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In the last 15 years, increasing evidence linking epigenetics to various
aspects of cancer biology has prompted the investigation of histone post-
translational modifications (PTMs) and histone variants in the context of
clinical samples. The studies performed so far demonstrated the potential
of this type of investigations for the discovery of both potential epigenetic
biomarkers for patient stratification and novel epigenetic mechanisms
potentially targetable for cancer therapy. Although traditionally the analy-
sis of histones in clinical samples was performed through antibody-based
methods, mass spectrometry (MS) has emerged as a more powerful tool
for the unbiased, comprehensive, and quantitative investigation of histone
PTMs and variants. MS has been extensively used for the analysis of epige-
netic marks in cell lines and animal tissue and, thanks to recent technologi-
cal advances, is now ready to be applied also to clinical samples. In this
review, we will provide an overview on the quantitative MS-based analysis
of histones, their PTMs and their variants in cancer clinical samples, high-
lighting current achievements and future perspectives for this novel field of
research. Among the different MS-based approaches currently available for
histone PTM profiling, we will focus on the ‘bottom-up’ strategy, namely
the analysis of short proteolytic peptides, as it has been already successfully
employed for the analysis of clinical samples.

Introduction

In the nucleus of eukaryotes, the genomic DNA is
packed into chromatin, a nucleoprotein structure that
regulates many fundamental nuclear processes, includ-
ing DNA replication, DNA repair, and transcription.
The majority of the protein content of chromatin is
constituted by histones, which comprise core and lin-
ker histones. Core histones (H2A, H2B, H3, and H4)
build the histone octamer, around which approxi-
mately 146 bp of DNA wrap, forming the basic unit
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of chromatin, the nucleosome. Linker histone HI1
binds the nucleosome and the free DNA in between
nucleosomes, contributing to the formation of higher-
order chromatin structures [1]. The assembly of nucle-
osomes occurs mainly during DNA replication and is
essential for chromatin replication and epigenetic
inheritance. Chromatin remodelers contribute to nucle-
osome assembly by regulating nucleosome assembly/
eviction and organization, chromatin access, and
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nucleosome positioning [2], while histone chaperones
ensure the transport of newly synthetized histones
from the cytoplasm to specific sites in the genome [3].

Crucial for the function of core histones are a num-
ber of reversible post-translational modifications
(PTMs) that are deposited mainly at their N-terminal
tails. Histone PTMs comprise methylation, acylation
(including acetylation, propionylation, and butyryla-
tion), phosphorylation, SUMOylation, ubiquitylation,
ADP-ribosylation, deamination, and crotonylation [4-6].
The type, location, and combination of histone modifi-
cations have been proposed to generate a ‘code™—
known as the histone code—which determines the
functional state of the underlying DNA [7]. Such func-
tional regulation is achieved either by influencing chro-
matin accessibility or by generating binding sites for
the recruitment of enzymes and protein complexes that
mediate downstream events [8,9]. Histone PTMs are
deposited and removed by histone-modifying enzymes
known as ‘writers’ and ‘erasers’, respectively, and are
recognized by effector proteins called ‘readers’, which
are characterized by specialized domains that bind to
modified residues [such as Tudor domain, chromod-
omain, PWWP domain, plant homeodomain, WD40,
and bromodomain (BRD)] [10]. Methylation and
acetylation on lysine residues are the most common
and best-studied histone PTMs. Acetylation of histone
tails is associated with transcriptional activation, while
methylation, depending on the location, residue, and
the number of methyl groups involved, can cause tran-
scriptional activation or repression [11]. To add
another level of complexity, all histones exist in several
variants, which can be locally enriched at distinct
chromatin regions and contribute to the fine-tuning of
chromatin-related processes [12].

In the last decade, the increasing evidence that epi-
genetics plays a crucial role in various aspects of can-
cer biology has prompted the investigation of
epigenetic features in the context of clinical samples
[13]. Differences detected in the levels of histone PTMs
and histone variants in different types of tissues or
patient cohorts can not only represent potential epige-
netic biomarkers for patient stratification, but also
suggest epigenetic mechanisms associated with cancer,
and indicate potential novel epigenetic pathways tar-
getable for cancer therapy (Fig. 1). The investigation
of histones in the context of patient-derived samples
has been traditionally performed using antibody-based
methods, such as immunoblots and immunohistochem-
istry (IHC). However, mass spectrometry (MS) has
emerged as a more suitable tool for the unbiased, com-
prehensive, and quantitative investigation of histone
PTMs and histone variants. Although MS has been
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applied so far to the analysis of histone PTMs mostly
in the context of cell lines, thanks to recent technologi-
cal advances, it is now ready for the application to
clinical samples.

In this review, we will provide a state-of-the-art
overview on the quantitative MS-based analysis of his-
tones, their PTMs, and their variants in clinical sam-
ples. Our goal is providing to an audience of nonmass
spectrometry experts the basic tools to understand
how MS can be employed to investigate epigenetic fea-
tures in cancer clinical specimens. Therefore, while giv-
ing a general overview on all the aspects concerning
histone PTM and variant analysis by MS, we will
focus in detail on those strategies that have already
been applied to patient-derived tissues, referring to
other reviews for more general technical aspects (for
instance, [14] provides a very comprehensive and
detailed review on histone PTM analysis by MS). In
particular, among the different MS-based approaches
currently available, we will focus on the ‘bottom-up’
strategy, namely the analysis of short (5-20 amino acid
long) proteolytic peptides, as it has been already suc-
cessfully applied to the analysis of clinical samples.
The review will articulate in three main parts: (a) a
summary of what is currently known regarding the
role of histone PTMs and histone variants in cancer,
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Fig. 1. Potential contribution of histone analysis in cancer research.
Histone PTM and variant profiling in clinical samples can generate
both novel epigenetic biomarkers for patient stratification and
epigenetic mechanisms targetable for cancer therapy. HME,
histone-modifying enzyme.
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(b) the basics of MS-based histone PTMs and variant
analysis, and (c) the contribution of MS-based analysis
of histones in cancer research.

Histones and cancer

Histone post-translational modifications as
cancer biomarkers

In recent years, the functional implications of histone
modifications in cancer have been the object of inten-
sive investigations. Histone PTMs have been studied in
tissue biopsies for their potential role as biomarkers
for cancer development, progression, histological grad-
ing, and response to therapy (Fig. 2). A decrease in
histone H4 acetylated at lysine 16 (H4Kl6ac) and
trimethylated at lysine 20 (H4K20me3) occurs early
during tumorigenesis and was observed across various
cancer cell lines and tissue types, thus representing a
general epigenetic hallmark of cancer [15,16]. Loss of
acetylation was correlated with reduced recruitment at
repeated sequences of the acetyltransferases MOZ,
MOF, and MORF [15,17]. Correlation between
H4K20me3 and its methyltransferases is more contro-
versial: loss of H4K20me3 was correlated with lower
levels of the enzymes SUV420H1 and/or SUV420H2
in different studies [15,16], but no association between
SUV420H2 expression and H4K20me3 was identified
in other studies where both cell lines and clinical sam-
ples were analyzed [18,19]. Loss of H4Kl6ac and
H4K20me3 occurs at DNA repetitive regions that are
hypomethylated in cancer cells. Because changes in
histone PTMs influence DNA methylation and vice
versa [20-22], one hypothesis is that DNA hypomethy-
lation could drive the observed changes in histone
PTMs, but no conclusive evidence on the mechanisms
through which these changes occur exists

Following the landmark discovery of histone PTMs
as hallmarks of cancer, other histone PTMs have been
linked with tumor onset and development. Different
studies showed that altered global levels of acetylation
and methylation of histones H3 and H4 correlate with
tumor progression and clinical outcome [6]. In general,
hypoacetylation was identified as a marker of cancer
progression and was found to be a potential prognos-
tic factor in many types of solid tumors [23]. In partic-
ular, low levels of H4Kl12ac correlate with cancer
progression in lung cancer [16] and increasing tumor
grade in colon [24] and breast cancer [25]. On the con-
trary, an increase of H3K4ac levels in breast cancer
cell lines is associated with cancer metastasis and is
considered a predictor of an aggressive and metastatic
phenotype [26].

Mass spectrometry-based analysis of histones

Moderate to low levels, compared with healthy tis-
sues, of H3K4me2 were reported in prostate, kidney,
breast, pancreas, liver, and lung cancers with a correla-
tion with worse patient outcome and poor prognosis
[23,25,27,28]. A decrease in H3K9me3 was observed in
lung and prostate cancer [29,30], while a global
increase in the same PTM correlates with poor prog-
nosis and tumor recurrence in other tumor types [31].
Several other examples of histone PTM changes hav-
ing opposite effects depending on the tumor type exist.
For instance, loss of H3K 18ac is associated with a bet-
ter prognosis in glioblastoma [32], but seems to corre-
late with poor survival and cancer recurrence in many
solid tumors, including prostate, kidney, lung, breast,
colon, and pancreatic cancer [23,25,33]. Reduced levels
of H4R3me2 correlate with poor survival and tumor
size in breast cancer and tumor grade in prostate can-
cer, while higher levels correlate with poor survival in
hepatocellular carcinoma [25,34]. Furthermore, a
decrease in H3K27me3 was associated with breast,
ovarian, pancreatic, colon, kidney, and lung cancer,
while an increase in the same mark correlates with
tumor progression in prostate, liver, and esophageal
cancer [31,35]. Additional potential histone PTM
biomarkers for cancer diagnosis or prognosis have
been identified and are shown in Figure 2 [36-42]. In
addition to the best characterized PTMs, less-studied
histone modifications are also being evaluated for their
role as tumor suppressors and oncogenes. For
instance, phosphorylation, ADP-ribosylation, and
ubiquitination have been studied for their role in regu-
lation of tumorigenesis, as they are involved in DNA
damage detection, carcinogenesis, and modulation of
transcription and chromatin remodeling [43].

Although histone levels and their associated PTMs
in tumor tissues hold great promise as cancer biomark-
ers, the requirement for invasive biopsies of an estab-
lished tumor for their analysis reduces their
applicability, especially to early-stage tumors or
tumors in sites that are difficult to reach (e.g., brain).
It has been shown that nucleosomes can be released
into the blood from cancer tissue, as a consequence of
cell death and apoptosis [44], and have been proposed
as non-invasive biomarkers for different types of can-
cer. Generally, circulating nucleosomes are present in
higher amounts in sera from cancer patients compared
with healthy samples [6,45], due to higher cellular
turnover, and are increased by cell death induced by
chemotherapy. However, the amount of circulating
nucleosomes on its own does not allow discriminating
tumor patients from subject with benign inflammatory
diseases [45]. A more promising avenue is represented
by the quantification of histone PTMs and
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Fig. 2. List of histone PTM cancer biomarkers. Histone PTMs as cancer biomarkers for diagnosis (including differences between tumor and
normal tissues, among tumor subtypes, and tumors with different stages or grades) (A) and prognosis (B). The red color in (B) indicates a
positive correlation between the level of the histone PTM and the prognosis, while the blue color indicates a negative correlation.

combinations thereof, as increasing evidence suggests
that circulating nucleosomes may be representative of
the nucleosomes found inside tumor cells in terms of
DNA methylation [46], nucleosome fingerprinting [47],
and also combinatorial histone marks [48]. For
instance, lower levels of the tumor hallmarks
H4K20me3 and H4Kl16ac were found in circulating
nucleosomes isolated from tumor patients compared
with normal subjects, together with differences in addi-
tional histone PTMs [48]. The potential held by circu-
lating histone PTMs is confirmed by two studies where
two panels of epigenetic modifications were identified
as diagnostic biomarkers in colorectal and pancreatic
cancers [49,50].

Chromatin modifiers and cancer

Changes in the levels of histone PTMs are often the
consequence of the aberrant expression, mutation, or
mislocalization of histone-modifying enzymes. The
best-studied histone-modifying enzymes are those
responsible for transferring or removing acetyl and
methyl groups, which include acetyltransferases
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(HATSs) and deacetylases (HDACsSs), and methyltrans-
ferases (KMTs) and demethylases (KDMs). Remark-
ably, chromatin modifiers have been reported to be
one of the most heavily mutated protein classes in can-
cer [51]. Accordingly, a mutational analysis of the
samples present in The Cancer Genome Atlas (TCGA)
Program pan-cancer Atlas study [52] showed that a
remarkable portion of tumors (from 20% to 90%,
depending on the tumor type) presents at least one
mutation in one of the histone-modifying enzymes
involved in the deposition and removal of methyla-
tions or acetylations [53].

While HATs and HDACs show low substrate speci-
ficity and are able to acetylate and deacetylate multiple
histone sites, KMTs and KDMs typically act in a
more specific manner, on one or few histone residues
[54,55]. Overexpression, mutations, and amplification
of HAT genes have been identified in many cancers,
especially those of epithelial and hematological origin.
HATSs were reported as either tumor suppressor genes
or oncogenes, depending on the specific type of cancer
and the type of mutation [56,57]. For example, p300/
CBP are generally considered as tumor suppressors
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[58], but are associated with poor prognosis in lung
cancer [59]. Aberrant expression of HDACs and/or
mutation in the corresponding genes were also identi-
fied in many cancers [60]. Generally, HDACs are
upregulated in cancer and their expression correlates
with poor prognosis [61].

Lysine methyltransferases and KDMs have been
also extensively evaluated for their role in cancer. In
general, demethylases seem to be upregulated, while
methyltransferase levels may change in a more varie-
gate manner, depending on tumor type and grade,
when compared to normal tissue [53]. In accordance
with the increase in H3K9 methylation observed in
many solid tumors, overexpression of the methyltrans-
ferases SUV39HI1, SUV39H2, and SETDBI1 was
observed in several cancers and reported to correlate
with poor prognosis and shorter survival time [62—-66].
Also in accordance with H3K9 methylation increase,
the H3K9 demethylase PHF2 was found to be down-
regulated in breast cancer [67]. One of the most stud-
ied histone-modifying enzymes is EZH2, which
mediates the deposition of H3K27me3. EZH2 is over-
expressed in all the most common cancers [68], and
high EZH2 expression is a prognostic indicator of
poor survival and correlates with metastasis and tumor
progression [69]. In prostate and esophageal cancers,
increased EZH?2 levels correlate with an increase in
H3K27 methylation [70,71]. However, in most of the
cases no association has been observed between EZH2
and H3K27me3 [35], highlighting how other factors
may concur to the level of histone PTMs, in addition
to the expression levels of histone-modifying enzymes.
These include enzyme mutation and turnover rates, the
altered function of the multi-subunit complexes to
which enzymes belong to, and differences in prolifera-
tion rates [53]. Many other methyltransferases acting
on other important histone PTMs, such as H3K4,
H3K36, H3K79, and H4K20, have also been linked
with cancer prognosis or disease mechanisms (reviewed
in [72]).

Given their involvement not only in cancer but also
in several other diseases, histone-modifying enzymes
are considered as promising novel therapeutic targets,
and intensive research has been devoted to the design,
test, and development of novel drugs targeting them.
There are currently more than 20 HDAC inhibitors in
different phases of clinical trials, some of which have
already been approved by the food and drug adminis-
tration for the treatment of hematological malignan-
cies [73]. Drugs targeting HATs were also investigated,
but the majority of the inhibitors developed so far
show modest potency and low selectivity [56,47]. How-
ever, some highly selective and potent inhibitors were
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developed to target p300/CBP [75]. In the last decade,
there has been also a remarkable progress in the devel-
opment of inhibitors of methyltransferases and
demethylases, as they show more specificity for their
substrates [76,77]. The first methyltransferase inhibitor,
chaetocin, was discovered in 2005 [78], and in the fol-
lowing years, many other inhibitors were identified.
While most of them are still in preclinical develop-
ment, several inhibitors of EZH2 are now under inves-
tigation in clinical trials [79]. Among demethylase
inhibitors, some of the most studied are the inhibitors
of LSD1, for which various Phase I and II clinical tri-
als are ongoing [80].

Chromatin remodelers, histone chaperones, and his-
tone readers alterations have also been widely investi-
gated in cancer. One of the most studied chromatin
remodelers is SWI/SNF, which has been shown to be
mutated in almost 20% of all tumor types [81,82].
Among histone chaperones, HJURP is upregulated in
cancer and described as a predictor of poor prognosis
in prostate [83] and breast cancer [84]. Concerning his-
tone readers, the most remarkable example of disregu-
lation in cancer is represented by the BRD containing
readers proteins of the BET family, which regulate
gene transcription by binding to acetylated lysine resi-
dues on histones, causing the aberrant expression of
genes involved in carcinogenesis. Mutation, misregula-
tion, and oncogenic fusions of BRD-containing pro-
teins were investigated in different studies as reviewed
in [85]. BET proteins promote MYC overexpression in
both hematological and solid tumors [86], and several
BET inhibitors are now in preclinical and clinical trials
[87].

Histone variants in cancer and oncohistones

The so-called ‘canonical’ histones are expressed during
the S phase of the cell cycle and deposited on chro-
matin in a replication-dependent manner. The histone
pool also includes histone variants, which are encoded
by a different set of genes, can be slightly or very dif-
ferent from the canonical counterparts, and are
expressed throughout the cell cycle [12,88]. Histone H3
has three major variants (H3.1, H3.2, and H3.3), a tes-
tis-specific variant (H3T), and a variant that is mainly
localized to centromeric chromatin (CENP-A). His-
tones H2A and H2B have 20 and 17 variants, respec-
tively, while H4, which was believed to exist as a
single histone sequence, has been recently shown to
have one variant (H4G) [89]. Histone variants can dif-
fer from their canonical counterpart in their expression
patterns and PTMs, and be enriched at specific geno-
mic regions, mediating different chromatin-related
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processes. Aberrations in the deposition of histone
variants have been linked to various diseases, including
cancer (reviewed in [90]). Overexpression of H2A.Z is
frequently observed in cancers and correlates with
poor survival [12,88]. In malignant melanoma,
H2A.Z.2 is implicated in cell proliferation and drug
sensitivity, suggesting inhibition of H2A.Z deposition
as a potential therapeutic strategy [91]. Another vari-
ant of H2A, macroH2A, is generally considered a
tumor suppressor in a wide range of cancers, although
the effect of its deregulation might have opposite
effects in specific contexts [88]. Consistent with its role
in DNA damage repair, H2A.X also acts mainly as a
tumor suppressor [88]. Aberrations in its coding gene
have been observed in many types of tumors and are
linked with oncogenic translocations and genomic
instability [92,93]. Furthermore, y-H2A.X, which has
been extensively used as a specific and sensitive molec-
ular marker of DNA damage, was described as a prog-
nostic and predictive factor in cancer [88]. Because
DNA double-strand breaks may lead to cancer, but
are also increased by cytotoxic cancer treatment, using
vyH2A.X detection to determine the extent of DNA
damage could be useful to monitor the effectiveness of
cancer therapies, as well as to detect precancerous cells
and determine cancer stage, based on the levels of
DNA damage [94]. y-H2A.X can also be detected in
liquid biopsies [95], which makes it a particularly
attractive biomarker.

Histone H3 variant H3.3 is continuously expressed
independently of cell cycle, and its presence at promot-
ers is associated with active transcription. In pediatric
brain tumors, several studies identified driver muta-
tions in histone H3, the majority of which were found
exclusively or at higher frequency in the H3.3 variant
compared with canonical H3.1/2 [96] (also see the last
paragraph of this section). CENP-A is one of the most
studied H3 variants, it localizes at the centromere in
all eukaryotes and plays an essential role in cell divi-
sion [12]. Increased expression of CENP-A was associ-
ated with cancer development and progression and
was proposed as a prognostic and predictive cancer
biomarker in several cancers, with correlation with
poor prognosis [97]. Finally, histone H4 variant H4G
appears to be preferentially expressed in breast cancer
(both cell lines and human tissues) compared with nor-
mal cells, and its levels correlate with breast cancer
stage progression [89].

Linker histone H1 also exists in 11 variants in
human and mouse. Of the seven somatic variants, his-
tones H1.1-H1.5 are replication-dependent, while his-
tones H1.0 and Hlx are transcribed throughout the
cell cycle [98]. By binding differently to the
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nucleosome, H1 variants can generate distinct higher-
order chromatin structures and contribute to the
regulation of nuclear functions (reviewed in [99]).
Alterations in the global levels of histone H1 and the
levels of specific variants have been observed in cancer
(reviewed in [100]). Normally, the levels of replication-
dependent variants are increased in tumor compared
with normal tissues, because of increased cell prolifera-
tion. Instead, H1.0 is expressed in a heterogeneous
manner in cancers and is overall reduced, particularly
in undifferentiated and aggressive tumors [100]. These
results suggest that H1 levels, as well as the levels of
other histone variants, could be exploited as biomark-
ers to distinguish between normal and tumor tissue,
benign and malignant lesions, and patient with differ-
ent prognosis.

In addition to altered histone levels, recurrent muta-
tions in both core and linker histones have been found
in different types of cancer (reviewed in [96,100]). Sev-
eral mutations have been reported in histone H3 resi-
dues that are substrates or are close to substrates of
histone-modifying enzymes, such as H3K27 and
H3K36. Because mutant histones contain missense
oncogenic mutations, they are usually termed as ‘onco-
histones’. The first oncohistones were reported in pedi-
atric high-grade gliomas and contain the H3.1/
H3.3K27M and H3.3 G34R/V mutations [101-105].
The H3.3K27M mutation was later identified also in
posterior fossa ependymoma [106], and additional his-
tone mutations include H3.3G34W/L and H3.3 K36M
in pediatric bone tumors, and H3.1/H3.3K36M in
head and neck cancer [107,108]. The K27 and K36
mutations impair the binding of methyltransferases
and display a dominant-negative effect, causing a gen-
eral decrease of methylation levels, despite the fact
that mutant histones typically represent a minor frac-
tion of total histone H3 [109,110]. Epigenetic therapies
aimed at reverting the changes in chromatin caused by
oncohistones are currently being investigated.

MS-based analysis of histone PTMs
and variants

Mass spectrometry is an analytical technique that
allows determining with high accuracy the mass (or
more precisely the mass/charge ratio, m/z) of different
types of molecules, including peptides and proteins. In
recent years, MS has become the method of choice for
the identification and quantitation of histone and their
PTMs. Prior to the advent of the MS analysis of pro-
tein and polypeptides, histone PTMs were traditionally
analyzed through antibody-based methods, such as
immunoblotting, immunofluorescence, ELISA, and
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IHC, the latter having particular relevance for the
analysis of clinical samples. All these methods shared
several limitations, including the ability to measure
only one or few known modifications at the time, the
need for reliable and specific antibodies, poor signal
linearity, cross-reactivity and epitope masking (poor
efficiency to detect a modification when another one is
present nearby). PTMs are identified by MS and local-
ized to specific residues by detecting a ‘delta-mass’
between the theoretical and experimentally measured
masses of peptide/proteins. As a consequence, theoreti-
cally any PTM or combination of PTMs can be pro-
filed in a single run, without requiring a priori
knowledge of the type or site of the modification, and
in a highly quantitative manner. In addition, MS pro-
vides a unique tool to detect mutations in histone
sequences, such as oncohistones, as well as to quantify
histone variants, which can only differ in a few amino
acids and may be difficult to distinguish using tradi-
tional methods.

Three main MS-based approaches can be used to
study histone PTMs in biological samples (reviewed in
detail in [14] and schematized in Fig. 3A). In ‘top-
down’ approaches, intact histones are chromatographi-
cally separated and directly ionized and MS-analyzed,
providing information on the complete panel of his-
tone isoforms present in a sample and their overall
stoichiometry. In ‘middle-down’ approaches, long his-
tone peptides (> 5 kDa) are obtained through diges-
tion with endoproteases that cleave at residues
occurring with low frequency, such as Glu-C and
Asp-N. Through this approach, intact N-terminal tails
can be obtained. For example, Asp-N generates the
H4 1-24 peptide, while Glu-C generate the H3 1-50
peptide, which contain most of the known PTM sites
in histones H4 and H3, respectively. Although top-
and middle-down MS approaches are ideal to detect
long-range PTM associations and extrapolate their sto-
ichiometry, one of the major challenges related to
these two approaches is the difficulty in distinguishing
isobaric species (namely peptides carrying the same
modifications, but on different positions). Other issues
involve the lower sensitivity and computationally
demanding data analysis. As a consequence, top- and
middle-down MS approaches are usually carried out in
few, specialized laboratories, and no applications to
clinical samples have been reported so far.

In ‘bottom-up’ MS approaches, which are by far the
most employed for PTM analysis, histones are enzy-
matically digested into relatively short (5-20 amino
acid long) peptides prior to MS analysis. Trypsin,
which is the most commonly used protease for global
proteomics studies and cuts at the carboxylic
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terminus of arginine and lysines, can be used to ana-
lyze histone H1 variants, but is not ideal for core his-
tones. Due to the high number of basic amino acids
present in core histone sequences, trypsin generates
peptides that are often too short for MS analysis. In
addition, trypsin does not cut efficiently next to modi-
fied residues, thus generating peptides of inconsistent
length that cannot be quantified accurately (Fig. 4).
To solve these issues and generate histone peptides of
proper length, two main strategies can be employed: a
digestion with the Arg-C protease, which cleaves at the
C-terminal of arginine residues, or an ‘Arg-C like’
digestion (Fig. 4). The latter is achieved by using the
trypsin protease following chemical acylation of lysines
with agents that impair trypsin digestion, such as
deuterated acetic anhydride [111,12], or, more com-
monly, propionic anhydride [113]. This approach is
also useful to discriminate isobaric peptides [112], and
—when combined with a second round of derivatiza-
tion of the digested peptides with propionic anhydride
or phenyl isocyanate (PIC)—significantly improves the
chromatographic retention and detectability of short
and hydrophilic peptides ([114] and unpublished
results). Bottom-up approaches provide limited infor-
mation about co-occurring modifications (up to four),
especially in the case of distant marks, but represent a
more flexible tool that has also been applied for the
analysis of patient-derived samples. Figure 3B shows a
typical bottom-up workflow for histone PTM analysis,
which include chromatographic separation, MS acqui-
sition, and data analysis and quantitation.

Below, we will provide a general overview of the key
aspects of the analysis of histones and their PTMs by
MS, and discuss the different options available for the
analysis of clinical samples, focusing mostly on bot-
tom-up approaches.

Types of clinical samples and their preparation
for MS-based histone PTM and variant analysis

Histones are particularly small and hydrophilic pro-
teins, and unlike the majority of the proteins, they
are soluble in strong acids, such as HCl or H,SO,
[115]. Therefore, most standard protocols to isolate
histones from cells involve the purification of nuclei
followed by acidic extraction. While these protocols
generate highly pure histones, there is a considerable
loss of material associated with each purification step,
which may represent a problem when dealing with a
low number of cells. This is often the case of patient-
derived primary cells, which cannot be expanded
indefinitely and are available in limited amounts. For
these cells, simplified protocols tailored to different
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Fig. 3. MS-based analysis of histone PTMs. (A) Scheme summarizing the three MS-based approaches that can be used for histone PTM
analysis. In ‘top-down’ approaches, intact histones are chromatographically separated and directly analyzed by MS; in ‘middle-down’
approaches, long histone peptides (> 5 kDa) are obtained through digestion with Glu-C or Asp-N; in ‘bottom-up’ approaches, histones are
enzymatically digested into shorter (5-20 amino acid long) peptides, for instance using the Arg-C protease. Panel B shows a general
bottom-up MS workflow, which involves liquid chromatography separation, acquisition of full MS, and fragmentation spectra in the mass
spectrometer, followed by identification and quantification of the modified peptides.

ranges of starting cell amounts have been developed
[116] (Fig. 5). In addition, during the last years,
approaches suitable for the analysis of histone PTMs
—which can also be used for the analysis of histone
variants—from the most common sources of patient-
derived specimens have been implemented by our
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group and others [116-122] (Fig. 4). Typically, these
methods must be followed by SDS/PAGE or other
strategies (e.g., StageTip microcolumn enrichment
[123]) to remove detergents and other MS contami-
nants, and to separate histones from other proteins
present in the gel.
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Patient-derived samples are stored in hospital bio-
banks as either formalin-fixed paraffin-embedded
(FFPE), fresh-frozen, or optimal cutting temperature
(OCT)-frozen tissues. Fresh-freezing is considered the
ideal storage method for proteomics studies, since it
avoids potential artifacts and do not contain MS con-
taminants. However, sections are difficult to obtain
from this type of samples and often do not completely
preserve the morphology of the original tissue. On the
contrary, OCT generates a matrix around the samples
that allows the morphological preservation of the tis-
sue during section cutting. However, OCT is a strong
contaminant for MS analysis, which must be carefully
eliminated during sample preparation prior to LC-MS
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[116,118,122,124]. Histones can be enriched from fro-
zen tissues though protocols similar to those used for
cells, after tissue homogenization and removal of
OCT, if present [116,119,119,122] (Fig. 5). Purification
steps, such as acidic extraction, can be avoided to
maximize the yield of histones, when dealing with low
amounts of starting material.

Despite providing several advantages, the collection
of frozen samples is not routine in hospitals and their
availability in biobanks is limited. A much more com-
mon preservation technique to archive patient speci-
mens is formalin fixation followed by embedding in
paraffin. FFPE samples represent a precious source of
patient samples, in particular for retrospective studies,
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and are stable at room temperature, but their analysis
requires reverting the extensive protein crosslinking
generated by formaldehyde fixation, which is usually
performed through heat-induced antigen retrieval tech-
niques similar to those used in ITHC [125]. All the
reported protocols for extraction of histones from
FFPE tissues share few main steps: (a) paraffin
removal; (b) tissue rehydration and homogenization;
and (c) protein extraction and decrosslinking, which is
achieved through incubation at high temperature in
the presence of high concentrations of strong deter-
gents [117,120,121] (Fig. 5). The comparison of
matched FFPE and frozen breast cancer tissues
through the PAThology Tissue analysis of Histones by
MS (PAT-H-MS) protocol that we developed showed
very similar histone PTM patterns for the two storage
methods, allowing the definition of a list of 52 differ-
entially modified histone H3 and H4 peptides that can
be reliably identified and quantified in FFPE samples
up to 7 years old [120,123]. It must be noted that a
few methylations and formylations were significantly
and systematically increased in FFPE tissues (the most
relevant changes were on H3KI18mel and K79mel/
me?2), suggesting that some artifacts due to FFPE stor-
age are not eliminated by the decrosslinking step of
the protocol, in accordance with previous reports
[117].

A major limitation of both FFPE and frozen tissues
is related to tissue heterogeneity, which may come
from the presence of different cell types (e.g., normal
or immune cells) or from differences among different
areas within the same tumor. This problem can be
overcome by selecting gross tissue areas or specific
areas/cell populations by manual macrodissection or
laser microdissection (LMD), respectively. After prov-
ing that MS-based histone PTM analysis can be cou-
pled with manual macrodissection and LMD, and
showing that all the most common histone PTMs can
be quantified from approximately 450 000 cells [126],
more recently we have optimized the sample prepara-
tion step in order to scale down the starting amount
needed. Our results show that at least 33 differentially
modified histone peptides can be quantified from
microdissected tissue areas corresponding to as low as
1000 cells (unpublished results).

Finally, histones can be isolated from blood, which
represents a particularly attractive source of non-inva-
sive molecular biomarkers. As an alternative to ELISA
methods, a dual acid extraction protocol for isolation
of circulating histones from serum of patients with
solid tumors was proposed [48]. Western blot analysis
of few selected histone PTMs showed a comparable
pattern in paired sera and cancer tissues, suggesting
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that analyzing circulating nucleosomes may be a viable
option to study epigenetic changes in cancer patients.
Although the presence of histones in the preparation
was confirmed by MS, no systematic analysis of PTMs
by MS was performed. Such an analysis would be
important not only to expand the number of modifica-
tions that can be profiled in serum, but also to better
understand to which extent histone PTMs in circulat-
ing nucleosomes reflect those found in tumors.

Instrument set-ups for MS profiling of histones

The majority of the histone PTM studies conducted so
far have been performed using a liquid chromatogra-
phy (LC)-MS setup, where a high-resolution mass
spectrometer is combined with reversed-phase high-
performance LC (HPLC, as shown in Fig. 3B). The
chromatographic step allows the separation of complex
peptide mixtures obtained by digestion of histones,
prior to MS analysis, and is particularly useful for the
identification and quantitation of isobaric peptides. As
an alternative, a recent study proposed the use of
direct injection MS, which allows analyzing 200 his-
tone PTMs with a 1 min of MS analysis, as part of a
workflow that theoretically allows analyzing more than
1000 of samples per day [127]. Although this method
would solve the robustness issues often linked with
nano-LC systems, and provide a throughput that
would be extremely useful in the context of clinical
studies, the applicability of this workflow to patient-
derived samples, where histones are often not present
at high purity, has still to be verified.

A completely different set-up of particular interest
in the context of clinical samples is matrix-assisted
laser desorption ionization (MALDI) imaging [128].
This approach involves the analysis of tissue sections,
allowing the definition of the in situ spatial distribu-
tion of m/z values for hundreds of molecules. The
identification assignment of such m/z values typically
requires LC-MS to be used in parallel. Although
MALDI imaging has been used in various studies to
profile either intact or digested proteins [128], only few
examples of histone analysis have been reported (re-
viewed in [129]). Most of them were not specifically
tailored to histone PTMs, but were rather global pro-
teomics profiling experiments aimed at identifying pos-
sible cancer biomarkers, among which histones were
identified. For instance, histone H4K 16ac and K20me2
were identified as potential biomarkers for microvascu-
lar invasion, a major risk factor for tumor recurrence
and postoperative mortality in hepatocellular carci-
noma [130]. Another study reported the development
of a workflow based on intact protein detection, which
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allows characterizing the in situ distribution of histone
PTMs and histone H1 variants in the mouse brain
[131]. MALDI imaging was also used to follow histone
acetylation changes during treatment with HDAC inhi-
bitors in gastrointestinal cancer cells [132]. The spatial
molecular profiles generated by MALDI imaging can
be used to guide the selection of areas by LMD, repre-
senting an alternative to the evaluation of morphologi-
cal features usually carried out by a pathologist. This
type of approach has been employed to select hetero-
geneous breast cancers regions to be analyzed by
microproteomics [133], where one tissue section was
subjected to MALDI imaging analysis, and adjacent
sections were used for LMD followed by LC/MS anal-
ysis. A similar approach could be imagined for histone
PTM and variant analysis.

MS data acquisition

For MS analysis, the peptides obtained from digesting
histones are ionized and separated based on their m)/z,
obtaining a ‘full MS spectrum’ (or MS1 spectrum,
Fig. 3B, top panel). Ions with a specific m/z are then
selected and fragmented, generating smaller fragments
that are detected in a ‘fragmentation spectrum’ (or
MS2 spectrum, Fig. 3B, top panel). The experimen-
tally determined spectra are then searched against the
theoretical spectra present in a database, to determine
the mass and the sequence of the peptides, and the
presence and location of PTMs (Fig. 3B, bottom
panel). Most of the currently used data acquisition
routines for histone PTMs are based on data-depen-
dent acquisition (DDA) methods, where the ion pre-
cursors with the highest relative abundance in the full
MS scan are selected for subsequent fragmentation.
While being a very successful strategy to analyze
well-known and abundant modifications, this type of
analysis imposes an intensity bias that may limit the
detection of less abundant PTMs in the absence of
specific enrichment/fractionation steps preceding the
MS analysis. To overcome this issue, targeted or data-
independent acquisition (DIA) approaches (reviewed
in [134]) can represent a useful alternative to DDA.
Targeted MS methods, such as single-, multiple-, and
parallel-reaction monitoring (SRM, MRM, and PRM,
respectively) and single ion monitoring (SIM), allow
the selection of specific ions to be analyzed with higher
sensitivity and throughput, but require an a priori
knowledge of the peptide of interest, and cannot be
employed in a discovery experiment. Although tar-
geted methods cannot be used to discover previously
unknown modifications, they allow analyzing many
differentially modified peptides in the same run. For
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instance, targeted methods were applied to follow up
20 modification sites in cells and human brain [131].
Differently from DDA and targeted methods, DIA
involves the fragmentation of all precursor ions within
a given m/z window, avoiding intensity biases. Because
data analysis and quantitation can be performed from
both MS1 and MS2 scans, DIA can be useful to dis-
tinguish between isobaric and coeluting peptides
[127,135]. DIA was successfully used to assess dynamic
changes in methylations and acetylations in histones
H3 and H4 in response to treatment with the HDAC
inhibitor SAHA [136]. In addition, both DIA and SIM
were employed to quantify 199 peptides from histones
extracted from mouse brain and liver [127].

Histone PTM quantitation strategies

Because most histone PTMs are common to all sample
types, but are present at different levels, an accurate
quantitation of their abundance is essential to charac-
terize a biological sample (Fig. 6). Different MS-based
strategies can be used to quantify histone PTMs (re-
viewed in [14]). Typically, they involve extracting from
the chromatographic profile the peaks corresponding
to the m/z value and chromatography retention time
of the peptide of interest, known as eXtracted Ion
Chromatograms (XICs; Fig. 7). Isobaric and coeluting
peptides can be quantitated based on the abundance
of fragment ions at the MS/MS level [137,138].

In a label-free analysis, the XICs of different unla-
beled samples, which are acquired in distinct runs, are
compared. When using labeling strategies, different
samples are labeled, combined, and acquired in a sin-
gle run, from which the XICs of distinct samples can
be extracted. Labeling can be achieved by growing
cells in media containing isotope-encoded amino acids,
a method known as stable isotope labeling by amino
acids in cell culture (SILAC) [139]. This method allows
comparing up to three different cell populations, but
requires actively diving cells to be applicable. In the
case of clinical samples, spike-in approaches are typi-
cally used, where unlabeled samples are compared with
a labeled internal standard, which can be represented
by SILAC-labeled histones purified from one or more
cell lines [140,141], or by a library of synthetic isotope-
labeled peptides [142]. The use of an internal standard
usually reduces experimental variability compared with
label-free strategies, and offers higher flexibility (e.g.,
the possibility to run large cohorts of samples in dif-
ferent batches, to be normalized to the standard) com-
pared with standard SILAC approaches. In addition,
using synthetic peptides allows the absolute quantita-
tion of histones and their PTMs, as demonstrated by

The FEBS Journal 289 (2022) 1191-1213 © 2021 The Authors. The FEBS Journal published by John Wiley & Sons Ltd on behalf of 1201

Federation of European Biochemical Societies



Mass spectrometry-based analysis of histones

f a
Label free unmod
A P P § me1 s
Sample 1 N < me!
P _> ’r\. \‘ . ﬁ 3 me2
o s 2
digested AUC
peptides extraction
N @
Sample 2 - . 5
£ \Ne
— "\:-\.  — E]
o > 2
\_ RT(min) y
f \
SILAC
<
Sample 1 \Eg
\ unmod
~~ ! me1
* gl |
P . % “\ me2 me3
F— -5 — |
- E
< <
Sample 2 — digested AUC -
(Iabellgd) peptides extraction RT(min)
o
\ W,
4 ] ™\
Spike-in unmod
<
— ® me1
A 2 me3
Sample 1 JEAS 5
X N 3 me2
N <
<
labelled - labelled <%
histones . peptides .y
(1) D 2 :
N
— T o~ g
< -
Sample 2 . —— ﬂ\:_\: - §
" - 2
digested AUC
peptides extraction
\
4 . N\
TMT/iITRAQ Ms1
o>
< XAy
. rl—r\\_ r.—r\\. \\f\@ & FE
Sample 1 R e e R
\ - r §
< § I
peptide < I
labelling | > —.I
m/z +
A -
— T N MS2 quantitation
£ N « . o
Sample 2 > ~ 5N o Sy £
o - r %
digested E
peptides <
L .

using a library of 93 synthetic Protein-AQUA™ pep-
tides carrying the most common histones H3, H4, and
H2A PTMs [142]. Targeted MS represents a particu-
larly suitable data acquisition strategy for relative and
absolute quantitation of peptides and proteins in com-

bination with internal standards.

Another labeling approach involves the chemical
modification of histone peptides after digestion, using
tandem mass tags (TMT) [143] or isobaric tags for
relative and absolute quantification (ITRAQ) [144].
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Fig. 6. MS-based histone PTM quantitation
strategies. Simplified scheme depicting the
most common histone PTM quantitation
methods in bottom-up MS approaches. In
label-free experiments, unlabeled samples
are acquired in distinct runs and then
compared. When using labeling strategies,
different samples are labeled, combined,
and acquired in a single run, from which the
information regarding the abundance of
distinct samples can be extracted. Labeling
can be achieved by growing cells in media
containing isotope-encoded amino acids, a
method known as SILAC. Unlabeled
samples can also be compared with an
internal standard, which can be SILAC-
labeled histones purified from cell lines, or
synthetic isotope-labeled peptides.
Alternatively, peptides can be chemically
modified after digestion, using TMT or
iTRAQ. Up to 16 samples can be labeled
using different tags, which have the same
chemical structures and mass, but contain
isotopes that allow them to be
distinguished at the MS2 level.

By using these strategies, up to 16 samples can be
labeled using different tags, which have the same
chemical structures and mass, but contain isotopes
that allow them to be distinguished at the MS2
level. The possibility to combine up to 16 samples
significantly reduces acquisition times and improves
the multiplexing capabilities. Although this would be
beneficial for profiling large cohorts of samples,
these strategies have only been applied to cell lines

so far [145,146].
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Fig. 7. XICs. XICs corresponding to doubly charged ions for five
differentially modified forms of the histone H3 3-8 peptide TKQTAR,
containing H3K4. The peptides were digested with the PRO-PIC
method. The PTMs and m/z values of the peptides are indicated.

Although the above-mentioned quantitative strategies
can provide useful information when profiling clinical
samples in a discovery stage, their use in the clinical rou-
tine in the near future is unlikely. Therefore, validation
and routine analysis of potential epigenetic biomarkers
could be performed using other more straightforward
approaches, such as ELISA or IHC, which however suf-
fer from the limitations already described in the introduc-
tion. Alternatively, one MS-based method for the
analysis of histones that could be currently implemented
in the clinic is MRM, which requires instrumentation
often already in use in hospitals for other applications.
MRM-based methods were developed for the analysis of
a specific histone modification (H3K56ac [147]) or 42 dif-
ferentially modified histone peptides [148], using stable
isotopic labeled peptides as internal standards to measure
the absolute concentrations. These studies provide the
proof of concept for the applicability of MRM
approaches for histone PTM analysis, although they have
not been applied to clinical samples yet.

Histone variants and oncohistones

Because histone variants often show limited sequence
differences, their identification through conventional
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antibody-based methods is challenging. Although all
three main proteomics strategies—bottom-up, middle-
down, and top-down—have been used to study core
histone variants (thoroughly reviewed in [149]), bot-
tom-up proteomics has limitations in discriminating
many of the variants. Indeed, because of the small size
of the peptides resulting from this type of digestion,
the peptides containing residues that are different
among variants may be undetectable. For instance,
H3.3 differs from H3.1 in five amino acids, of which
only one (amino acid 31) falls in a peptide detectable
by bottom-up MS (peptide 27-40) [150]. However,
there is no peptide derived from bottom-up
approaches that allows distinguishing all the H2B vari-
ants one from another. This problem can be overcome
by using an offline chromatographic separation to iso-
late histone variants prior to bottom-up analyses [149],
or, alternatively, by using top- and middle-down MS.
These approaches have been employed to characterize
H2A [151,152] and H3 [153,154] wvariants, which
showed interesting differences in their PTM patterns.
A combination of top-down and middle-down MS was
also applied to the investigation of histone H3 and
H2B clipping [155], namely the proteolytic cleavage of
histone N-terminal tails by different proteases, which
has been implicated in various cellular processes [156].
MS can also be very useful to identify and quantify
mutations on oncohistones, as shown in a study
reporting the role of the H3K27M mutation in pedi-
atric glioblastoma [110].

Linker histone H1 sequences contain a conserved
globular domain, whereas N- and C-terminal tails are
much less conserved among the different variants
[157], so that they can be distinguished more easily by
MS. Differently from core histones, histone HI vari-
ants can be reliably detected and quantified using a
simple trypsin digestion. Because trypsin is commonly
used in global proteomics studies, differences in his-
tone H1 variant levels emerged from the global pro-
teomics profiling of patient-derived samples. For
instance, differences in several linker histone variants
were identified between patient-derived epithelial cells
from healthy and cancerous ovarian tissues [158]. In a
recent study, we focused specifically on linker histone
and implemented a label-free quantification approach
to analyze somatic histone H1 variants in clinical sam-
ples, which is applicable to laser-microdissected tissue
regions containing as low as 1000 cells. By applying
this approach to breast cancer patient samples, we
identified differences in histone H1 variants patters in
triple negative breast tumors with and without relapse
after chemotherapy [159]. PTMs on histone HI vari-
ants can also be investigated by MS. Phosphorylation,
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which is the best characterized PTM on linker histone,
as well as other PTMs, were characterized by both
top-down [160] and bottom-up MS methods [156,162].
Despite the potential of profiling histone variants in
clinical samples through MS-based approaches, the
vast majority of the studies performed so far were
done on cell lines, while only a few used mouse tissue
[154,163].

MS contribution to cancer epigenetics

The growing evidence regarding an involvement of epi-
genetic mechanisms in cancer, together with the tech-
nological advances in MS-based histone PTM analysis
witnessed in recent years, has fueled the application of
MS-based approaches to profile the epigenomes of
cancer clinical samples, with the goal of identifying
epigenetic biomarkers, and investigate epigenetic mech-
anisms underpinning cancer onset and development
[164]. As already mentioned, many of the studies per-
formed so far employed cancer cells lines as a proxy
for tumor tissues. In some cases, the goal of the study
was the identification of epigenetic biomarkers, for
instance, associated with cigarette smoking [165], with
an invasive phenotype in esophageal squamous cell
carcinoma [166] or tumor grade in breast cancer [167].
Other studies investigated the levels of histone PTMs
in the context of changes in histone-modifying
enzymes. For instance, a super-SILAC-based histone
PTMs profiling of 115 cancer cell lines revealed an
increase of H3K36me?2 in cells containing mutations in
the methyltransferase NSD2, which hence was sug-
gested as a potential therapeutic target in pediatric
acute lymphoblastic leukemia [168]. Top-down MS
identified the presence of hypermethylated proteoforms
in human cell lines derived from multiple myeloma
patients overexpressing the histone methyltransferase
MMSET [169], while a targeted MS-based assay
showed that EZH2 can affect H3K9 methylation in
drug-tolerant cell precursors in the presence of the
repressive mark H3S10P, which supported a role of
this methyltransferase in the initiation of drug toler-
ance [170]. In another study, profiling of histone modi-
fications and  histone-modifying enzyme gene
expression levels in 24 cell lines, mostly cancerous,
highlighted an enrichment of H3K27me3, along with
its main methyltransferase (EZH2) in breast cancer cell
lines compared with the cell lines of different origin
[171]. This finding prompted the investigation of the
effects of knocking down EZH2, which reduced tumor
growth in a mouse mammary xenograft model.
Although using cancer cell lines that can be easily
manipulated is the easiest method to study epigenetic
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mechanisms in cancer, caution must be given to the
interpretation of the results that are obtained from
such investigations. It is indeed known that cancer cell
lines represent some but not all the features of primary
tumors, also from the epigenetic point of view
[119,172]. By profiling histone PTMs in cancer cell
lines, primary cells, and cancer tissues in different
tumor models, we showed that cells undergo a rapid,
extensive, and systematic rewiring after transition to
culture conditions [119]. Such rewiring involved impor-
tant changes in methylations/acetylations on a number
of histone H3 residues, including K9, K14, K18, K27,
K36, K79, and also several histone H4 residues (un-
published results). These changes are relevant to the
point that differences between tissues and cell lines are
more marked than those observed between tumor and
normal samples [53]. Importantly, these changes revert
when cells are returned in an in vivo situation, such as
in tumor xenograft. Therefore, while cell lines and
long-term primary cells are a useful tool, it is advisable
to validate the results obtained in patient tissues or
in vivo animal models [119]. This was done in the
already mentioned seminal study investigating histone
PTM changes in tumor compared with normal samples
[15], where the decrease in H4K16ac and H4K20me3
initially observed in tumor cell lines was then validated
in patient tissues. Along the same line of investigation,
more recently, we employed MS approaches to profile
histone H3 modifications in a panel tumor and normal
tissues for several cancer types, revealing various
changes, some of which tumor- and subtype-specific,
and some more general [3,123] (Fig. 2, left panel).
Most notably, we detected in all the tumor types tested
compared with their normal counterpart a widespread
decrease of H3K14ac, which could represent a novel
epigenetic hallmark of cancer. We also detected a
decrease in H3K27me3 in several tumor types/sub-
types, including breast cancer, compared with normal
tissue [53,12]. This result is in contrast with the
increase in the methyltransferase EZH2 taking place in
the majority of tumors, and suggests that a mechanism
different from deregulation of this histone-modifying
enzyme levels is responsible for the change in the
H3K27me3 mark. One such mechanism could be the
increased proliferations rates in tumors, since
H3K27me3 shows decreased levels in proliferating cells
[53,123]. In breast cancer tissues, we also detected sig-
nificant differences in various histone PTMs, including
H3K9me3, H3K36mel/me2 and H3K27me3 marks
among different subtypes [120,126]. Changes in prolif-
eration rates may at least partially account for the dif-
ference in H3K27me3—as well as H3K36 methylation
—also in this setting, while the increase in H3K9me3
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in the triple negative and HER-positive subtypes
appears to be specific and cell cycle-independent
[53,123].

The H3K27me3 mark was also investigated in
malignant peripheral nerve sheath cancer, where the
analysis of histone PTMs in FFPE tumors revealed a
number of changes due to loss-of-function alterations
in Polycomb-repressive complex 2 (PRC2), which con-
tains the EZH2 enzyme. In particular, an increase in
PTMs associated with active transcription, including
H3K27Ac and H3K36me2, and loss of H3K27me2/
me3 were observed [121]. These changes suggested
NSD2, the methyltransferase responsible for the depo-
sition of H3K36me2, as a potential therapeutic target.
NSD2 knockdown restored the expression of pathways
linked to interferon signaling and antigen presentation,
which were altered in PRC2-deficient tumors.

Lastly, we found a significant decrease in the levels
of all somatic histone variants in breast cancer belong-
ing to the triple negative subtype relapsing tumors
when comparing patients with and without relapse
3 years after chemotherapy [159], suggesting histone
H1 variant levels as potential biomarkers useful for
prediction of response to therapy.

Conclusion and perspectives

In the last 15 years, MS-based proteomics has proved
its value for the analysis of histone PTMs and histone
variants, outperforming antibody-based approaches
for the analysis of bulk histone PTM levels in terms of
comprehensiveness and quantitative accuracy of the
data that it can provide. In the context of cancer
research, where epigenetic components are being
increasingly recognized as important players, histone
analysis by MS holds great promise for the investiga-
tion of biomarkers and identification of therapeutic
targets. Nevertheless, its application to clinical samples
has been limited so far. From the technical point of
view, there have been great advances, which now allow
using all the most common clinical specimens. Indeed,
established protocols exist for histone PTM and vari-
ant analysis of FFPE, OCT-frozen, and fresh-frozen
tissues, as well as for patient-derived primary cells.
One important improvement to be achieved in the near
future would be the ability to accurately quantify his-
tone PTMs from circulating nucleosomes, which would
dramatically expand the possibilities to discover cancer
biomarkers, also in the presence of an early-stage dis-
ease. Another technical point that has already been
addressed is represented by the possibility to analyze a
good portion of the most common histone PTMs, as
well as histone H1 variants, from very small starting
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amounts of material. These results open the way for a
more extensive and easy application of LMD, which
can be used not only to obtain more homogeneous cell
populations, but also to investigate tumor heterogene-
ity.

This review focuses on bottom-up MS approaches
for histone PTM analysis, because they have been
already applied successfully to patient-derived tissues.
However, while bottom-up strategies offer efficient
amino acid sequencing and higher throughput for
complex samples, they involve loss of information
about combinatorial PTM patterns, including crosstalk
and interplay between distant modifications, as well as
variant information. This type of information is main-
tained when using by top-down and middle-down
approaches, which have witnessed encouraging pro-
gress from the technical point of view in recent years,
particularly in the case of middle-down approaches
(reviewed in [173]). For instance, an optimized middle-
down setup allowing increased automation of LC-MS
acquisition and data analysis has been proposed [174].
Despite these advances, an issue of top- and middle-
down approaches remains the lower sensitivity and the
requirement of substantial amounts of starting mate-
rial, which is particularly relevant in the case of clini-
cal samples. Furthermore, the development of
bioinformatics tools suitable for the analysis of top-
and middle-down data still represents a challenge that
will have to be solved for routine application to
patient-derived samples.

Although histone PTM analyses are usually carried
out from bulk histones, focusing on specific genomic
locations could provide valuable information regarding
the histone modification patterns at the level of dis-
ease-associated genes. Various proteomics methods for
the analysis of histone PTMs at specific genomic loci
have been developed (reviewed in [175]) and could
benefit from the recent improvements in the quantita-
tion of modifications from low abundance samples.
Another important layer of information is represented
by the genomic distribution of histone PTMs. Even if
it is highly accurate, MS usually provides information
on the total levels of histone PTMs, without localizing
the modification to specific genome regions. The com-
bination of MS-based approaches with ChIP-seq anal-
ysis of histone PTMs/variants would lead to a more
comprehensive view on different types of epigenetic
alterations linked with cancer and could highlight
aberrant pathways that could be targeted for therapy
(Fig. 1). In this scenario, the integration of the data
obtained through proteomics and genomics, as well as
transcriptomics and global proteomics, will be funda-
mental to fully exploit the information obtained using
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these powerful analytical methods, and to elucidate
how epigenetic aberrations can affect the tumor phe-
notype.
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