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Abstract

Chromatin biology and epigenetics are scientific fields in rapid expansion due to their fundamental
role in understanding cell development, heritable characters and progression of diseases. Histone
post-translational modifications (PTMs) are major regulators of the epigenetic machinery, due to
their ability to modulate gene expression, DNA repair and chromosome condensation. Large- scale
strategies based on mass spectrometry have been impressively improved in the last decade, so that
global changes of histone PTM abundances are quantifiable with nearly routine proteomics
analyses and it is now possible to determine combinatorial patterns of modifications. Presented
here is an overview of the most utilized and newly developed proteomics strategies for histone
PTM characterization and a number of case studies where epigenetic mechanisms have been
comprehensively characterized. Moreover, a number of current epigenetics therapies are
illustrated, with an emphasis on cancer
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1. Introduction/Epigenetic overview

Epigenetics is the scientific field that studies heritable but reversible changes in gene

expression that is not modulated by modification in DNA sequence. Cell differentiation is a
typical example; multipotent cells such as embryonic stem cells diverge and get specialized

into different tissues, despite having the same genome (Figure 1). The specific gene
expression patterns of a cell that reflect its developmental state can be tightly and
dynamically regulated by the activity of the underlying chromatin (chromatin structure
modulation, epigenetic reprogramming). This epigenetic machinery includes DNA
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methylation [1,2], non-coding RNA-mediated changes of gene expression [3], use of histone
variants, and histone posttranslational modifications (PTMs) mainly on histone tails [4].
Histones are small basic proteins (11 to 22 kDa) and highly conserved throughout
eukaryotes. Histones are assembled into nucleosomes, which are the basic repeating units of
chromatin, composed of eight histones wrapped by approximately 147 base pairs of DNA.
Each nucleosome contains two copies of the four core histones (H3, H4, H2A, H2B) [5],
tied together by linker histone H1. In addition to the canonical histones, several other non-
allelic histone isotypes have evolved to distinct histone variants, replacing the canonical
isoforms under specific requirements of the particular chromosomal processes. For instance,
H2A.X has a C-terminal sequence which is more easily phosphorylated in case of DNA
damage compared to canonical H2A [6], and it is also involved in sex chromosome
inactivation [7] and meiotic silencing of unpaired chromatin [8]. H3.3 is a histone H3
isotype more enriched near promoters [9], and CENP-A substitutes canonical histone H3 in
centromeres [10]. In overall, these five classes of histone proteins (H3, H4, H2A, H2B and
H1) constitute the major protein components of the chromatin and provide a tight packing of
the DNA to accomplish the first step in chromatin assembly, while still dynamically
allowing regulatory proteins access to the DNA to fine tune gene expression, chromosome
segregation and DNA repair. All histones undergo various combinations of diverse post-
translational modifications (PTMSs) such as acetylation and phosphorylation, which can be
responsible for activation or repression of gene expression via opening and closing of
chromatin structure [11] in a heritable manner. For instance, -/-acetylation neutralizes the
positive charge of lysine residues of histones (7.e. H4K16ac), thereby weakening DNA-
histone interaction; thus chromatin structure becomes loose and hence more accessible [12].

In this review, we present a summary of the state-of-the-art proteomics techniques adopting
mass spectrometry (MS) used for the characterization of histones and their combinatorial
PTMs. We describe how these techniques are being used to better understand basic biology
and human diseases with an emphasis on cancer.

2. Epigenetics in Health and Disease: Translational and Clinical

Implications

Epigenetic processes are fundamental to normal development (Figure 1) and have been
linked to a variety of human diseases [13]. Aberrations in epigenetic processes, such as
modifications on DNA and histones, can significantly disrupt gene regulation, and may lead
to developmental disorders and disease development such as cancer. Cancer is a disease long
known to have genetic causes. However, it has been recently demonstrated to also have
epigenetic alterations, like changes in DNA methylation and histone PTMs. The earliest
evidence of the link between cancer and epigenetics was obtained from DNA methylation
studies [14]. However, over the past decade it has become increasingly apparent that
covalent modifications of histone proteins and alteration in the activity or expression of
histone-modifying enzymes play a critical role in the development and progression of
cancer. For example, Lee et al. shown that global histone acetylation levels and hence the
regulation of the epigenome are altered in cancer cells related to metabolic reprogramming
mediated by oncogenic activation of a signal transduction pathway [15]. A comprehensive
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understanding of epigenetic mechanisms, their interactions and alterations in health and
disease has significant implications for the prevention, diagnosis and treatment of major
human diseases and for ageing. These epigenetic alterations can potentially be used in
clinical practice as biomarkers for early detection or progression, chemosensitivity, and
prognosis of cancer. The development of these biomarkers to clinical practice will require a
deep knowledge of the epigenetic state of a cell at certain times or conditions. Yet, despite
the importance and impact of epigenetics in basic biology and medicine, it remains poorly
understood. Therefore, there is a large effort in developing new technologies to unravel the
mechanisms underlying disease development and progression, including finding the genes
and proteins with PTMs that are altered in function or abundance, affecting the epigenetic
state. Greater understanding of the epigenetic landscape of specific cancer tissues or cell
types may lead to identification of potential cancer biomarkers for disease detection,
monitoring and molecular characterization. This may also facilitate personalized cancer
treatment.

A cell's chromatin acquires developmentally important epigenetic marks during
differentiation that regulate the expression of specific genes. These regulatory control marks,
such as histone PTMs, survive cell division and could potentially be transmissible across
multiple cell generations. In this regard, Alabert and Groth reviewed the mechanisms, which
lead to the recycling of chromatin histones in the newly replicated DNA during cell
replication [16]. Although epigenetic processes are heritable, they are responsive to
developmental, behavioral and environmental cues. Hence, unlike genetic alterations,
epigenetic abnormalities are potentially reversible, which makes them ideal targets for drug
treatment. Steps have been made in this regard. The United States Food and Drug
Administration (FDA) has approved drugs targeting two epigenetic targets for cancer
treatment: the DNA methyltransferases (DNMTSs) and histone deacetylases (HDACs). A
number of other drugs are in different stages of pharmaceutical development, so that
Dawson and Kouzarides recently stated that “we have now entered an era of epigenetic
cancer therapies” [17].

DNA methylation— Among epigenetic marks, DNA methylation abnormalities, including
hypomethylation and hypermethylation, are the most studied in cancer to date. DNA
methylation naturally occurs on cytosine bases at CpG islands, leading to gene inactivation
[2]. DNA hypomethylation at CpG dinucleotides was the first epigenetic abnormality to be
identified in cancer cells [14]. Feinberg and Vogelstein made the first link between
hypomethylation and cancer, showing that a substantial proportion of CpGs that were
methylated in normal tissues were unmethylated in cancer cells [14]. DNA hypomethylation
in tumor cells is primarily caused by loss of methylation from repetitive regions of the
genome causing genomic instability and changes in gene imprinting. In contrast, Baylin's
group subsequently demonstrated a relationship between hypermethylation and gene
silencing [18] in which abnormal methylation is linked to cancer via silencing of tumor-
suppressor genes by DNA hypermethylation [19]. In some cases, DNA hypermethylation
can be prevented using DNMT inhibitors (DNMTi's) such as 5-azacytidine (see "Epigenetic
therapies' below for details), leading to DNA hypomethylation and cytotoxicity (at higher
doses) in abnormal hematopoietic cells in the bone marrow. Numerous studies have
demonstrated the role of DNA methylation in different cancer types in the recent past [20]. It
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is now commonly accepted that inactivation of tumor-suppressor genes occurs as a
consequence of DNA hypermethylation within the promoter regions and many researchers
have demonstrated a broad range of genes silenced by DNA methylation in different cancer

types.

Histone PTMs— The N-terminal sequences (tails) of the core histones protrude from the
tightly packed globular region, making them accessible to histone modifying enzymes [5].
This region of the sequence is heavily modified by dynamic post-translational modifications
(PTMs) [11]. These covalent modifications include acetylation of lysine residues,
methylation of arginine (mono- or di-) and lysine (mono-, di-, or tri-) residues,
phosphorylation of serine, threonine and tyrosine residues, and other yet poorly
characterized PTMs such as ubiquitination [21], SUMOylation [22], crotonylation,
formylation and propionylation/butyrylation [23-25] of lysine, ADP ribosylation [26],
citrullination and O-linked N-acetylglucosamine (O-GIcNAc) [27,28]. Many combinations
of these covalent modifications are possible simultaneously on the core histones, so that in
the early 2000s the presence of a “histone code' comparable to the genetic code was
proposed [29]. More recently, the term histone code has been replaced by “histone PTM
cross talk' [30], as the difficulties in assigning to the myriad of combinatorial PTMs a
specific function became rapidly evident, and opened a debate whether a proper code really
exists. It is now appreciated that histones and their accompanying PTMs are essential
components of the epigenetic machinery responsible for cell development, and that
aberrations in this process can be associated with initiation and progression of various
diseases including cancer and neurodegenerative diseases. Hence, the characterization of
histone PTMs and their combinatorial patterns gained greater importance and has become a
priority in biomedical research.

The characterization of the role of histone modifications in cancer is highly complex, due to
the large variety of PTM combinatorial patterns and the incomplete knowledge of how
histone PTMs modify gene expression. A number of histone PTMs and mutations are known
to be directly linked to aberrations and diseases. For example, loss of acetylation at lysine 16
(H4K16Ac) and loss of trimethylation at lysine 20 (H4K20me3) of histone H4 were the
common histone marks reported to be deregulated in many different type of cancer cells of
humans and mouse [31]. However, there is still much more to be learned about the link
between histones and the occurrence and progression of diseases such as cancer.

Histone readers— Even though histone PTMs regulate the chromatin structure by directly
altering the chemical environment of the surrounding chromatin, e.g. lysine acetylation
neutralizing the positive charge of this residue [12], their major roles at molecular level is
recruiting other proteins (known as readers) by providing ligands for their specific domains,
e.g. proteins containing bromodomain [32], chromodomain and Tudor domains [4]. It is
anticipated that any alterations on these epigenetic regulators may potentially drive
tumorigenesis. Indeed, the PHD finger of JARID1A (JARID1ApHp3) or PHF23
(PHF23pyp), which binds histone H3 lysine4 trimethylation (H3K4me3), is implicated in
acute myeloid leukemia (AML) [33,34]. A genetic fusion protein containing nucleoporin
protein 98 (NUP98) with the PHD finger of JARID1A [33] or PHF23 [35] expression was
reported in AML patients. Later studies reported that a PHD finger that specifically
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recognizes H3K4me3/2 marks is essential for leukemogenesis and mutations in PHD fingers
that abrogated H3K4me3-binding also abolished leukemic transformation [34]. Therefore, it
is concluded that the oncogenic properties of the NUP98-PHD finger fusion proteins are
directly potentiated by the ability of the PHD finger to bind chromatin.

Histone writers and erasers — The deposition and removal of histone PTMs is performed by
histone modifying enzymes such as histone acetyltransferases (HATS), histone
methyltransferases (HMTSs) and kinases (known as the “writers”) or histone deacetylases
(HDACS), histone demethylases (HDMs) and phosphatases (known as the “erasers™) [36].
Mutations or altered expression of these enzymes have been implicated in progression of a
number of diseases including cancer, and inhibition of aberrant enzyme activities is expected
to attenuate pathogenesis resulting from misregulated gene transcription. For example, it has
been reported that the HMT Smyd3 (SET and MYND domain containing protein 3) which
catalyzes histone H4 lysine 5 methylation (H4K5me) is highly overexpressed in several
cancers including liver, breast and rectal carcinomas [37]. Another HMT EZH2 (Enhancer of
zeste homolog 2) or related EZH1 as a catalytic subunit of the polycomb repressive complex
2 (PRC2) has been shown to help maintain epigenetic gene silencing and hematopoietic
lineage specification at various developmental stages through enzymatic di- and
trimethylation of K27 on histone H3 (H3K27me2/3) under normal conditions [38—40].
Elevated levels of EZH2 are correlated with aggressiveness and poor prognosis in solid
tumors including cutaneous melanoma, pediatric glioblastoma, prostate, breast, bladder and
endometrial cancers [41-44]. In agreement with these observations, mutation of lysine to
methionine in position 27 of histone H3 (H3K27M) observed in pediatric brain tumors
inhibits the enzymatic H3K27 tri- and di-methyltransferase activity of the PRC2 by blocking
free PRC2 in the cells [44]. Taken together, EZH2 has received much attention as a
promising epigenetic target, with dedicated efforts towards identifying effective, selective
inhibitors (see "Epigenetic therapies' below).

Histone variants — Another mechanism of changing epigenetic properties of active genes is
the replacement of a canonical histone by a non-canonical variant. In most organisms, the
canonical histones H1, H2A, H2B, H3, and H4 are encoded by multiple gene copies, which
are highly similar in sequence. All these canonical histones are almost exclusively expressed
during the DNA replication/S phase of the cell cycle to supply histone proteins to package
the newly replicated genome [45,46]. The histone variants, however, are typically present as
single-copy genes and in contrast to canonical histones, variants are not restricted in their
expression to the S phase but expressed throughout the cell cycle [47,48]. For that reason,
they are also known as “replacement histones”. Interestingly, the core histones differ with
respect to their propensity to diversify into multiple variants in a range from very few amino
acid differences to extremely divergent changes. For instance, most eukaryotes including
humans have a single histone H4, coded by 14 genes, but several H2A paralogs that exhibit
the highest variety of histone variants, mostly due to divergences in length and sequence in
their C-terminal tails. Replacement of the canonical histones with the histone variants alters
the biochemical and biophysical nature of the nucleosome by affecting PTMs, protein
interactions or higher-order chromatin structure, thereby these may play a role affecting
distinct cellular processes. For example, one of the most extensively studied histone variant
H2A.Z, which is highly conserved and essential for many organisms, has been linked to a
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wide variety of different nuclear functions, including DNA replication and cell-cycle control
[49], DNA damage repair [50], transcriptional activation and repression [51-53],
maintenance of heterochromatin [54], anti-silencing [55], chromosome segregation [56], and
genome integrity [57,58]. The diverse roles of histone variants in many major epigenetic
processes lead to the expectation that dysregulation can result in pathological disorders, and
indeed altered expression of variants (7.e. many H2A variants) has been implicated in cancer.
In support of this hypothesis, H2A.Z is highly expressed in embryonic stem cells and in
several cancers including colorectal tumors [59], prostate [60], bladder [61], and breast
cancer [62]. Overexpression of H2A.Z in breast cancer, where H2A.Z role has been best
characterized, leads to increased metastasis risk and decreased patient survival. Another
histone H2A variant macroH2A has been shown to suppress melanoma progression by
regulating CDK8 [63]. Although many aspects are not fully understood as yet, growing
evidence indicates that the combinatorial histone PTMs and variants along with histone
modifier enzymes are of clinical importance. Understanding the function and regulation of
these PTMs and variants in epigenetic processes remains a major challenge for the future.

3. Strategies to analyze histone PTMs and variants by mass spectrometry-

based proteomics

Identifying histone modifications and how they differ across diverse biological conditions
and cell types is one of the current challenges in chromatin biology. Originally, this
challenge was addressed by using Edman degradation for protein sequence determination
(microsequencing) [64,65]. More recently, this method was replaced by antibody-based
methods (Figure 2A) such as western blotting, immunofluorescence analysis and chromatin
immunoprecipitation (ChlP) which are still widely used for low throughput studies.
Microsequencing was used in early histone PTM studies, but it is time consuming and
requires a large amount of highly purified sample, making it not ideal. Although antibody-
based strategies are highly sensitive, employment of this methodology to identify the wide
array of histone modifications presents a number of hurdles that prevent their practical use
(Table 1, Figure 2). First, antibody-based assays require a priori knowledge of the type and
position of the modification of interest. Besides, modification-specific antibodies are not
always straightforward to generate. For example histone antibodies are not always specific
for their intended PTM targets, and often recognize “off-target' proteins and PTMs (Figure
2B), reducing the efficacy of many approaches. The high sequence homology between
variants as well as the high diversity and multivalency of the PTMs in histones, further
hinders the ability to produce high-specificity antibodies for individual histones and the
variants. In addition, antibodies can suffer from cross-reactivity with similar modifications
embedded within an identical amino acid context on the same or a different histone protein
as well as non-histone proteins carrying similar modifications and sequences [66].
Moreover, modifications that exist on adjacent or closely located residues within the same
histone can potentially generate an epitope-masking effect (epitope occlusion) [67]. As a
result, modifications may escape detection by antibodies that are not specifically designed to
recognize both modifications on the same epitope (Figure 2C and 2D). Finally, traditional
antibody-based methods lack high throughput capabilities, and typically analyze one PTM at
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a time by targeting specific isoforms. This makes it virtually impossible to measure
combinatorial PTMs occurring within the same histone molecule.

Mass spectrometry (MS)-based proteomics has emerged as a high throughput strategy to
characterize proteins and protein PTMs in general, introducing an effective tool for histone
analysis. The high speed (scan rate >10 Hz), high resolution (>60,000) and the possibility to
combine MS acquisition with online separative techniques such as nano liquid
chromatography (nLC), which led to highly sensitive analyses (<fmol), has made MS the
technique of choice for discovery and quantification of histone PTMs. MS based
methodology have several advantages over traditional histone analysis methods (Table 1).
MS has the ability to perform unbiased profiling that accounts for diverse modifications
simultaneously as opposed to restricting detection to priori-selected particular modifications
as in antibody based methods. Moreover, as the MS signal is related to the concentration of
the analyte, it can also be used in a quantitative manner for comparative analysis of protein
expression levels as well as differential expression analysis of protein modifications.
Furthermore, MS-based proteomics integrates bioinformatic tools that allow discovery of
previously unknown modification patterns.

Mass spectrometry based histone analysis technology is well suited to study of a system-
level view of histone modifications, however it is currently unable to map the PTM patterns
to defined domains of the genome or to specific gene and promoter regions. Chromatin
immunoprecipiation techniques have been used for this type of analysis. Recently, different
comprehensive combinatorial approaches have been developed to capture the histone marks
at functionally distinct chromatin (i.e. chromatin affinity purification with mass
spectrometry (ChAP-MS) and Chromatin Proteomics (ChroP)/ChIP-MS) [68,69]. Thereby,
the parallel analysis of histone marks and their binding proteins at functionally distinct
chromatin regions can potentially be facilitated [70]. We anticipate that this new
methodologies will allow harnessing of the power of MS to study regional histone
modifications.

The MS-based proteomics strategies — MS strategies have been conventionally divided into
three groups, defined as bottom-up, middle-down and top-down, depending on the portion of
histone analyzed (Figure 3 and Figure 4A). The traditional approach is “bottom-up'
proteomics, where the target protein is proteolytically digested into short (5-20 aa) peptides
prior to MS analysis. On the other hand, the “top-down' approach is the analysis of the intact
protein. The top-down approach is the ultimate goal to define the histone proteoforms
present in a sample, where the proteoform is defined as a protein with a unique sequence and
PTM combination [71]. However, performing the top-down analysis in a high throughput
manner is still challenging, as smaller molecules such as peptides are easier to separate by
LC and analyze by MS. Moreover, the larger the portion of protein analyzed, the higher is
the probability to have isobaric proteoforms, which are species with same mass and nearly
identical physico-chemical properties (e.g. H3K27melK36me2 and H3K27me2K36me1l)
(Figure 4B). Therefore, a third strategy named “middle-down' has been developed to takes
advantage of the fact that histone N-terminal tails can be cleaved off by specific proteases,
generating a polypeptide with accessible size for separation and detection (50-70 aa). These
technologies differ in their capacity and compatibility for shotgun or large-scale discovery
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and requirement for MS instrumentation (Figure 3). In the following section, we discuss
such techniques used to characterize histones.

3.1. Bottom-up analysis of histones

The main challenge in characterization of histone proteoforms is the high degree of
complexity of the histone proteins due to the allelic variants and the diversity and
multivalency of the PTMs in histones. The “bottom-up' approach is the most commonly used
method at present when dealing with high complexity samples for large-scale analysis. The
bottom-up approach is also well suited for analyzing chemical modification of peptides
along with the peptide and protein semi-quantification. A typical strategy for analysis for
histone modifications by bottom-up MS approach involves enzymatic digestion of histone
proteins into small (<3 kDa) peptides and further separation of the digested peptides often
by reversed-phase (RP) nLC prior to MS analysis. Burlingame and colleagues were the first
to use bottom-up proteomics technology in analysis of histone proteins. They reported the
first comprehensive analysis of human H4 modification [72] and chicken H3 modifications
[73]. In this study, enzymatically digested purified histones were analyzed using RP-LC
followed by MS. By using this technique, they were not only able to confirm known
methylation and acetylation sites, but also identified H3K79 as novel methylation site on
chicken histone H3.

Although the confident assignment and quantification of redundant peptides with
modification can be a key issue for the peptide centric approach, analysis of short peptides
has the advantage of a better front-end separation of peptides as compared to proteins
(Figure 5A), higher sensitivity and mass accuracy and simpler tandem mass spectra
(MS/MS) that results in predictable fragmentation products and straightforward sequence
database searching for peptide identification and PTM assignments. However, the most
widely used proteases in bottom-up proteomics, such as trypsin that cleaves the peptide
bonds at the carboxyl end of lysine and arginine residues, are problematic for histone
analysis as histone proteins are highly enriched in basic residues. Trypsin digestion of
histones tends to yield many small (1-3 aa) and hydrophilic peptides that are difficult to
retain on RP-HPLC columns and analyze by MS as they are below the mass dynamic range
of MS detectors. While reducing trypsin incubation time and the enzyme to substrate ratio is
one way to alleviate this difficulty, it is still challenging to generate reproducible
homogenous peptides between samples due to limited digestion. Redundant missed-cleavage
events can cause a hon-homogenous pool of peptides in which the same PTM site exists on
several different peptides, making quantitation of these marks extremely difficult. Thus,
chemical derivatization has been proposed as a means to increase peptide hydrophobicity
and to modify cleavable residues such as amine groups in histones (N-terminal amines, and
unmodified and monomethylated lysine e-amino groups) before trypsin digestion [74]. In a
recent study, different methods to generate histone proteolytic peptides were systematically
evaluated to maximize both sequence coverage and sensitivity for a comprehensive histone
PTMs analysis [25]. Lysine propionylation of core histones generating highest number of
complementary peptide sequences were noted, which boosted the sequence coverage of
peptide mapping by MS, and hence has led to the identification of many novel PTM sites,
including 28 lysine crotonylation (Kcr) sites, 18 lysine monomethylation (Kme) sites, 1
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lysine dimethylation (Kme2) site, 4 lysine formylation (Kfo) sites, 2 lysine acetylation (Kac)
sites, 8 arginine monomethylation (Rme) sites, and 6 tyrosine hydroxylation (Yoh) sites [25].
Treatment of histones with propionic anhydride converts any free amine groups including
the N-termini of peptides and e-amino groups of unmodified and monomethylated lysine
residues to propionyl amides, thereby blocking them from trypsin cleavage. This leads to
protease cleavage exclusively at arginine residues, resulting in generation of peptides of a
length that is suitable for LC-MS analysis. Propionylation also increases the hydrophobicity
of the peptide, which leads to enhanced chromatographic resolution on RP-HPLC. An
alternative chemical derivatization strategy is the use of deuterated acetic acid/anhydride to
acetylate all lysines, blocking them from tryptic digestion [75]. Even though deuterated
acetic acid/anhydrate derivatization is less commonly in use, a number of groups employed
the technique due to its advantages that enables MS to measure protein abundances
quantitatively, thereby allows for the differentiation of endogenously acetylated residues
from chemically acetylated residues [76]. Overall, chemical modification of histones prior to
trypsin digestion addresses some of the limitations initially associated with trypsin cleavage.

Most bottom-up MS experiments use high resolution and high mass accuracy MS for
detection of intact peptide masses. Fragmentation (MS/MS) is typically accomplished and
detected in the linear ion trap by collision induced dissociation (CID) because of its speed
and sensitivity. This type of analysis was used, for instance, to investigate global alterations
of histone PTMs in colon cancer samples with their normal counterparts [77]. In this study,
the bottom-up MS was not only able to identify 41 distinct PTM sites of histone peptides,
but also revealed a differentially regulated mark, histone H3 lysine 27 acetylation
(H3K27Ac), that had not been previously shown to be altered in colon cancer. The bottom-
up MS approach has been used in combination with diverse platforms and quantification
strategies such as stable isotope labeling by amino acids in cell culture (SILAC) [78,79] or
label-free approaches [77,80-82] to compare the histone PTM profiles within diverse
biological backgrounds. For instance, using the SILAC approach, Jaffe et al. monitored 42
distinct combinations of histone modifications on H3 across 115 Cancer Cell Line
Encyclopedia (CCLE) lines [79]. In another study, SILAC [83] has been successfully used to
quantify H3 and H4 PTMs of four cancer cell lines in comparison with normal epithelial
breast cells to determine potential breast cancer histone PTM signatures [78]. Results
demonstrated significant changes in relative abundance of several marks in the N-terminal
tails of histones H3 and H4 between cancer cells and normal cells, which can potentially be
considered as hallmarks of human tumors. SILAC can also be used pulse-chase style by
labeling proteins [84] or by introducing the isotopic labels into modifications [85] at
different time points to investigate the kinetics of histone synthesis, degradation and turnover
rate of histone PTMs. Data can be obtain via these approaches can be particularly important
to better understand modification kinetics of tumor cells as epigenetic instability often
observed in cancer cells. Label-free quantitative MS analysis has been used more often in
many studies. For example, a recent study used this methodology to characterize quantitative
histone modification signature of 20 different cancer cell lines from a diverse variety of
tissue origins, including cervix, prostate, lung and breast tissues [86]. lon intensity-based
label-free method has been successfully used to quantify all core histones PTMs from small
cell lung cancer cells upon treatment with an HDAC inhibitor [80]. These and many other
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successful histone analyses studies [87,88] were accomplished using CID fragmentation
[86]. However, as previously mentioned the bottom-up strategy is limited in protein
sequence coverage, which also affects PTM assignment to the proper histone variant. For
instance, this method has limited ability to distinguish the histone H3 variant as several
peptides are common between the variants H3.1, H3.2 and H3.3, while H3.3 has different
roles in the chromatin as compared to the others [9]. A similar limitation exists in the case of
PTMs localized on distant region of the histone sequences such as H3K9me, H3K27me and
H3K36me as they are known to cross talk with each other, and the analysis of short peptide
sequences prevents the quantification of their co-existence frequency. Overall, bottom-up is
the most sensitive and high throughput strategy for histone analysis, but it provides
incomplete information about the different proteoforms.

3.2. Top-down analysis of histones

In order to characterize PTM cross talk along the entire protein sequence, which is crucial
for in-depth understanding of the role of histone marks in chromatin regulation, PTMs must
be detected on the same analyzed molecule. Top-down analysis of intact histone proteins by
MS [89] has the advantages of characterizing combinatorial modifications across the entire
protein, but currently it is technically challenging. The difficulty to obtain quality MS/MS
spectra for intact proteins as compared to short tryptic peptides is one of the major factors
responsible for the low analytical sensitivity of top-down MS. The complexity of the data
generated is also a limiting obstacle that needs to be addressed, as well as the efficiency of
separation of the different proteoforms. The impossibility of separating species with the
same type and number of modifications, but scrambled into many different combinatorial
patterns, leads to the generation of mixed MS/MS spectra containing a large number of
proteoforms (Figure 4B). Despite the advances in data analysis software such complex
spectra are still far from having their information completely deconvoluted.

Traditionally, FT-ICR-MS has been most commonly used in top-down studies [89], as high
resolution MS and MS/MS is mandatory for the characterization of intact histones. Due to
the improvements in high resolution mass analyzers this method is currently performed also
using the orbitrap and time-of-flight (TOF) analyzers. Early top-down MS experiments
utilized low-energy CID methods to induce protein fragmentation in which the peptide bond
is cleaved upon collision with an inert gas, generating &- and y- ions. For example, one of
the early top-down MS/MS analyses of a small intact protein (ribonuclease A) has been done
on a triple quadrupole mass spectrometer using CID fragmentation [90]. Similarly, a number
of different intact proteins have been successfully analyzed using CID-based MS/MS
following the in-source fragmentation in a quadrupole TOF [91]. However, this approach is
not suitable for histone analysis, due to the incomplete fragmentation generated by CID,
which prevents accurate mapping of PTMs. This issue is enhanced in histones, as their most
abundant modifications (acetylation on lysine and methylations on lysine and arginine) can
be catalyzed on amino acid residues often localized next to each other in the protein
sequence. Moreover, histones with near isobaric coexisting PTMs such as acetylation
(42.011 Da) and trimethylation (42.047 Da) are very difficult to distinguish. CID is also not
ideal for proteins/peptides containing labile PTMs such as phosphorylation on serine (Ser)
and threonine (Thr) residues, since the phosphate group competes with the peptide backbone
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as the preferred site of cleavage. Upon collision activation, phosphoric acid might be
displaced from the peptide, and result in the peptide backbone bonds remaining intact,
preventing efficient MS/MS fragmentation. Electron capture dissociation (ECD) [92] and
electron transfer dissociation (ETD) [93] are more suitable for long and heavily charged
protein sequences such as intact histones. Moreover, ECD and ETD are both softer
fragmentation techniques in which low energy electrons react with the positively charged
analyte, generating a rearrangement of bonds with consecutive cleavage of the peptide
backbone. While ECD is a slow reaction requiring FT-ICR mass analyzers to trap both
analyte and electrons, ETD is a more modern technology that can be performed on low
resolution analyzers (e.g. ion trap) [93] allowing higher speed [94] and cost effective
instrumentation. This makes it compatible with LC-MS/MS timescales [95]. Top-down has
been applied to histones since the early 2000s, where Banks et al. characterized using C4
chromatography and a Q-TOF the differential dephosphorylation of histone H1 isotypes
under the effect of the hormone dexamethasone [96]. This technique was largely improved
by Kelleher and his co-workers, introducing MS/MS fragmentation, direct infusion of
purified histone variants and ECD fragmentation. This led to the accurate characterization of
all histone canonical variants, including H3 [97], H2A [98], H2B [99] and H4 [100].

Top-down proteomics is often coupled to some type of up-front protein separation and
purification prior to MS in order to reduce the sample complexity. The separation is mostly
performed off-line from MS analysis. Achievement of more effective separation will allow
identifying and distinguishing distinct proteoforms with improved sensitivity by reducing
the masking effect of highly abundant proteins. As previously mentioned, the efficiency of
protein separations presents a major analytical challenge [101]. Currently there is no method
that is capable of separating the components of a complex sample in a single-step action.
Therefore most of the time, multidimensional fractionation is necessary for deep exploration
of complex proteomes and low abundant proteins. Earlier, traditional 2D-PAGE with
isoelectric focusing and SDS-PAGE followed by different visualization techniques was the
closest achieved top-down proteomics method providing a snapshot view of proteins in a
sample in one or more biological states. This technique has been applied in cancer research,
such as esophageal cancer and ovarian, breast, colon, kidney, lung and stomach tumors
[102,103]. However, it is not straightforward for top-down MS due to the difficulty in
eluting proteins out of the gel for intact protein MS analysis. Regardless, multiple research
groups continue to use and develop various gel-based methods for top-down proteomics
analysis. For example, capillary zone electrophoresis (CE) coupled to HPLC as front-end
separation for proteins prior to MS has been widely studied with success. Recently, Sarg et
al. reported the first comprehensive capillary electrophoresis coupled to electrospray-MS
analysis application of histone PTMs [104]. In this study, using core histones from
hyperacetylation-induced mouse erythroleukemia cancer cell lines, intact histone subtypes
and their multiply modified forms were successful separated and the extent of their PTMs
were detected in a fast and reproducible way. Another approach to fractionate intact proteins
for top-down MS analysis has been developed using acid-labile surfactant (ALS) with gel
based fractionation followed by gel-free RP-LC [105].

A more widely adopted strategy is LC that can work well to separate intact proteins.
Traditional RP-LC using C1g/C4 columns is frequently performed for separation of extracts
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of intact histones. In fact, the first modern MS analyses of histone modifications employed
RP-HPLC to separate histone isotypes for top—down MS analysis [96]. An alternative
method for LC separation of histone isotypes is hydrophilic interaction liquid
chromatography (HILIC), which will be discussed in the next section.

3.3. Middle-down analysis of histones

Both bottom-up and top-down MS approaches have a unique set of limitations as well as a
complementary set of advantages as discussed above. An intermediate approach to these two
methods is middle-down MS [106], which has emerged as an alternative high throughput
technology to analyze proteins and co-occurring PTMs. The middle-down approach is still a
peptide-based technique employing proteolytic digestion, but it differs from bottom-up in
terms of the size of peptides generated. This can be accomplished by enzymes other than
trypsin such as Asp-N and Glu-C, which cleave less frequently-occurring amino acid
residues in proteins [107,108] or by microwave-accelerated acid digestion [109], to yield
larger peptides around 47 kDa. This characteristic of middle-down is particularly appealing
for the characterization of histones and their PTMs, as it is possible to obtain intact N-
terminal tails where the majority of the PTMs reside (Figure 4A and 6). For example,
endoproteinase AspN is commonly used to generate the H4 1-24 peptide, which contains all
known H4 PTM sites, and endoproteinase GIuC is often used to generate the H3 1-50
peptide, which contains most of the known H3 PTM sites. These larger peptides can be
further purified and analyzed by MS and MS/MS using CID and ETD as discussed earlier.
Thus, middle-down MS combines most benefits of the top-down and bottom-up approaches
by exploiting the ability to detect protein isoforms, variants, and combinations of multiple
PTMs on an intact histone tail, while reducing technical challenges of whole histone protein
analysis.

Until recently, separation of intact proteins prior to MS analysis has not been as readily
utilized for middle-down and top-down proteomics. RP-LC is often in use to separate
histone polypeptides to some extent. An alternative method adapted for LC separation of
histone tail peptides and intact histone proteins is weak cation exchange (WCX)-HILIC
[110,111]. The resin is a mix of normal phase and ion exchange chromatography separation
[111], where separation can be performed by using a gradient of water/organic solvent and
salt concentration off-line from MS [112]. However, more recent improvements replaced salt
with gradient of pH, which is more compatible for online LC-MS [113-115]. In this
technique the order of elution is opposite that of RP-HPLC, with hydrophilic analytes being
retained longer than hydrophobic ones (Figure 5B).

Although the technology is improving at a fast rate for protein separation technologies as
well as MS instrumentation and MS/MS fragmentation techniques for proteomics
applications, there is still room for further improvement. Encouraging progress has been
accomplished in recent years indicating that top-down and middle-down approaches may
become a truly high-throughput compliment to bottom-up MS in near future. For instance,
Tran et al. reported an early glimpse of high-resolution LC-ESI-MS/MS approach for high-
throughput top-down proteomics, demonstrating proof of-principle evidence of the efficacy
of this methodology [116]. More recently, Gault et al demonstrated a case study of the
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method in characterizing the PTMs of bacterial protein proteoforms where multiple
modifications of the same mass are present [117]. Sidoli et al. reported an optimized middle-
down setup, where a hybrid LC setup and bioinformatics tools were introduced to increase
the automation of LC-MS and data analysis [114]. One major issue of top- and middle-down
proteomics remains their lower sensitivity as compared to bottom-up as larger peptides can
occupy a larger distribution of charge states, resulting in a dilution of signal for any given
charge state compared to smaller peptides. Moreover, currently available bioinformatics
tools for middle-down and top-down are still limited.

As aberrations in the relative abundance of histone PTMs have been linked to several disease
states including cancer, it is of fundamental importance that MS technology become high-
throughput and highly reproducible for use with a potentially large number of clinical
samples. The development of lower cost mass spectrometers that are able to analyze intact
proteins will put the technology into more hands in the near future, which will speed up
innovation and development in many fields such as clinical and translational proteomic
applications. Until we reach the bottom-up like sensitivity and throughput for top-down MS,
it is sensible to take the advantage of combining the different approaches.

4. Epigenetic Biomarkers for early detection, diagnostic and prognostic use

Cancer mortality could be reduced significantly with earlier detection of the disease, as
survival is markedly better for early-stage patients for most types of cancer. Thus, much
effort is being put into the development of accurate and timely detection strategies. The
earliest studies on development of epigenetic biomarkers for cancer detection were focused
on DNA methylation. The addition of a methyl group to the cytosine residues is catalyzed by
the DNA methyltransferase (DNMT) family enzymes, including DNMT1, DNMT3A and
DNMT3B [118]. The initial discovery of global hypomethylation of DNA in human tumors
was followed by the identification of hypermethylated tumor-suppressor genes that are
targeted for development of epigenetic biomarkers. For example commonly observed
changes of hypermethylated cancer genes such as SEPT9, CDH13, MYODI1, MGMT,
P16INK4b, and RASSF1A genes were detected in DNA purified from resected tumors, body
fluids and plasma [119-121]. However, biomarkers developed based on DNA-methylation
are still emerging and the utility of this information for the diagnosis, prognosis and
treatment of disease has been limited to date. As dysregulation of histone modifications is
often associated with the initiation of cancer formation and progression, it has been thought
that histone modification patterns may serve as global biomarkers for screening or
surveillance of cancer [122]. Relative to DNA methylation, far less is known about the
significance of histone PTMs for clinical applications. Moreover, the extensive diversity in
such modifications introduces a remarkable complexity that we are just beginning to
elucidate. Although, histone PTMs have not been introduced into clinical use yet, numerous
research studies have demonstrated that histone modification patterns are indicative for
prognosis of various cancers. For example, enrichment in acetylation of histone tails leads to
loosening of histone-DNA interactions by neutralizing a positive charge of lysine residues,
thereby promoting transcriptional activation of genes. In addition, acetylation is also
implicated in DNA repair, replication and chromatin condensation. Global loss of histone
H4K16 acetylation has been shown to be a very common alteration present in several cancer
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cells [31], and is considered as a biomarker for cancer. Disruption of both HAT and HDAC
activity is associated with the development of various cancer types. There are four classes of
HDACSs with 18 members (HDACs 1 to 11 and Sirtuins 1 to 7). For example, it was reported
that H4K 16 is deacetylated by SIRT1 (Sirtuins 1 - a class I1 histone deacetylase). SIRT1 is
significantly elevated in several cancers such as leukemia, prostate, primary colon, and all
non-melanoma skin cancers and therefore may render an attractive target for prognostic
interventions [123]. Although the exact molecular mechanism is poorly understood, another
sirtuin family member SIRT7, a highly selective H3K18Ac deacetylase, has been studied
using quantitative mass spectrometry and ChlP-Seq along with the other biochemical tools
and reported to stabilize tumorigenicity of human cancer cells in vivo [124]. As depletion of
H3K18Ac has been associated with aggressive cancer phenotypes and poor patient
prognosis [125], increased activity of SIRT7 may serve as a biomarker for screening for
disease progression. Another study reported that in acute promyelocytic leukemia (PML) the
PML-RAR gene chromosomal translocation recruits HDACs that change the chromatin
structure from active to silenced, and contribute to leukemic transformation [126].

Genes that encode HAT enzymes are deregulated in various neoplasms including
hepatocellular carcinomas, leukemia, lymphoma, colorectal, gastric primary tumors, and
other epithelial cancers [127]. HATs are often part of multisubunit protein complexes.
Chromodomains, bromodomains, PHD finger, tudor, WD40 are some of the major “reader”
domains found in HATS that confer specificity. Among several HAT families, four of them
(the GNAT family; the p300/CBP family; the MYST family and the Rtt109 family) have
been studied extensively. For example, the MYST family HATs have been shown to be
closely linked to cancer. The MYST family members KAT6A and KAT6B form stable
multisubunit complexes, and are responsible for acetylation of a substantial portion of
histone H3. It was reported that KAT6A/B fusions are associated with poor prognosis and
decreased survival rate in AML, suggesting that inhibitors of these enzyme complexes might
have therapeutic value [128].

Histone methylation patterns also provide prognostic and diagnostic information in cancer.
Histone methylation occurs on both lysine and arginine residues. Lysine residues can be
mono-, di- or tri- methylated whereas arginines can be mono- or symmetrically or
asymmetrically di-methylated. Methylation of histones is involved to a lesser extent in
modifying the histone charge state as compared to acetylation, but methylation patterns are
highly involved in generating docking sites for histone readers. The degree of methylation
on each site as well as the position of methylated residues often leads to different biological
outcomes, i.e. transcriptional activation or repression of genes. For instance, methylation of
H3K4 (H3K4me2/3) is usually enriched around transcriptionally active gene promoters,
while methylation of H3K9 (H3K9me2/3) and H3K27 (H3K27me2/3) are typical marks of
condensed heterochromatin [129]. Although the complete molecular mechanism is poorly
understood, in both lung and kidney cancers lower levels of H3K4me2 along with H3K18ac
correlated with poor survival rates with significantly increased risk of tumor recurrence
[125]. Thus, it has been proposed that cellular levels of histone modifications may be used as
general predictor of clinical outcome in adenocarcinomas.

Expert Rev Proteomics. Author manuscript; available in PMC 2016 April 13.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Onder et al.

Page 15

Three families of HMTs have been identified to date that catalyze the addition of methyl
groups donated from S-adenosylmethionine to histones. Among them, the SET-domain-
containing proteins family and DOT1-like proteins family have been shown to methylate
lysines (lysine methyltransferases), whereas the protein arginine N-methyltransferase
(arginine methyltransferases-PRMT) family proteins have been shown to methylate arginine
residues. For example, histone methyltransferases such as MLL 1, DOT1L, EZHZ, and
SETD?2 are recurrently deregulated in leukemia, either directly by gene mutations, or
indirectly as a result of alterations of the other components in these complexes [130]. The
removal of methyl groups is mediated by histone demethylases (HDMs). Only very recently
histone methylation was found to be a reversible PTM. The first protein showing KDM
activity was LSD1/KDM1A (lysine-specific demethylase 1), which specifically mediates the
demethylation of mono- or dimethylated lysine 4 at histone H3 (H3K4mel and H3K4me2)
but not trimethylated lysine from H3K4me3 [131]. LSD1 has been found to be deregulated
in several types of tumors. For example, expression of LSD1 is upregulated in bladder, small
cell lung, and colorectal clinical cancer tissues [132]. Overexpressed LSD1 found at an early
stage (i.e. in bladder tumors) suggested that LSD1 expression could be an early detection
marker. As another example, the newly identified histone H3K4mel1/2 demethylase (LSD2/
AOF1/KDMZ1B) has been implicated in regulation of DNA methylation and gene silencing
and highly expressed in breast cancer [133] suggesting that LDS2 may be a marker and
potential target for a novel epigenetic therapy of breast cancer.

In addition, histone variants are also correlated with cancer [134]. Histone H3.3, which is a
highly conserved variant differing from canonical H3.1 and H3.2 in five amino acids, has
been found to be over expressed in various human tumors. Overexpression of H2A.Z has
been reported in colorectal, breast, lung, and bladder cancer. For example, the H2A.Z
overexpression in breast tumors correlated with increased probabilities of cancer metastasis
and decreased patient survival. These results and many other studies suggest that this histone
variant might be a biomarker of tumor progression.

Many possible combinations of modifications that can occur on a variety of sites on histones
with their huge number of regulatory proteins provide an enriched pool for potential
epigenetic biomarker discovery. These examples give an outlook on the potential of histone
modification profiling as an important tool for diagnosis and prognosis of cancer, although
their widespread use in clinical practice needs to be implemented. In combination with
currently used markers (i.e. DNA methylation and cytogenetic and genetic markers) histone
modifications might highly improve the prognostic accuracy in the future.

5. Epigenetic therapies

Azacytidine is a DNA hypomethylating agent and was the first epigenetic drug approved in
2004 by the US Food and Drug Administration (US-FDA). It is used for treatment of
myeloid diseases including myeloid leukemia and myelodysplastic syndromes. We now have
a growing number of research studies reporting the discovery of new drugs with epigenetic
targets. However, to date only four epigenetic drugs are approved by FDA, which include
two main classes; (i) DNA methyltransferase (DNMT) inhibitors, and (ii) histone
deacetylase (HDAC) inhibitors. As briefly mentioned, the first epigenetic drug azacitidine
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(5-azacytidine, Vidaza, Celgene) is a DNA methylation inhibitor (DNMTi) and blocks DNA
methylation in the abnormal (myelodysplastic) cells, thereby allowing the activation of
tumor suppressor genes that had been turned off in abnormal cells as a result of the
methylation changes. Another DNA methylation inhibitor decitabine (Dacogen; Eisai) was
approved in 2006 for the treatment of the same disease (high risk myelodysplastic
syndrome), which is often referred to as a type of pre-leukemia. However, these nucleoside
analogs show poor activity against solid tumors and are associated with severe toxic side
effects at higher doses, thus mostly low doses are used either alone or in combinational
therapy. Moreover, these drugs are not targeted specifically to tumor cells and therefore
modify the methylation patterns in tumor cells as well as in normal cells. Therefore, there is
a need for more specific and less toxic new therapeutics. In fact, several new inhibitors are
currently under development at various phase of drug development [135].

Another class of agents is the HDAC inhibitors (HDACIi). HDACs are the category of
histone modifier enzymes with the highest number of dedicated inhibitors (HDACI) for
disease treatment [136]. This is also due to the early discovery of the first HDACI in 1971.
In that year, dimethyl sulfoxide (DMSO) was found to induce erythroid differentiation [137].
From these observations, Marks and co-workers generated suberoylanilide hydroxamic acid
(SAHA) as specific HDACI for class | and Il HDACs [138]. Since October 2006 this
molecule is known as vorinostat and it is the first FDA approved epigenetic drug targeting
histone modifying enzymes. Two HDACIs vorinostat (suberoyl- anilide hydroxamic acid,
SAHA, Zolinza, Merck) and romidepsin (F-228, Istodax, Celgene) were approved by US-
FDA (vorinostat in 2006; romidepsin in 2010) originally for the treatment of rare cutaneous
T cell lymphoma (CTCL). However, HDACIs also have been shown to suppress the growth
of ovarian, endometrial, pancreatic and breast cancers and acute promyelocytic leukemia
(APL) in vitro and in vivo. Clinical trials show that HDAC inhibitors are well tolerated.
HDACIs are now extensively studied epigenetic drugs there are at least 20 structurally
different HDAC inhibitors that are in clinical trial for human cancers [139]. Moreover, other
potentially therapeutic novel agents are currently under investigation for the treatment of
various cancers. For example, selective inhibitors for EZH2 have been developed and shown
to be effective in killing lymphoma cells with EZH2 mutation [140-142]. The first selective
dual inhibitor of both EZH2 and EZH1 enzymes has been very recently developed as a
promising therapeutics for tumors that rely on both wild-type EZH2 and EZH1 as in the case
of mixed lineage leukemia (MLL) [143]. Although further research is needed for more
specific and better targeted epigenetic therapeutics, such overall progress and on-going
studies hold promise in management of cancer and other diseases, indicating a great
potential for effective therapies. Of note, however, monitoring of the efficacy of such
therapies, may require implementation of clinical monitoring of histone PTM's to assess
pharmacologic activity, highlighting another potential use of clinical proteomics.

6. Expert Commentary

It is now clear that epigenetic changes play significant roles in development and progression
of cancer, thus constitute important targets for therapy. As discussed, epigenetic therapeutics
are already in use demonstrating that these changes can be modified therapeutically. Due to
its increasing importance in basic and translational research, the number of studies on
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epigenetics has massively increased in the last decade. Its exponential growth has led to a
variety of accomplishments, both in technology and biological discoveries, which open new
challenges for discovery. The existence of an epigenetic code is constantly under debate, as
the complexity of the epigenetic network is currently beyond a full mechanistic
understanding. Even not considering DNA methylation and RNA interference, many
questions remain about the histone code. This is in part due to the complexity of MS data for
middle-down and top-down analyses. A major breakthrough required is advances in
separation techniques, as likely the number of co-fragmented isobaric peptides or proteins
will not be resolved when this exceeds a reasonable number (two-six). However, the
impressive achievements in technologies and medicine have generated an optimistic
environment among the epigenetic community, so that epigenetics is now one of the most
funded fields in science. Taken together, it is now a very exciting period to work on
epigenetics, and the large variety of possible studies, including inheritance, PTM cross talk,
drug development, signaling pathway and new mechanisms, offer ample space to new
scientific groups for novel discoveries.

7. Five-year view

Very likely, in the coming years more therapies will be approved, as many are currently in
advanced clinical trials. Several new dynamic histone PTMs have been recently discovered
[144-146], which are likely going to provide an even more complicated network of cross
talk involving intra and inter histone variants. Even though this is already an impressive
achievement, much needs to be done to understand their role and define whether any of these
low abundant PTMs have a critical role in disease pathogenesis, or are part of steady state
regulation of the cell and DNA structure. Importantly, several advances have been made in
the MS platforms for histone characterization. For instance, data-independent acquisition
methods are gaining popularity in proteomics [147]. SWATH™-MS is a data independent
workflow that uses a first isolation window to step across a mass range, collecting full scan
composite MS/MS spectra. The use of high-resolution instrumentation will lead to a map of
high mass accuracy fragment ions from all detectable precursor masses. This type of data
can be mined as a virtual selected reaction monitoring (SRM), even if at the time of the
acquisition there is no knowledge about the analyte. This approach is particularly suitable
for histone analysis and for their quantification, as they contain several isobaric peptides/
proteoforms. While this has been proved successful for bottom-up type of analysis [148]
their applicability for middle-down and top-down still has to be demonstrated. Collectively,
epigenetics is a science in continuous expansion. In the coming years these technological
improvements will likely assist to deeper understandings of the dynamic patterns of the
histone modifications and their corresponding changes in cancer, thereby will enable the
design of better treatment strategies, and eventually will allow personalized therapy.
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Key Issues

Histone post-translational modifications (PTMs) have a fundamental function in
chromatin biology, and aberrations of histone PTM levels have been linked to
development of diseases such as cancer.

Mass spectrometry (MS) has made many significant contributions to various
biological and translational researches, mostly in the area of protein PTMs and
especially in the histone biology.

Currently, the initial characterization of histones and mapping of their PTMs as
well as quantification of global changes of their abundances can be
accomplished using highly established bottom-up approach as nearly routine
proteomics analyses.

Top down MS technique is ideal for analysis of the combinatorial histone PTMs
that are simultaneously occurring on the same proteoform and may become a

truly high-throughput compliment to bottom-up MS in near future. Until then it
is sensible to take the advantage of hybrid approaches such as middle down MS.
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Figure 1. The genome and the phenotype during development and role of epigenetics
Representation of the massive change of a human phenotype during development, while

maintains a nearly identical DNA sequence through the entire lifecycle. Epigenetics is a
major effector in this process, as gene expression is modified and then modifications
inherited during embryonic development of specialized tissues.
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Figure 2. Antibody steric hindrance during histone post-translational modification recognition
Schematic representation of an antibody that is (A.) targeting its epitope without any

interference, (B.) recognizing “off-target' epitope, (C.) not recognizing the epitope due to a
nearby secondary histone modification and (D.) not recognizing the epitope due to a
secondary histone modification distantly located from the target.
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Figure 3.
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Figure 4. The mass spectrometry-based proteomics strategies for histone analysis
(A.) Histones are digested into short peptides when adopting the bottom-up strategy (top

left). The use of short peptides prevents the acquisition of combinatorial post-translational
modification (PTM) data, as the peptides detected cannot be used to verify whether two
modifications (e.g. red and yellow circles) were present simultaneously on the same histone
protein. The middle-down strategy partially overcomes to this issue, since it allows for the
analysis of the entire histone tail (top right), but it cannot provide data of histone PTMs
localized on the nucleosome core. Top-down allows for the analysis of the intact histone
(bottom left). The ultimate goal would be the analysis of the entire nucleosome (most
probably cross-linked), but mass spectrometry of histone complexes, especially if modified,
is still highly challenging (bottom right). (B.) Example of the increasing complexity in going
from bottom-up to top-down analysis of histone H3 (green colored and highlighted by a pink
glow). For example considering only methylation, a histone H3 peptide has on average 2—-3
modifiable residues, i.e. arginine and lysine residues. An average bottom-up peptide with
two lysine and one arginine residue could exist in 64 different combinations (K can be
unmodified, mel, me2 and me3; R can be unmodified, mel, me2). Of these, 54 have at least
one isobaric form, defined as alternative PTM combination with the same intact mass (e.g.
H3K27me2K36mel vs H3K27me2K36me2). In the middle-down and the top-down strategy
this issue grows exponentially, as the only species with no isobaric forms are the completely
unmodified and the completely methylated sequence. Even though it is less likely that all the
possible combinations are exist in nature, this issue is challenging as it leads to highly
complex MS/MS spectra, due to the myriad of co-fragmenting proteoforms.
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Figure 5. lon map of a typical bottom-up and middle-down LC-MS run
(A.) Bottom-up LC-MS ion map of histone extract. A typical bottom-up analysis is

performed with a relatively short gradient (< 1 hour) using C1g chromatography, and histone
peptides are eluted in sharp peaks (<1 min) with a precise but disperse order. Different
peptide sequences and with multiple modifications are spread all over the chromatogram.
However, some trends are conserved, and can be used to confidently identify histone peaks.
For instance, a peptide carrying only one modification and derivatized with propionic
anhydride is eluted with the order di- and trimethylated, acetylated, unmodified
(propionylated) and monomethylated (propionylated). (B.) Middle-down LC-MS ion map of
histone H3 N-terminal tails. A typical middle-down analysis is performed using a long
gradient (2—3 hours) with WCX-HILIC chromatography. Histone variants are usually
fractionated in different tubes, in order to achieve a more in depth characterization of a given
variant. Histone tails elution has a specific trend, where more modified species are eluted
first. Acetylation (ac) has a larger influence in the retention time as compared to methylation
(me).
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