua™ peptides was used to analyze hPTMs in
histones H3, H4 and H2A. This study highlighted
how the presence of PTMs can affect peptide MS-
based detection, thus biasing the calculation of their
relative intensity, and provided a useful resource to cor-
rect for detection biases [55]. MS-targeted approaches
were also recently applied on a high-resolution MS
spectrometer to analyze and quantify hPTMs in a
label-free manner [s6].

Histone variants

With the exception of histone H4, histones have
genetically encoded variants that often show differ-
ences in expression patterns, in the enrichment at spe-
cific genomic regions or cell-cycle phases and in their
PTM signatures [3], thus mediating different chroma-
tin-related processes. Aberrations in the deposition of
histone variants have been linked to various diseases,
including cancer [457). Due to their limited sequence
differences, identifying some variants is particularly
challenging using conventional antibody-based meth-
ods. Top—down and middle-down approaches have
been used to characterize all canonical histones [14,58],
including histone HI variants [59], 12 unique H2A
sequences (60,61] and H3 variants from human, rat and
yeast, which were found to have interesting differences
in their PTM profiles [14]. A combination of top—down
and middle—down was also applied to study histone
H2B and H3 N-terminal tail clipping (the proteo-
lytic cleavage of histone N-terminal tails), revealing
different hPTMs in intact and clipped histones [62].
Although bottom—up analysis of variants that have
very limited sequence differences is challenging, this
type of approach has also been used to characterize
and even discover new histone variants from different
organisms [6]. For instance, the very similar histone
variants H3.1 and H3.3 were distinctly characterized
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thanks to one amino acid difference in peptide 27-40,
which was sufficient to distinguish them by MS (e3].

Identification of chromatin-associated
proteins

Chromatin-mediated functions are exerted through the
involvement of chromatin-associated proteins, which
comprise enzymes able to modulate the histone-code
(like writers and erasers), DNA-binding proteins (such
as transcription and replication factors) and chromatin
remodelers that bind to the DNA and regulate gene
expression and other DNA functions. All together
these proteins constitute the chromatin proteome, or
‘chromatome’ [64], whose dissection is fundamental in
order to acquire insights into the higher-order struc-
tures and functions of chromatin. Characterizing thor-
oughly the chromatome is not trivial, as many proteins
are transiently associated to chromatin or present at
low abundance, such as transcription factors. A further
level of complexity is represented by the existence of
protein variants, isoforms and different post-transla-
tional modified forms. In recent years, MS — coupled
with strategies to both decrease sample protein com-
plexity and enrich for chromatin components, histone
readers or locus-specific regions — has greatly contrib-
uted to the dissection of the chromatin-associated
proteome (Table 1) [65].

Chromatin constituents
A first level of characterization of the chromatome con-
sists in determining which proteins constitute chro-
matin. Different enrichment protocols have been pro-
posed in the last 10 years but a ‘gold standard” method
to map the chromatin proteome still does not exist
and the choice of the protocol depends on the down-
stream application [106]. The first reported chromatin
purification strategy took advantage of the of insolu-
bility of chromatin in nonionic detergents, leading to
the identification and quantitation of 282 differen-
tially expressed transcription factors and chromatin
regulators in c-Myc-expressing and non-expressing
human-B lymphocytes [66]. More recently, a number of
modified procedures to obtain chromatin pellets have
been reported that employ different detergents [67.68],
acid, salt or DNasel extraction to improve purification
efficiency [69-71]. For instance, the recently proposed
differential chromatin-associated proteins (D-CAP)
approach allowed identifying proteins that are differen-
tially associated with chromatin during differentiation,
unraveling the role of SMARCDIL in the restriction of
pluripotency and activation of differentiation pathways
through the regulation of H3K27 methylation [72].
Contrarily from the methods described above, the
recently developed chromatin enrichment for pro-

teomics (ChEP) strategy enriches chromatin on the
basis of its propensity to be cross-linked rather than
solubility, and was used to obtain a comprehensive
inventory of interphase chromatin-associated pro-
teins [73,74]. The cross-linking step minimizes the loss
of transiently binding chromatin factors and allows for
more stringent washes, thus reducing the risk of puri-
fication artifacts. Although very promising, ChEP also
has limitations, such as the inability to follow local
changes in the protein abundance as a consequence of
protein re-localization in specific chromatin regions
and the fact that not all chromatin components may
be fixed by formaldehyde. Chromatin constituents can
also be characterized at the PTM level, as recently done
by the phosphorylation specific-chromatin affinity
purification (PS-ChAP) to monitor phosphorylation
changes following activation or inhibition of global
transcriptional patterns [75].

Chromatin readers

Modified histones serve as scaffolds for binding of
regulatory proteins that translate hPTM:s into a physi-
ological response. A typical experimental set-up used
to identify histone readers relies on pull-downs using
peptides bearing a specific modification, followed by
MS analysis. This strategy has evolved from the analy-
sis of single gel bands [76,77] to more sophisticated and
quantitative versions employing SILAC labeling [78.79]
or the BAC-GFP transfenomics technology [so], which
allowed the identification of trimethyl-lysine inter-
actors. H3K4me3 readers were also analyzed using a
chemical proteomics approach, cross-linking-assisted
SILAC protein identification (CLASPI), which adopts
a photo-cross-linking-based peptide probe to covalently
stabilize labile interactions [81].

The three-dimensional organization of chromatin,
the cross-talk among hPTMs and DNA methylation
all contribute to the recruitment of chromatin read-
ers. To take into account this complex environment,
recombinant mono-nucleosomes bearing specific com-
binations of histone methylations or methylation on
cytosine at CpG dinucleotides have been used as bait
in SILAC nucleosome affinity purification (SNAP) as
an alternative to isolated modified histone tail pep-
tides (82]. Using a similar approach, recombinant uni-
formly modified oligo-nucleosomes in conjunction
with SILAC-based quantitative MS led to the identi-
fication of specific readers of the prototypic H3K4me3
and H3K9me3 peptides and of H2BK120ubl [83,84].

DNA readers can also be identified in pull-down
experiments using DNA sequences as bait. For instance,
a one-step affinity purification from SILAC-labeled
extracts was used to identify methyl CpG-binding
proteins (85] and readers of 5-methylcytosine (mC) and
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Table 1. Mass spectrometry-based strategies to dissect chromatin-associated proteins.

Approach

Proteomic analysis of the chromatin
pellet

D-CAP (differential chromatin-associated
proteins) and similar approaches

ChEP (chromatin enrichment for
proteomics)

PS-ChAP (phosphorylation
specific-chromatin affinity purification)

Peptide pull-down

CLASPI (cross-linking-assisted SILAC
protein identification)

SNAP (SILAC nucleosome affinity
purification) and similar approaches

DNA reader affinity purification

mChIP (modified chromatin
immunoprecipitation)

ChroP (chromatin proteomics) and
similar approaches

ChIP-MS (chromatin-interacting
protein-mass spectrometry)

iPOND (proteins on nascent DNA) and
NCC (nascent chromatin capture)

PICh (proteomics of isolated chromatin)

Minichromosome affinity purification

ChAP MS (chromatin affinity purification
with MS)

CRISPR-ChAP-MS (clustered regularly
interspersed short palindromic repeats
ChAP-MS)

enChIP-MS (engineered DNA-binding
molecule-mediated chromatin
immunoprecipitation coupled with MS)

Related paragraph

Chromatin constituents

Chromatin constituents

Chromatin constituents

Chromatin constituents

Chromatin readers

Chromatin readers

Chromatin readers

Chromatin readers

Chromatin readers

Chromatin readers

Chromatin readers

Chromatin readers

Locus-specific
chromatin-interacting
proteins

Locus-specific
chromatin-interacting
proteins

Locus-specific
chromatin-interacting
proteins

Locus-specific
chromatin-interacting
proteins

Locus-specific
chromatin-interacting
proteins

Purification strategy

Insolubility of chromatin in
nonionic detergents

Acid, salt or DNasel extraction
of chromatin

Chromatin propensity to be
cross-linked
Mononucleosome and
thiophosphorylation affinity
enrichment

Bait: peptides bearing a
specific hPTM/sequence

Bait: photo-cross-linking-
based peptide probe

Bait: recombinant mono- and
oligo-nucleosomes bearing
combinations of DNA and/or
histone methylations

Bait: DNA sequences

Bait: TAP-tagged histone
variants or chromatin-binding
proteins

Bait: antibodies against hPTMs

Bait: biotinylated protein

Bait: EdU- or dUTP-labeled
nascent DNA

Bait: DNA probe
complementary to telomeric
repeats

Bait: immobilized-Lac
repressor

Bait: LexA- or TAL-protein A
fusion proteins

Bait: Cas9-Protein A fusion
proteins

Bait: FLAG tagged TAL or Cas9

EdU: 5-ethynyl-2'deoxyuridine; hPTM: Histone post-translational modification; MS: Mass spectrometry.

Ref.
[66-68]

[69-72]

[73,74]

(75]

[76-80]

(81]

[82-84]

(88-92]

[93]

[94-96]

[97,98]

(100,101]

(102,103]

[104,105]

5-hydroxymethyl-cytosine (hmC), two oxidative cyto-
sine to which distinct biological roles were ascribed
based on the results of this study [s6).

Alternative approaches to study chromatin readers
are based on the use of antibodies raised against a spe-
cific hPTM, histone variant or chromatin-associated

protein, which allow investigating chromatin inter-
actors in more physiological conditions. In the last

10 years, the chromatin immunoprecipitation strategy

combined with massively parallel DNA sequencing
(ChIP-seq) allowed studying the genome-wide local-
ization of a specific chromatin determinant with a high
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resolution. The availability of well-established proto-
cols and reagents for this genomic approach, together
with the technological improvements in MS have
paved the way for the development of ChIP strategies
coupled to proteomic approaches. Such strategies allow
the identification and quantitation of hPTMs, variants
and chromatin-binding proteins enriched after immu-
noprecipitation of a specific chromatin determinant.
The first successful example of this type of strategy is
represented by the modified ChIP (mChIP) approach,
where TAP-tagged versions of the budding yeast Hea2p
(the ortholog of mammalian H2A) and Hezlp (H2A.Z
in mammals) were expressed in Saccharomyces cerevisae,
leading to the reconstruction of the network of their
chromatin-associated proteins [87]. The lack of quan-
titative information obtainable through this approach
was overcome in the chromatin proteomics (ChroP)
strategy, which combines SILAC-based quantitative
proteomics with ChIP to obtain a comprehensive view
of histone modification, variants and interacting pro-
tein associated with a specific hPTM through a single
immunoprecipitation experiment [88]. Variations of
this type of approach were recently used to identify
proteins associated with the genomic regions marked
by different histone variants [89] or by histones modi-
fied on specific lysines [90]. A similar strategy was also
exploited to study the cofactors and transcription fac-
tors associated with hormone receptors in breast cancer
using the rapid immunoprecipitation mass spectrom-
etry of endogenous proteins (RIME) approach, which
consists of an antibody-based affinity purification of
chromatin in cross-linking conditions, followed by on-
bead digestion and MS analysis (see also below) (91.92].

A number of other approaches were developed for
the in vivo tagging of endogenous proteins or DNA.
The first example is the chromatin-interacting pro-
tein MS (ChIP-MS), where biotinylated forms of two
male-specific lethal (MSL) proteins were expressed
in D. melanogaster [93). This approach allowed the
proteomic dissection of MSL-bound hPTMs and
chromatin-bound proteins after streptavidin affin-
ity purification. Similarly, proteins associated with
nascent DNA at replication forks were investigated
through the isolation of proteins on nascent DNA
(iPOND) strategy, where newly synthesized DNA
is labeled with the thymidine analog 5-ethynyl-

2'deoxyuridine (EdU) [94]. The nascent chromatin
capture (NCC) represents a refined and SILAC-based
version of this approach, where the replicating DNA
is labeled with biotin-dUTPs. This strategy was used
to determine the chromatin dynamics of approxi-
mately 4000 proteins during DNA replication [95] and
to investigate how histone marks propagate through
the cell cycle (96).

Differently from pull-down strategies, antibody-
based approaches point toward the proteomic charac-
terization of enriched native chromatin marked by a
common determinant; however none of these proce-
dures describe the chromatome at a specific genomic
locus.

Locus-specific chromatin-interacting proteins

The major hurdle in the dissection of a locus-specific
chromatome is the isolation of a genomic locus and
associated proteins in sufficient quantity and purity
to allow the identification of bound proteins by MS.
The first approach addressing this aspect was the pro-
teomics of isolated chromatin (PICh), which employs
a nucleic acid probe to specifically isolate telomeric
DNA, thus allowing the characterization of the telo-
meric chromatome [97,98]. This approach represented a
breakthrough in the field and stimulated the develop-
ment of other proteomics-based strategies for the iden-
tification of locus-specific determinants. For instance,
proteins associated with the origin of replication were
identified by purifying a LacO-tagged mini-chromo-
some from whole cell extract of S. cerevisiae during
specific phases of the cell cycle [99]. The chromatin
affinity purification with mass spectrometry (ChAPD-
MS) strategy allowed a more focused analysis of pro-
teins associated with a single genomic locus. In first
generation ChAP-MS a LexA DNA affinity handle
was engineered upstream of the GALI gene and the
locus was enriched under transcriptionally active as
well as repressive conditions [100]. The second gen-
eration ChAP-MS relied on the engineering of the
transcription activator-like (TAL)-protein A fusion
protein (TAL-PrA) in order to enrich the GALI locus
(TAL-ChAP-MS) [101]. Recently, techniques based on
molecules able to bind to a specific DNA sequence
that are generated by engineering its DNA-binding
recognition motif have been developed. Among them,
the clustered regularly interspersed short palindromic
repeats (CRISPR) system is a flexible and cost-effec-
tive strategy based on a catalytically inactive Cas9
(dCas9) and a small guide RNA (gRNA) [102]. This
system was recently adopted in the third generation
ChAP-MS, which uses a tagged dCas9 and guides
the complex to a specific genomic locus by engineer-
ing the gRNA (CRISPR-ChAP-MS) [103]. Through
a similar approach, the engineered DNA-binding
molecule-mediated chromatin immunoprecipitation
coupled with MS (enChIP-MS) used the CRISPR
system to efficiently isolate specific genomic regions
EnChIP-MS

was also employed to isolate of telomere-binding pro-

retaining molecular interactions [104].

teins by using a TAL protein recognizing telomere
repeats [105].
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RNA-associated proteins

Increasing evidence supports the notion that gene
expression is regulated by a complex interplay among
mRNAs, ncRNAs and RNA-binding proteins (RBDs),
which all together constitute a multitude of ribonucleo-
protein complexes (RNPs) [107.108]. RNA—protein inter-
actions may be unraveled through protein-centric or
RNA-centric approaches, where RNPs are enriched by
using either a specific RBP or RNA, respectively [109].
Protein-centric strategies like RNA immunoprecipita-
tion (RIP) and UV cross-linking and immunoprecipi-
tation (CLIP) based methods usually associate immu-
noprecipitations with deep sequencing to identify
RNAs belonging to a specific RNP, but have also been
used in combination with MS analysis. One example
is the photoactivatable-ribonucloside enhanced CLIP
(PAR-CLIP) approach, through which a large number
of proteins without a predicted RNA-binding domain
were identified as RBPs [110,111].

RNA-centric approaches aim at identifying the
protein complexes associated to an RNA of interest.
Quantitative MS was used in combination with RNase
treatment of affinity-purified RNA—protein complexes
to identify proteins that bind to RNA concurrently
with an RBP of interest, like Pabl, Nab2 and Puf3 [112],
while a workflow combining UV-based stabilization
of RNA-protein interactions, high-resolution MS
and automated MS spectra analysis was employed to
identify both the cross-linked amino acid and RNA
moiety, leading to the discovery of specific RNA inter-
action sites on proteins [113]. Different RNA-centric
biochemical approaches (reviewed in [114]) have also
been developed to study the function of long noncod-
ing RNAs (IncRNAs), which can regulate gene expres-
sion by guiding protein complexes to target genes and
by serving as scaffold for RNP assembly or as decoy to
sequester away regulatory proteins [115]. For instance,
the Chromatin Isolation by RNA Purification (ChIRP)
protocol was adapted to MS analysis and led to the
identification of 81 proteins that bind the IncRNA Xisz,
which is essential for X chromosome inactivation [116].
Using a similar approach, numerous proteins interact-
ing with NEAT1 and MALAT1 ncRNAs were isolated
by combining the capture hybridization analysis of
RNA targets (CHART) approach with MS [117]. Xisz
was also investigated in a recent study that combined
RNA antisense purification and high-resolution MS to
identify direct Xist interactors during the initiation of
X chromosome inactivation [118].

Applications in clinical epigenetics

Altered gene expression caused by aberrant regula-
tion of chromatin structure and function can lead to
the development of various pathologies. In particular,

alterations in histone modification patterns have been
linked to many diseases [119]. For instance, histone
hypoacetylation has been observed in neurological dis-
orders, including ALS, Parkinson’s and Huntington’s
diseases and Friedreich’s ataxia, while increased levels
of H3K9me2 have been found in lymphocytes from
Type-1 diabetes patients. Various aberrations in hPTM
levels have also been observed in cancer. For instance,
decreased acetylation of histone H4 and of H4K20me3
is generally found in different types of cancer [30],
while changes in the levels of other histone marks,
including H3K4me3, H3K9mel and H3K27me3 have
been linked with specific tumors [119]. Acetylation and
methylation patterns in histone H3 and H4 correlate
with disease progression and clinical outcome in dif-
ferent tumors [120,121], highlighting the potential of
hPTM signatures as biomarkers useful for diagnostic,
prognostic and therapeutic patient stratification.

Alteration of histone acetylation and methylation
levels is mainly caused by aberration of the activity
or expression of histone-modifying enzymes, such as
histone deacetylases, methyltransferases and demeth-
ylases [122]. Targeting these enzymes for therapeutic
purposes is gaining increasing attention and many
epigenetic drugs are already approved or are currently
being evaluated in clinical trials for the treatment of
different forms of cancer [123]. Below, we discuss the
contribution that MS-based approaches can provide
to two important areas of clinical epigenetics: epigen-
etic biomarker discovery and target deconvolution of
epigenetic drugs.

Identification of epigenetic biomarkers
Genome-wide techniques are providing an increasingly
detailed knowledge regarding aberrant DNA methyla-
tion in disease, which could be exploited for biomarker
discovery [124]. Recent advances in MS-based hPTM
analysis, together with the growing evidence regard-
ing an epigenetic involvement in various diseases, has
prompted the application of MS strategies — in addi-
tion to genomic approaches — to epigenetic biomark-
ers discovery. In a seminal study, bottom—up MS in
combination with other techniques led to the discovery
of H4K16 acetylation and H4K20 trimethylation as
histone marks decreased in cancer cells [30]. Bottom—
up MS approaches were also used to identify H3 and
H4 histone marks associated with cigarette smok-
ing [32] and with the grade of invasiveness in esophageal
squamous cell carcinoma [33].

Histone H3 and H4 hypoacetylation was investi-
gated through a bottom—up approach in splenocytes
from a mouse model of lupus compared with control,
identifying differentially expressed modifications
such as H3K18 and H4K31 methylation and H4K31
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acetylation [125]. [z vivo administration of the histone
deacetylase inhibitor trichostatin A (TSA) corrected
these differences and improved the disease phenotype,
thus establishing an association between altered his-
tone modification patterns and the pathogenesis of
lupus. A label-free approach was used to profile his-
tone modification patterns in 24 normal and cancer
cell lines, providing a proteomic atlas that could be
potentially used to classify cancer cells based on their
histone modification landscape [31]. In particular, an
enrichment of H3K27mel was observed in breast
cancer cell lines and, accordingly, knockdown of the
main H3K27 methyltransferase (EZH2) significantly
reduced tumor growth in a mouse mammary xeno-
graft model. These studies demonstrated the predic-
tive power of MS-based techniques and support the
possibility to exploit MS-derived epigenetic biomark-
ers to design epigenetic therapies. Another potential
epigenetic biomarker found in breast cancer that was
discovered by MS is phosphorylation of T146 of his-
tone H1, which correlates with tumor grade [126]. The
role of H1 proteoforms in breast cancer was further
investigated in a top—down study, demonstrating dif-
ferences in the phosphorylation of H1 variants H1.2
and H1.4 through the cell cycle [59). Top—down MS
also helped in characterizing combination of meth-
ylations and acetylations on full-length histone H3
from human cell lines derived from multiple myeloma
patients overexpressing of the histone methyltransferase
MMSET p27].

A super-SILAC-based, high-information-content
MS approach was employed to profile global histone
modifications in 115 cancer cell lines, identifying a
chromatin signature containing increased H3K36me2
in cell lines harboring mutations in the methyltrans-
ferase NSD2, which hence emerged as a potential
therapeutic target for pediatric acute lymphoblas-
tic leukemia [42]. We also used a spike-in SILAC
approach [41] to compare modifications occurring in
breast cancer relative to normal cells. We identified
hPTM changes already known to occur in cancer,
as well as previously unknown PTM variations, such
as the increase of H3K4mel and H3K27me2/3 and
the decrease of H3K9me2. More recently, we gener-
ated a super-SILAC histone mixture to be used as an
internal standard in a histone-focused version of the
super-SILAC approach to study breast cancer primary
samples [43]. We combined this super-SILAC strategy
with the PAT-H-MS (pathology tissue analysis of his-
tones by mass spectrometry) approach, which allowed
for the first time to dissect hPTM patterns from for-
malin-fixed paraffin-embedded (FFPE) tissues. By
analyzing breast cancer samples, we revealed signifi-
cant changes in histone H3K9me3, K36mel/me2 and

K27me3 marks in tumors belonging to two distinct
disease subtypes with different prognosis, the Luminal
A-like and the more aggressive Triple Negative breast
cancer [43]. These data may suggest candidate epigen-
etic targets for the treatment of Triple Negative breast
cancers. The development of this method represents
an important step for the epigenetic analysis of clinical
samples and paves the way for large retrospective epi-
genetic studies that combine the power of MS-based
hPTM analysis with the extensive clinical information
associated with FFPE archives, which has been previ-
ously hindered by technical limitations. By using the
same super-SILAC approach, we analyzed a panel of
breast cancer cell lines and primary breast cancer cells
that are either sensitive or resistant to four HDAC
inhibitors with different specificities, revealing hPTM
signatures associated with the cellular response to the
drugs and pinpointing the marks affected by HDAC
inhibitors targeting different members of the HDAC
family (unpublished observations). Interestingly, in
a recent study, the pan-HDAC inhibitor SAHA was
found to increase the levels not only of acetylated, but
also butyrylated histones, in neuroblastoma, possibly
identifying candidate biomarkers for the use of SAHA
for new clinical indications [128].

MS-based strategies to dissect chromatin-associated
proteins can also contribute to the discovery of non-
histone biomarkers and the understanding of their
mechanisms. One example is represented by GREBI,
a potential clinical biomarker linked with good clini-
cal outcome in breast cancer with previously unknown
functions, whose key role as an estrogen-specific estro-
gen receptor (ER)-associated protein was uncovered by
analyzing the ER interactome [91]. The same approach
was also used to investigate the proteins associated
with the progesterone receptor (PR), revealing that
activated PR functions as a proliferative brake that
controls the binding of ER to chromatin and its tran-
scriptional activity, with important implications for
therapy and prognosis [92].

As an alternative to LC-MS-MS analysis, MALDI
imaging has gained much attention for biomarker dis-
covery [129]. MALDI imaging MS combines MS abil-
ity to analyze complex mixtures with the capability
of obtaining a spatial distribution of proteins within
biological samples through the analysis of thin sections
of tissue that have been spray-coated or micro-spotted
with MALDI matrix. Recently, whole cell MALDI MS
biotyping, which analyzes whole cells homogenized in
a solvent/ MALDI matrix mixture, and MALDI imag-
ing were used to follow histone acetylation changes
during treatment with HDAC inhibitors in gastroin-
testinal cancer cells and mouse tissue, respectively [130].
In addition, protein patterns obtained by MALDI
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imaging were combined with LC-MS/MS information
to compare hepatocellular carcinoma samples with and
without microvascular invasion, which represents a
major risk factor in postoperative mortality and tumor
recurrence in hepatocellular carcinoma [131].

Target deconvolution of epigenetic drugs
Knowledge of the full spectrum of proteins interact-
ing with small molecule inhibitors is crucial to iden-
tify in the early phases of drug development off-targets
responsible for side effects and to possibly lead to the
identification of additional targets that could suggest
alternative applications of the inhibitor. This level of
compound characterization has been technically unfea-
sible until the advent of MS-based target deconvolution
methods. Chemoproteomics (or chemical proteomics)
consists of an affinity chromatography purification fol-
lowed by MS analysis. A bioactive molecule of interest,
which is immobilized on a resin or is chemically con-
jugated to an affinity moiety, such as biotin, is used as
an affinity probe to isolate from cell extracts and then
identify by MS all the proteins that are bound to the
probe [132,133]. False-positive targets can be identified
using different strategies, the most common of which
consists in competition-binding experiments, where
the affinity probe is incubated with the cell extract in
the presence or absence of the unmodified compound.
In this experimental set-up genuine targets show sig-
nificantly reduced binding to the resin in the presence
of the competitor compared with vehicle control, while
nonspecific binders are not affected by the presence of
the soluble compound. When coupled with SILAC or
isobaric labeling tags, IC, and K values can be pre-
cisely calculated for all the identified targets of a given
drug. This approach has been successfully applied to a
number of small molecule inhibitors, including epigen-
etic drugs. In particular, a combination of affinity cap-
ture and quantitative MS was used to study the selec-
tivity of 16 HDAC inhibitors, providing information
not only regarding individual target proteins, but also
native Megadalton protein complexes [134], a type of
characterization that is uniquely attainable through MS
techniques. Interestingly, results obtained with native
drug target complexes deviated from values obtained
using recombinant enzymes and indicated a certain
degree of selectivity for some inhibitors. HDACs were
also investigated through active site-directed chemi-
cal probe profiling (ABPP), which employs a reactive
probe that binds covalently to a target protein active
site, allowing to profile the activity state of HDACs
and of their neighboring interactors [135].

The nuclear complexes associated with the ubiqui-
tously expressed BET (bromodomain and extra ter-
minal) family of proteins were investigated through a

combined proteomics approach that included the tar-
get deconvolution of a BET inhibitor by chemical pro-
teomics, immunoprecipitation with selective antibod-
ies against the BRD2/3/4 family members and pull
downs with bead-immobilized histone H4 acetylated
peptides. This multi-tier proteomic strategy led to the
discovery as BET-associated complexes of the super
elongation complex (SEC) and the polymerase-associ-
ated factor complex, which are crucial for malignant
transformation by MLL fusions. These results set the
basis for therapeutic intervention with a BET inhibi-
tor in MLL-fusion leukemia, a disease with currently
limited treatment options [136].

While target deconvolution by chemoproteomics
represents a valuable tool in classical target-based
drug discovery, it is a truly essential step in phe-
notypic drug discovery, where compound libraries
are screened using phenotypic/mechanistic read-
outs, leading to the discovery of hits for which the
molecular targets are unknown. Proteomics target
deconvolution of compounds identified through phe-
notypic screens based on their ability to upregulate
apolipoprotein A-I led to the discovery of BET bro-
modomain targets, identifying for the first time this
class of proteins as tractable targets [137.138]. Similar
strategies were used to find the targets of compound
hits identified in phenotypical screens based on the
inhibition of a cell-based PB-catenin-dependent tran-
scriptional reporter [139] or B-catenin/TCF-dependent
transcription [140].

The major drawback of chemical proteomics meth-
ods is the requirement for the synthesis of functional-
ized analogs suitable for binding to beads, which is often
the rate-limiting step of these procedures. Recently, a
proteomic-based method for target deconvolution that
overcomes this limitation has been proposed [141]. This
approach, termed thermal proteome profiling (TPP),
is based on the biophysical principle of ligand-induced
thermal stabilization of target proteins and consists in
monitoring changes in protein thermal stability across
the proteome through multiplexed quantitative MS,
allowing to follow compound binding to its targets
without requiring any derivatization. In addition, by
comparing results obtained using living cells (where
both compound binding and downstream signaling
occur) and cell extracts (where only binding occurs)
it is possible to discriminate direct from indirect tar-
gets. The effects of the HDAC nonselective inhibitors
panobinostat were recently analyzed by TPP, identify-
ing not only known HDAC targets and HDAC com-
plex members, but also an unexpected effects on other
targets [142].

Histone PTM profiling can also assess the specific-
ity of histone modifiers-inhibitors. One example is a
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recent work where the acetylation signatures for 19
different KDAC inhibitors were determined and their
effect monitored on both histone and non-histone pro-
teins [143]. This study revealed that most KDAC inhibi-
tors increased acetylation of a small, specific subset of
the acetylome and provided a useful reference of the
acetylated proteins directly or indirectly affected by
each drug.

Future perspective

MS-based proteomics has significantly contributed to
the epigenetics field, potentiating and complement-
ing other commonly used genomics techniques, such
as ChIP-Seq. The development of bioinformatics tools
to integrate data obtained through genomics and pro-
teomics approaches and to efficiently visualize them
will be fundamental to fully exploit the information
obtained using these powerful analytical methods. In
addition, the contribution of MS-based approaches
in different areas of epigenetic research, from hPTM
analysis to drug discovery, will benefit from further
technical advances.

For instance, hPTM analysis will benefit from
improvements in the ability to comprehensively
define modification patterns in a single analysis,
including low stoichiometry and less frequent modi-
fications. Most current data acquisition routines are
based on data-dependent acquisition (DDA) meth-
ods, which are designed to stochastically select the
ion precursors with the highest relative abundance in
the full MS scan for subsequent fragmentation. Due
to this intensity-bias, the less abundant PTMs are less
efficiently and reliably detected compared with the
canonical and more abundant histone marks. Alter-
native methods, such as data-independent acquisi-
tion (DIA), where MS/MS fragmentation spectra
are collected for all the detectable peptide precur-
sors present in a biological sample, independently of
precursor abundance/information, might represent a
solution to increase the detection of low abundance
histone modifications. Supporting this hypothesis,
a recent report employing for the first time a data-
independent acquisition method, SWATH™ analy-
sis, to study hPTMs in mouse trophoblast stem cells
before and after differentiation detected significant
differences for very low abundance marks [144]. In
addition, DIA methods allow discriminating isobaric
forms at the MS/MS level, with no need to selectively
target them. Another critical aspect of hPTM analy-
sis is the ability to detect the combinatorial aspect of
the histone code. Recent advances in middle— and
top—down approaches greatly improved the detec-
tion of combinatorial marks, but the implementation
of straightforward analytical workflows and bioin-

formatics tools compatible with large-scale analyses
are still lagging behind the current needs. Improve-
ments in middle— and top—down workflows could
also facilitate discriminating among histone vari-
ants [59.62], a challenging task in bottom—up studies
because of their small sequence differences. These
improvements in MS-based hPTM analysis would be
important also for clinical applications, to evaluate
the most complete panel of modifications during the
biomarker discovery phase, to reproducibly measure
less abundant but relevant marks in patient samples
and to define modification signatures of pathological
states, which may provide improved predictive power
as compared with single biomarkers.

Despite having revolutionized hPTM analysis, MS
still cannot replace antibody-based strategies for vari-
ous epigenetic applications. For instance, very low
abundance hPTMs may only be detected by west-
ern blotting, and ITHC allows detecting marks at the
level of single cell and has a higher throughput for
the analysis of single/few marks. In addition, expen-
sive instruments allowing high-resolution MS and
MS/MS and alternative fragmentation methods are
required when analyzing larger biomolecules, thus
limiting the number of centers that can perform
such analyses. Therefore, antibody-based strategies
and MS-proteomics must be considered as comple-
mentary tools that can be used in combination (for
instance, exploiting MS to discover potential new
biomarkers that can be then validated by IHC on a
larger panel of samples).

Large archives of paraffin-embedded tissues are
a valuable source of clinical samples and retrospec-
tive information, which has not been exploited so
far for epigenetic biomarker discovery due to techni-
cal limitations. The development of the PAT-H-MS
approach for the analysis of hPTMs in FFPE tissues
represents an important step for the identification of
epigenetic biomarkers or epigenetic signatures that
could be developed into diagnostic and prognostic
tools. However, a limit of this approach is related
to the intrinsic tissue heterogeneity, for instance the
presence of normal cells in a cancer specimen, which
impairs the possibility of analyzing specific cell popu-
lations. An interesting implementation of the tech-
nique would involve procedures able to increase the
purity and homogeneity of cell populations, such as
core needle biopsies and laser microdissection. These
techniques have been successfully used to implement
the pathology tissue chromatin immunoprecipitation
(PAT-ChIP) [145,146], a method for the extraction and
high-throughput genomic analysis of chromatin from
FFPE tissues that represents the genomic counterpart

of PAT-H-MS.

Review

fsg

future science group

www.futuremedicine.com

10.2217/epi.15.108



Review

Noberini, Sigismondo & Bonaldi

Although few successful examples of MS-based
target deconvolution of epigenetic drugs exist, this
area is still relatively unexploited. As phenotypic drug
discovery screening approaches are gaining popular-
ity, we envision that MS-based target deconvolution,
including the novel and derivatization-free thermal
proteome profiling approach, will become increas-
ingly important in drug discovery. One attractive
application would be screening compound libraries
directly by chemoproteomic approaches. This strat-
egy would not only address compound potency and
selectivity toward all its targets early in the discovery
process, but would also allow to perform the screen-
ing in a more physiological situation, with reduced
requirements for the expression and purification of
active proteins.
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Executive summary

techniques.

associated proteome.

been exploited for epigenetic biomarker discovery.

alternative applications of small molecule inhibitors.

e Mass spectrometry (MS)-based proteomics has emerged as a powerful analytical method that significantly
contributes to the epigenetic field, potentiating and complementing other commonly used genomics

e MS has become an invaluable tool to analyze histone post-translational modifications, thanks to its unbiased
nature, accuracy and its ability to quantify modifications and detect their combinations.

Approaches coupling MS with strategies to enrich for chromatin components, histone readers, locus-specific
regions or RNA-associated proteins have greatly contributed in recent years to the dissection of the chromatin-

e Aberrations in the epigenetic machinery have been linked with many diseases and proteomics has increasingly
e Target deconvolution through chemical proteomics and the recently proposed thermal proteome profiling

approach represent fundamental tools in epigenetic drug discovery, allowing to identify off-targets
responsible for side effects early during the drug development process and to identify additional targets and
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