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List of important definitions 

 

TERM  DEFINITION 

DIA Data‐Independent Acquisition - mass spectrometric (MS) 

acquisition methods that continuously acquire fragment ion (MS2) 

spectra in an unbiased fashion, without requiring the detection of 

peptide precursor ions in an MS1 survey scan (as in DDA) nor prior 

knowledge about peptide precursor m/z values (as in SRM and 

PRM).  

Epigenetics The study of phenomena and mechanisms that cause 

chromosome-bound heritable changes to gene expression that are 

not dependent on changes to DNA sequence. 

Histone code The dynamic landscape of histone post-translationam (hPTMs) 

regulated by the writers, erasers, and readers. 

Peptidoforms The sequence and modified variants of a peptide. 

Relative abundance (RA) The ratio of the abundances of the peptidoforms containing the 

hPTM of interest, divided by the sum of the abundances of all 

peptidoforms of the peptide. 

SWATH‐MS Sequential Windowed Acquisition of All Theoretical Fragment Ion 

Mass Spectra - DIA method in which successive pre‐defined ranges 

of precursor m/z values are isolated and subjected to co‐

fragmentation.  

Transition Pair of a precursor and one corresponding fragment ion m/z value. 
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Aims and outline 

Epigenetics is defined as the study of phenomena and mechanisms that cause chromosome-

bound heritable changes to gene expression that are not dependent on changes to the DNA 

sequence. It is considered being essential in understanding all aspects of development, stem 

cells and mechanisms of diseases, amongst others. Despite the fact that a lot of research is 

being done in this field there is a need for complementary techniques to study different 

epigenetic features and create a comprehensive picture. The overall aim of this thesis was to 

study one specific epigenetic mechanism: post-translational modifications on histones 

(hPTMs). The combinatorial nature of these hPTMs reveals a dynamic landscape called the 

‘histone code’. To map this landscape, we applied and optimized mass spectrometry (MS)-

based approaches. Compared to antibody-based assays, MS is valuable for discovering, 

screening and quantifying hPTMs in a high-throughput fashion providing a more unbiased 

image of the histone code. Both the biological context (epigenetics and human embryonic 

stem cells (hESCs)) and technical background (MS-based analysis of histones) of this work 

are introduced in Chapter 1.  

“Stem cells” is a term that covers a wide range of different cells. And under this broad umbrella, 

hESCs are specifically interesting to study due to their ability to indefinitely self-renew and to 

differentiate into any specialized cell of the embryonic germ layers. HESCs exist in at least two 

different pluripotency states: the early-naïve and the later-primed state. HESCs derived from 

the embryo reside in their primed state and can be converted into a naïve state in vitro. The 

epigenetic features that characterize both states are not yet well defined, especially when 

considering hPTMs, i.e. only a few hPTMs are known that define either one of these states and 

these were described based only on antibody-based methods. More broadly, the influence of 

the conversion on the histone epigenome is unknown. Therefore, the aim in the first part of 

this dissertation was to characterize histone modifications changing during naïve 

conversion in hESCs using untargeted data-dependent acquisition (DDA)-MS. DDA is a 

classical untargeted MS-based technique which does not rely on prior hypotheses and thereby 

it has become a promising option for untargeted discovery-driven histone analysis. The aim of 

this study was to answer two questions: “How dynamic is the histone code during the process 
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of conversion? Which hPTM markers are specific for the naïve and primed state in hESCs?” The 

results of this research are detailed in Chapter 2. 

MS is a technique that holds the promise to picture the histone code comprehensively in a 

single experiment, as it enables both identification and quantification in an accurate manner. 

In the last years, MS has gone through an enormous evolution in instrument technology 

enabling the development of novel data-independent acquisition (DIA) strategies. One 

example is sequential window acquisition of all theoretical fragment ion spectra (SWATH), an 

intermediate MS technique that combines DIA with DDA-based peptide spectral library 

matching. Originally, it was developed for transition-centric quantification of large sets of 

proteins across multiple samples. However, this type of quantification provides the necessary 

specificity to distinguish and quantify the many isobaric and (near-) co-eluting histone peptides 

as well. As a second part of this dissertation, the goal was to optimize SWATH-MS for the 

untargeted analysis of histone modifications. Important questions were: “What is the 

optimal sample load for DDA-based library building? How can we build a reference library in 

an untargeted manner? How can we tackle ambiguity in the library? What is the optimal sample 

load for SWATH? How should we choose SWATH window sizes?” Finally, we validated these 

optimal settings and applied the SWATH workflow in a biological setting. The results of this 

research are detailed in Chapter 3. 

Chapters 4 and 5 close this dissertation, providing a broader international view on the 

obtained results, a formulation of future perspectives and a summary containing the general 

conclusions.



 

   

 

Chapter 1 
An introduction to the fields of  

human embryonic stem cells, 

Epigenetics and mass spectrometry- 

based histone proteomics 
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1. General introduction 

1.1. Human embryonic stem cells 

1.1.1. A definition 

Human embryonic stem cells (hESCs) are characterized by two main properties. First, they can 

proliferate indefinitely in culture, generating identical daughter cells (i.e. self-renewal), due to 

the presence of telomerase that rebuilds their telomeres. Second, they possess the capacity to 

differentiate into any specialized cell of the embryonic germ layers, depending on the 

developmental signals they receive (i.e. pluripotency). Since their discovery 20 years ago, the 

knowledge on hESCs has progressed tremendously (Figure 1.1). Milestones include the 

development of xeno-free culture conditions, the discovery of different states of pluripotency, 

the derivation of induced pluripotent stem cells (iPSCs) and the recent development of 

organoids [1].  

 

Figure 1.1 Historical timeline of hESCs. Figure adapted from [1]. 

1.1.2. Derivation and culture conditions 

After fertilization, the zygote will undergo several mitotic divisions to form a morula, and later 

a blastocyst (Figure 1.2A). Pluripotent hESCs are extracted from the inner cell mass (ICM) at the 

blastocyst stage of the embryo (Figure 1.2B) [2]. In vitro fertilization generates many embryos. 

A fraction of these embryos is not used clinically or is unsuitable for implantation in the patient. 

These so-called ‘surplus embryos’ can be donated for research purposes [3]. In addition, hESCs 

can be derived from embryos created through somatic cell nuclear transfer, or cloning [4]. The 
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first derivation of a hESC line was accomplished by J. Thomson and colleagues (1998) using a 

culture system developed for culturing mouse embryonic stem cells (mESCs) that is based on 

inactivated mouse embryonic fibroblasts as a feeder layer [5]. Historically, hESCs were 

maintained in complex culture systems under poorly defined conditions comprising mouse or 

human feeder cell layers and medium containing fetal bovine serum (FBS) or serum 

replacement [2, 6]. Serum or serum replacement provides an extracellular matrix-rich 

environment for cell adhesion, as well as soluble growth factors for self-renewal. However, it is 

highly desirable that the cell culture systems utilized for therapeutic purposes are xeno-free 

and well defined, in other words the components cannot be of human or animal origin and 

must be known and characterized and their abundance must be controlled. The identification 

of multiple factors that play an essential role in cell adhesion and sustaining pluripotency have 

led to the generation of defined media and protein coatings for hESC culture [7]. These media 

are a cocktail of human recombinant proteins and signaling molecules, such as basic fibroblast 

growth factor (bFGF), transforming growth factor beta 1 (TGF-β1) and activin, and do not 

include serum or serum replacement [2, 6, 8]. 

1.1.3. Stem cell differentiation: from totipotent to unipotent 

Stem cells exist in multiple potency-states: totipotent, pluripotent, multipotent, and unipotent 

[9, 10]. There exists only one totipotent stem cell in a human body, namely the zygote. This is 

the one-cell stage after fertilization of an egg cell by a sperm cell (Figure 1.2A). A totipotent 

stem cell can differentiate into all cells of an organism, while pluripotent stem cells derived 

from the ICM of the blastocyst can only differentiate into cells from the three germ layers 

(endoderm, mesoderm, and ectoderm), but not into cells of the extraembryonic tissue. Upon 

further differentiation, cells become multipotent and can develop only a limited range of 

different cells from the same germ layer. For example, the three types of blood cells are derived 

from hematopoietic stem cells. Unipotent stem cells are so-called ‘progenitor cells’ for a 

particular cell type. These cells have a limited capacity for self-renewal and will therefore also 

arise from multipotent cells. The change in cell potency upon differentiation is depicted in 

Figure 1.2B.  



Chapter 1 

15 

 

 

Figure 1.2 Early embryo development (A) and generation of a hESC line (B). Fertilization is the process by which 

egg and sperm nuclei combine to form a diploid nuclei, called a zygote. The zygote will undergo several mitotic 

divisions to form a morula. As the morula continues to divide, it undergoes differentiation and cavitation to form a 

blastocyst. A blastocyst is comprised of three distinct sections: an inner cell mass (ICM that will develop into the 

embryo), a surrounding outer layer called the trophoblast (this will develop into the placenta), and a fluid filled 

cavity called the blastocoele. Pluripotent stem cells are derived from the blastocyst’s ICM and cultured in vitro.  

These cells can differentiate into various cell lineages, such as cardiomyocytes, neurons, or liver cells. Figure adapted 

from [11]. 

1.1.4. Stem cell pluripotency  

1.1.4.1. Induced pluripotency 

An important discovery was the development of conditions that allow somatic adult cells to be 

genetically "reprogrammed" to an embryonic stem cell-like state. These induced pluripotent 

stem cells (iPSCs) were obtained by forced expression of transcription factors essential for the 

"de-differentiation" into pluripotent cells. iPSCs abated the need of embryos for obtaining 

pluripotent stem cells, hence reducing the ethical concerns which are inherently associated 

A

B Fertilization BlastocystMorula

Trophoblast

ICM

hESC line

Cardiomyocytes Neurons Liver cells

Totipotent

Pluripotent

Pluripotent

Unipotent

Blastocoele

Human Fetus
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with hESC research (cf. section 1.1.5). These cells are considered to be very promising for 

regenerative medicine, as they could make the generation of patient-specific stem cell lines 

possible. Despite the great potential of these personalized therapies, the development proved 

rather challenging. Nevertheless, iPSCs have become of great importance for various other 

applications like modelling and investigating human diseases, as well as drug development 

[12].  

In 2006, the first iPSCs were generated from mouse fibroblasts via the viral transduction of 

OCT4, SOX2, KLF4 and c-MYC [13]. One year later, the same set of transcription factors was 

used to generate iPSCs from human fibroblasts (hiPSCs) [14]. In parallel, a slightly different 

gene cocktail (OCT4, SOX2, c-MYC and LIN28) was reported to generate hiPSCs as well [15]. 

Despite the fact that other reprogramming methodologies have been developed, this method 

is still the most widely used. More specifically, a wide range of donor cells and various numbers, 

identities and delivery modes of the reprogramming factors have been applied. Nevertheless, 

iPSC derivation is still very inefficient due to distinct biological processes that affect both the 

reproducibility and quality of the resulting iPSCs. A wide range of small molecules have been 

used to improve the derivation efficiency and can sometimes even replace one of the 

reprogramming factors. In addition, small molecules are only needed temporarily and can be 

removed after successful reprogramming. However, for most of these molecules only little is 

known about their mechanism [16]. Currently, there is still no reprogramming strategy that is 

uniform. As a result, the most appropriate starting cell types, factors, culture conditions and 

delivery method need to be assessed for each case independently [17]. 

1.1.4.2. Distinct pluripotent states 

Pluripotency in itself is divided into distinct states: the well-known naïve and primed states and 

the recently described formative and poised states. While mESCs and hESCs are both derived 

from the ICM of a blastocyst, they are known to represent a different state of pluripotency: 

mESCs typically represent the early-naïve state of pluripotency, whereas hESCs depict the later-

primed state.  
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1.1.4.2.1. Naïve versus primed  

The first successful derivation of a hESC line was accomplished more than 17 years after this 

was done for mESCs, which illustrates that human-derived ESCs differ strongly from their 

mouse counterparts [5]. Indeed, when mESCs are isolated from the epiblasts (mEpiSCs) of 

postimplantation mouse embryos, they closely resemble ICM-derived hESCs [18, 19]. During 

gastrulation, the ICM of the blastocyst develops into the epi- and hypoblast, which will further 

develop into the germ layers. Thus, the discrepancies between mESCs and hESCs are 

attributable to their distinct developmental stages, rather than species-specific differences. 

Hence, mESCs and mEpiSCs are considered to be naïve and primed, respectively [20]. Thus, 

conventional mESCs are the accepted model for naïve ESCs (i.e. ground state pluripotency). 

The key differences of naïve and primed ESCs are outlined in Table 1.1. 

Table 1.1 Characteristics of the naïve and primed pluripotency states [21-24]. 

PROPERTY NAÏVE STATE PRIMED STATE 

Representative examples mESCs hESCs mEpiSCs 

Origin ICM ICM 
Post‐implantation 

epiblast 

Colony morphology Compact dome shaped Flattened 

Differentiation bias None Variable 

Teratomas Yes Yes 

Chimerism High efficiency N/A Low efficiency 

Clonogenicity High efficiency Low efficiency 

Single‐cell mortality Low High 

Growth factor dependence LIF + BMP4 bFGF + Activin 

Respiration Oxidative phosphorylation, glycolysis Glycolysis 

Female X Inactivation XaXa XaXi 

Oct4 enhancer usage Distal Proximal 

Global DNA methylation Hypomethylated Hypermethylated 

Response to LIF/Stat3 Self‐renewal None 

Response to bFGF/Erk Differentiation Self‐renewal 

Response to 2i Self‐renewal Differentiation 

Expressed genes 

OCT4, SOX2, NANOG, FGF4, KLF2, KLF4, 

KLF5, ZPF42, ESRRB, DPPA3, TFCP2L1, 

PRDM14, … 

OCT4, SOX2, NANOG, TERT, STELLA, ZIC2, 

OTX2, … 

N/A: not applicable. 

BMP4: bone morphogenetic protein; Erk: extracellular signal‐regulated kinase; LIF: leukemia inhibitory factor; Stat3: 

signal transducer and activator of transcription 3; Xa: active X chromosome; Xi: inactive X chromosome; 2i: two small 

molecule kinase inhibitors. 
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1.1.4.2.2. Intermediate pluripotency states 

Recently, distinct intermediate states necessary for the transition between naïve and primed 

pluripotency were resolved. Austin Smith and colleagues identified the formative state of 

pluripotency (Figure 1.3), which is hypothesized to be crucial for the initiation of multi-lineage 

differentiation. This is stated by the fact that naïve cells are immature and unable to execute 

lineage decisions, while primed cells are already partially specified and fate-biased [25-27].  

 

Figure 1.3 Stages of pluripotency. Maturation from naïve to primed ESC is a staged transition. The intermediate 

formative state is featured by a gene regulatory network switch from the naïve state and comprises capacitation of 

enhancers, signaling pathways and epigenetic machinery in order to install competence for lineage specification. 

Figure adopted from [27]. 

Du and colleagues identified an intermediate “poised” pluripotent state characterized by 

specific microRNA (miRNA) and messenger RNA (mRNA) expression signatures and the ability 

to contribute to mouse chimeras [28]. ISY1-mediatied miRNA regulation was found to be 

crucial for the activation/inhibition of the transition from naïve to primed pluripotency [29]. 

Although the poised and formative states are conceptually similar, one striking difference is 

that poised cells maintain high levels of expression of most naïve markers and do not express 

early postimplantation marker genes compared to formative cells. In addition, formative cells 

express genome-wide changes in DNA methylation, unlike poised cells [25, 29]. Therefore, 

poised and formative pluripotency are considered to be distinct intermediate phases. 

Furthermore, it is suggested that the poised phase precedes the formative phase [29]. 
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1.1.4.3. Conversion towards the naïve state 

The existence of distinct pluripotency states raised the question of how cells could transition 

between naïve and primed states, with particular interest in the ‘reverse’ transition from 

primed-to-naïve (i.e. reprogramming). There are three possible ways to reach the naïve 

pluripotent state in humans: derivation directly from preimplantation embryos, reprogramming 

of somatic cells, and conversion of primed hESCs. 

The majority of the knowledge on the requirements for inducing and maintaining naïve-like 

hESCs was gained from studies performed on mESCs and mEpiSCs. MESCs can be maintained 

long term in the naïve state when cultured in the presence of serum and leukemia inhibitory 

factor (LIF), which signals through both the JAK-STAT and MAP kinase (MAPK) pathways. The 

JAK-STAT pathway maintains naïve pluripotency in mESC, while the MAPK pathway maintains 

primed pluripotency. Thus, in the absence of serum, LIF alone is unable to prevent 

differentiation of mESCs. This limitation was overcome by replacing serum with so-called “2i”, 

two small molecule kinase inhibitors of MAPK and glycogen synthase kinase 3 beta (GSK3β). 

The most critical effects of GSK3i are mediated via β-catenin, which is the key mediator of 

Wnt/β-catenin signaling pathway [20, 22, 30].  

Naïve-like hESCs can be obtained from primed hESCs by combining 2i/LIF with either 

constrained expression of pluripotency transcription factors or various combinations of small 

molecules and/or growth factors (Table 1.2) The required ongoing expression of pluripotency 

factors restricts the potential of these cells for downstream applications. To overcome this 

limitation, several groups have used small molecules to cross the primed to naïve barrier 

without the use of transgenes [22, 30]. Most small molecule- and transient expression-based 

protocols work with feeder cell cultures (Table 1.2). Only a few were validated for use in feeder 

free conditions. For example, Gafni and colleagues were able to achieve naïve hESCs by using 

small molecules in both feeder and feeder free cell culture conditions. They defined a 

combination of factors that enables the derivation of genetically unmodified naïve hESCs either 

directly from blastocysts, or from already established primed hESCs, or from hiPSCs from 

somatic cells [21]. This naïve human stem cell medium (NHSM) includes essential components 

[2i/LIF, TGFβ1, bFGF, c‐Jun N‐terminal kinase inhibitor (JNKi), p38i] and optimizing components 
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[Rho kinase inhibitor (ROCKi) and protein kinase C inhibitor (PKCi)] for the support of naïve cell 

viability and growth [6, 21].  

Table 1.2 Summary of methods used to establish naïve hESCs from primed. 

REFERENCE FEEDERS METHOD USED 

Hanna et al. 2010 [31] Feeders 
Transgenic sustained or transient expression of 

OCT4, SOX2, KLF4 or KLF2 

Xu et al. 2010 [32] Feeders Small molecules 

Gafni et al. 2013 [21] Feeders and feeder free Small molecules 

Chan et al. 2013 [33] Feeder free to feeder Small molecule selection based on Nanog reporter 

Takashima et al. 2014 [34] Feeders 
Transgenic sustained or transient expression of 

NANOG and KLF2 

Valamehr et al. 2014 [35] Feeder free Small molecules 

Theunissen et al. 2014 [36] Feeders 
Small molecule selection based on OCT4 distal 

enhancer activity 

Ware et al. 2014 [37] Feeders Small molecules 

Duggal et al. 2015 [38] Feeders Small molecules 

Chen et al. 2015 [39] Feeders and feeder free 
Transgenic sustained or transient expression of 

STAT3-ER 

Qin et al. 2016 [40] Feeders Transgenic sustained or transient expression of YAP 

Carter et al. 2016 [41] Feeder free Recombinant protein 

Although the different protocols all result in naïve cells based on the many criteria that define 

the naïve state, they present some discrepancies as well. For instance, each protocol engenders 

a distinct RNA expression pattern that makes it difficult to identify a unified pattern crucial to 

the naïve state. Consequently, it is necessary that the culture conditions, small molecule 

inhibitors and growth factors required for naïve hESC reprogramming and maintenance 

become tighter defined in order to obtain naïve lines that correlate strongly to the in vivo ICM 

from preimplantation human embryos [30].  

1.1.5. Ethics 

‘Human stem cell research’ is a broad term that covers a wide range of different cells with 

different applications. It offers great promise for understanding basic mechanisms of human 

development and differentiation, as well as for human disease modeling and treatment. 

However, human stem cell research involves multiple ethical issues at different phases (Table 

1.3). 
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Table 1.3 Ethical issues at different phases of stem cell research [42]. 

PHASE OF RESEARCH ETHICAL ISSUES 

Donation of biological materials Informed and voluntary consent 

Research with hESC Destruction of embryos 

Creation of embryos specifically for research purposes 

Payment to oocyte donors 

Medical risks of oocyte retrieval 

Protecting reproductive interest of women in infertility 

treatment 

Use of stem cell lines derived at another institution Conflicting legal and ethical standards 

Stem cell clinical trials Risks and benefits of experimental intervention 

Informed consent 

The isolation of hESCs from the ICM results in the destruction of the blastocyst. This raises 

ethical issues, namely whether or not embryos in the preimplantation phase should be 

considered to have the same moral status as more developed humans [43]. In view of the moral 

status of the embryo, roughly three positions are taken: an essentialistic, conventionalistic and 

intentionalistic position. The essentialists believe that because the embryo is capable of 

developing into a person, it has moral standing, and therefore, its destruction is unethical. The 

fixed time from when an embryo is considered being a person is in this case direct after 

fertilization. Conventionalists consider the use of hESCs from surplus embryos and embryos 

produced for research purposes ethically justified as long as the embryo is not considered 

being a person. For them, a person is able to have feelings of pain or well-being, for this the 

existence of a nervous system is required. Therefore they consider an embryo as being a person 

from the fourteenth day of human development onwards. Intentionalists deny that an embryo 

has any moral status. For them the protection of the embryo depends only on the parental 

consent. Once the permission for the use of reproductive cells or embryos has been obtained, 

there is no longer any ethical distinction between research with surplus and 'produced' 

embryos [44]. It should be noted that these three main points of view raise ethical related 

questions such as: “What is the definition of a person? At what stage is an embryo considered 

being a person?” [42, 45]. 

Because ethical concerns about hESCs usually involve their derivation from embryos, it is 

assumed that reprogramming to iPSCs is less controversial [43].   
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1.2. Epigenetics 

1.2.1. A definition  

All cells of a human body originate from the same cell, the zygote, and therefore hold the same 

genetic material. This means that different cell types use the same genetic material in a different 

way. Consequently, there exists a regulating mechanism on top of genetics, called epigenetics, 

which literally means “in addition to changes in genetic sequence” [46]. This field of research 

was first introduced in 1942 by Conrad Waddington, who defined epigenetics as “the branch 

of biology which studies the causal interactions between genes and their products, which bring 

the phenotype into being” [47]. Over the years, various definitions have been assigned to the 

term. On the one hand, epigenetics is used to explain changes in gene expression, while on the 

other hand it used to refer to transgenerational effects and/or inherited expression states. 

Currently, one definition that includes the most important elements is the following: “the study 

of phenomena and mechanisms that cause chromosome-bound heritable changes to gene 

expression that are not dependent on changes to DNA sequence” [48].  

In 1957, Conrad Waddington proposed the concept of a dynamic epigenetic landscape that 

represents the process of cellular decision-making during development [49]. In this visual 

metaphor (Figure 1.4), pluripotent cells (represented by a ball) positioned at the top of a hill 

progressively lose their differentiation potential while going downhill to the different valleys, 

representing differentiated (somatic) cell types. The somatic cells at the bottom of the hill 

represent an energetically stable state. From there, another cell state (differentiated or 

pluripotent) is only accessible if external energy is available [50]. At that time, Waddington did 

not know that the route from a pluripotent stem cell to a terminally differentiated somatic cell 

type is not unidirectional. The discovery of transdifferentiation through induction of 

transcription factors enabled cell fate to be directly interconverted between cell types from the 

same or a different germ layer. In addition, somatic cells can be reprogrammed to the 

pluripotent state through nuclear transfer or forced expression of transcription factors (iPSCs, 

cf. section 1.1.4.1) [50]. In a way, these processes are the metaphoric equivalent to the energy 

that needs to be added to return to another state.  
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Figure 1.4 Waddington's original epigenetic landscape. Figure adopted from [49]. 

As stated in the definition above, epigenetic modifications are inherited across generations. 

For most cell types in our body, these epigenetic marks become fixed once the cells are 

differentiated. However, in normal developmental or disease situations, some cells undergo 

major epigenetic ‘reprogramming’, which involve the removal of epigenetic marks in the 

nucleus, followed by establishment of a different set of marks. This epigenetic phenomenon is 

likely required for resetting the epigenome upon fertilization, when many gametic marks are 

removed and replaced with marks important for early embryonic development and toti- or 

pluripotency. Epigenetic reprogramming also takes place in primordial germ cells (PGCs), 

where parental imprints (an additional layer of epigenetic information) are erased and 

totipotency is restored [51-53]. Finally, major reprogramming occurs during 

transdifferentiation or dedifferentiation, e.g. following somatic nuclear transfer [52, 53]. 

Over the years, it has become clear that epigenetics is essential for understanding all aspects 

of development, stem cells and mechanisms of disease. Nowadays, numerous epigenetic 

alterations have been linked to age, the environment, disease state, and toxic agents [46].  

Epigenetic mechanisms include: DNA methylation, chromatin remodeling, non-coding RNA 

(ncRNA), histone variants and histone modifications. As these mechanisms take place at the 

level of chromatin as well as influence its structure and function, chromatin is explained prior 

to the epigenetic mechanisms. 



Chapter 1 

24 

 

1.2.2. Chromatin 

Chromatin is the state in which DNA is packaged within the nucleus of a eukaryotic cell. The 

nucleosome is the repeating fundamental unit of chromatin and consists of 147 base pairs of 

DNA wrapped around an octamer of the core histone proteins: H2A, H2B, H3, and H4. Two H3 

and two H4 proteins form a tetramer, which combines with two H2A/H2B dimers to form the 

histone octamer. Histone proteins are positively charged, allowing them to closely associate 

with the negatively charged DNA (Figure 1.5). 

 

Figure 1.5 Assembly of the nucleus. Each nucleosome is composed of 147 base pairs of DNA wound 1.65 times 

around a histone octamer, which on its turn is composed of two H2A-H2B dimers bound to an H3-H4 tetramer. 

Negatively charged DNA can be easily wrapped around the histone octamer due to the high abundance of positively 

charged arginine (R) and lysine (K) residues. 

Next to the core histones, a linker histone (H1) binds with linker DNA and other non-histone 

proteins to prevent unwrapping of the nucleosome. Chromatin has three important functions: 

DNA compaction, DNA strengthening and regulation of gene expression [54]. The levels of 

compaction of the DNA into the nucleus are displayed in Figure 1.6. 
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Figure 1.6 Condensed folding of DNA into a chromosome. DNA is complexed with histones to form 

nucleosomes. These fold up to form a 30-nanometer chromatin fiber, which forms loops averaging 300 nanometers 

in length. The 300 nm fibers are compressed and folded to produce a 700 nm fiber, which is tightly coiled into the 

chromatid of an X-shaped chromosome. 

In order to facilitate cellular functions such as replication, transcription and DNA repair, 

different states of chromatin compaction are formed of which the two main states are 

heterochromatin and euchromatin [55]. When chromatin is densely packed, hence being 

inaccessible for transcription, it is in a heterochromatic state. Silent heterochromatin can be 

further subdivided into constitutive and facultative heterochromatin. Constitutive 

heterochromatin remains in a condensed state throughout the cell cycle and further 

development, and contains highly repetitive and non-coding DNA sequences which are not 

transcribed. Facultative heterochromatin has the potential for gene expression at some point 

in development and can be either condensed or decondensed depending on the cell type, so 

it is only found in some stages of cell development. In the euchromatic state, chromatin is 

loosely structured and therefore transcriptionally active. Euchromatin represents more than 

90% of the human genome. Chromatin may be further categorized based on different 

chromatin marks such as distinctive composition of non-histone chromosomal proteins, 

specific post-translational modifications (hPTMs) and specific sites of DNA methylation [55-

57]. 

Euchromatin and heterochromatin differ based on the epigenetic mechanisms by which they 

are maintained (Figure 1.7). These epigenetic processes will be further discussed in the 

following sections. Briefly, heterochromatin is associated with non-coding DNA repeats leading 



Chapter 1 

26 

 

to ncRNA transcripts, whereas euchromatin contains transcriptional units (genes) that give rise 

to mRNA. These different chromatin regions can recruit distinct chromatin-associated proteins 

and complexes, leading to epigenetic modifications. Heterochromatin typically contains low 

levels of histone acetylation and high levels of DNA methylation and specific histone 

methylations, whereas euchromatin contains histones that are highly acetylated and specifically 

methylated (Figure 1.7) [54, 58, 59]. 

 

Figure 1.7 Epigenetic pathways leading to the formation of euchromatin and heterochromatin. Chromatin 

regions differ in the type of RNA transcripts generated from the underlying DNA sequence that signals different 

epigenetic pathways. Transcriptionally active regions (left) are associated with the action of nucleosome remodeling 

complexes to create a transcription factor (TF in yellow) binding site and the replacement of core histones with 

histone variants (yellow). Active euchromatin is typically enriched for histone acetylation (Ac in blue) catalysed by 

histone acetyl transferases (HATs), histone ubiquitination (Ub in dark blue) and specific methylations (e.g. H3K4Me3, 

Me in green) at the transcriptional start site. NcRNA transcripts (right) trigger the downregulation of transcription 

by RNA-induced transcriptional silencing (RITS). Repressed heterochromatin is characterized by DNA methylation 

(Me in pink) that can signal the recruitment of proteins, such as MeCP2 (methyl CpG binding protein), histone 

hypoacetylation mediated by histone deacetylase (HDAC) complexes and repressive histone methylation marks (e.g. 

H3K9Me3, Me in red) placed by lysine methyl transferases (KMTs) that can recruit readers such as HP1 

(heterochromatin protein 1). Figure adopted from [60].  
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1.2.3. Non-histone epigenetics 

1.2.3.1. DNA Methylation 

DNA methylation represents the best known epigenetic process and is defined by the addition 

of a methyl group to the fifth carbon of the cytosine (Cyt) DNA base (Figure 1.8). This reaction 

is mediated by two DNA methyltransferases (DNMT), namely DNMT3a and DNMT3b. Once 

DNA methylation is established, it must be maintained during cell division. The maintenance 

of DNA methylation is carried out by a separate enzyme, DNMT1. DNA methylation occurs 

mainly at CpG islands, regions of the genome that have a high density of Cyt followed by 

guanine bases (CpG) [61]. DNA demethylation is not mediated by a 5-methylcytosine 

demethylase, but predominantly by the ten-eleven translocation (TET) family of proteins 

(Figure 1.8). TET-proteins have been shown to oxidize 5-methylcytosine (5mC) into different 

intermediate bases that are all part of the active demethylation pathway back to Cyt. In an 

alternative deamination pathway, 5-hydroxymethylcytosine (5hmC) can be turned into 5-

hydroxymethyluracil (5hmU) which can also be converted into Cyt by several steps. In addition, 

5mC can be deamidated into thymine (Thy), which can be repaired to Cyt. Spontaneous 

deamination of Cyt leads to uracil (Ura), a change that is quickly recognized and restored [61-

63]. All these different pathways are displayed and discussed in more detail in Figure 1.8. 

There are three possible ways by which DNA methylation can influence transcription and 

induce gene silencing: (i) it can recruit specific proteins containing a methyl-CpG binding 

domain (MBD) such as MECP2 (methyl CpG binding protein 2), (ii) it can directly cause 

interference between the binding of specific transcription factors and DNA, (iii) it can cause 

changes in the chromatin conformation [64]. In mammals, overall genomic methylation in 

differentiated somatic cells is generally stable and inheritable. In order to activate a gene that 

is in this state, demethylation has to take place, allowing transcription to occur [64, 65].  
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Figure 1.8. Schematic representation of the biochemical pathways for cytosine methylation, demethylation, 

and mutagenesis of Cyt and 5-mC. DNA methylation of cytosine (Cyt) is mediated by DNA methyltransferases 

(DNMT), resulting in 5-methylcytosine (5mC). 5mC can be demethylated by oxidation or deamination. Oxidation is 

performed by ten-eleven translocation (TET) family of dioxygenases, generating 5-hydroxymethylcytosine (5hmC). 

Subsequently, TET enzymes can further hydroxylate 5hmC into 5-formylcytosine (5fC) and 5-carboxylcytosine (5caC). 

Thymine DNA glycosylase (TDG) recognizes these intermediate DNA forms and excises the glycosidic bond resulting 

in an apyrimidinic (AP) site. In an alternative deamination pathway 5hmC can be deaminated by activity-induced 

cytidine deaminase/apolipoprotein B mRNA editing complex (AID/APOBEC) deaminases to form 5-

hydroxymethyluracil (5hmU) or 5mC can be converted to Thymine (Thy). 5hmU can be cleaved by TDG, single-

strand-selective monofunctional uracil-DNA glycosylase 1 (SMUG1), Nei-Like DNA Glycosylase 1 (NEIL1), or methyl-

CpG binding protein 4 (MBD4). AP sites and T:G mismatches can be efficiently repaired by base excision repair (BER) 

enzymes. Deamination of Cyt results in Uracil (Ura), which can be efficiently reconverted by uracil-DNA glycosylase 

(UDG). Dotted lines indicate a proposed but not experimentally proven path. This figure is an adapted version of 

[63]. 

DNA methylation during embryogenesis is of great importance and is characterised by  

two waves of demethylation and methylation (i.e. epigenetic reprogramming). First, the 

paternal and maternal genome undergo demethylation after fertilization. The paternal genome 

is rapidly demethylated, while the maternal genome undergoes a more gradual demethylation 

in a replication-dependent manner. Next, DNA methylation in the somatic cells of the embryo 
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is re-established during development in a tissue-specific manner. The second wave of 

demethylation occurs in the PGCs. Mature PGCs undergo demethylation to erase the 

imprinting marks from the parental genomes followed by remethylation in order to produce 

germ cells that contain the appropriate sex-specific methylation patterns for future generations 

[53].  

It is well known that cancer goes along with aberrant DNA methylation patterns (cf. section 

1.2.8). In addition, DNA methylation has been observed in many other illnesses and health 

conditions. For example, there is evidence that alterations in DNA methylation may contribute 

to the increased diagnosis of both Type 1 and Type 2 diabetes. Exposure to hyper-glycaemia 

and high insulin levels may lead to abnormally high methylation levels of specific genes 

involved in glucose metabolism and energy metabolism [66]. 

In the past 30 years, the technology to investigate DNA methylation has substantially been 

improved. Current methods can be separated into four categories: global methylation, local 

methylation, genome-wide methylation and methylation dynamics [67, 68]. Due to the wide 

range of available techniques, a simple algorithm for choosing the appropriate method was 

recently published in a comparative review [69]. 

1.2.3.2. Chromatin based remodeling 

Chromatin remodeling is necessary to enable transcription, chromatin assembly, DNA repair, 

and other processes. In order to provide access to the compactly packed DNA, multi-protein 

complexes mediate the mobilization of the nucleosomes and thereby alter the chromatin 

structure. These chromatin remodeling complexes contain a conserved ATPase domain that 

utilizes the energy from ATP hydrolysis to disrupt the contacts between histones and DNA. 

However, repositioning of the nucleosomes occurs without dissociation of the DNA from the 

histone octamer. It is assumed that only a small fraction of the direct and indirect histone-DNA 

interactions are disrupted at a given time of the reaction, since the energy of ATP hydrolysis 

would not be sufficient to fully disrupt the nucleoprotein structure. The chromatin remodeling 

complexes can bind to specific genomic regions by so-called epigenetic reader domains that 

are able to recognize different histone hPTMs, histone variants, DNA sequence/structure, 

ncRNA molecules and transcription factors. Because the reader domains enable specific 
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binding to the epigenetic modifications, they have emerged as potential targets for therapeutic 

development [70, 71].  

It seems that cell type stability and specific chromatin structures remain to exist due to 

continuous proofreading of the local chromatin structures. On the other hand, disturbance of 

this balanced regulation, such as by mutations and diverse expression of chromatin remodeling 

complexes, results in sustained changes in chromatin structure and gene expression that can 

lead to aberrant cell types and tumorigenesis [70, 72].  

1.2.3.3. RNA Associated Silencing 

Only 1%–2% of the human genome codes for proteins, yet, 90% gets transcribed to RNA. The 

perception of non-coding DNA, so-called "junk" DNA, present in the genome has drastically 

changed due to the emergence of ncRNAs. ncRNAs are RNA molecules transcribed from DNA 

but not translated into proteins, and are important for the regulation of gene transcription and 

protein translation. ncRNAs can be divided based on their nucleotide length, either long (i.e. 

lncRNA, >200 nucleotides) or short (i.e. sncRNA, <200 nucleotides) [73, 74]. On the other hand, 

ncRNAs can be divided into infrastructural and regulatory ncRNAs. Infrastructural ncRNAs seem 

to have a housekeeping role in translation and splicing and include species such as ribosomal, 

transfer and small nuclear RNAs. Regulatory ncRNAs are involved in the modification of other 

RNAs, hence they are more interesting from an epigenetic point of view. Regulatory ncRNAs 

can be further classified into the following: miRNAs, Piwi-interacting RNAs (piRNAs), small 

interfering RNAs (siRNAs), and long non-coding RNAs (lncRNAs) [75].  

miRNA (~22 nucleotides) are involved in the regulation of many expressed human genes, 

accordingly they comprise the most widely studied type of short ncRNA. miRNAs derive from 

transcripts forming distinctive hairpin structures called pre-miRNA. This hairpin is processed 

into mature miRNA and forms the RNA-induced transcriptional silencing (RITS) complex. 

miRNAs will pair with complementary sequences on target mRNAs transcripts through the 3′ 

untranslated region, leading to gene silencing by cleavage and degradation of the mRNA 

transcript, repression of translation or interacting with regulatory proteins. Notably, miRNA has 

distinct targeting abilities: a single miRNA may bind multiple mRNA targets while several 

miRNA may regulate a single mRNA target. Aberrant miRNA expression has been linked to the 
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pathways of a number of diseases. In addition, data suggests that the exposure to 

environmental chemicals and metals can alter miRNA expression. Consequently, miRNAs can 

not only serve as potential biomarkers of several diseases but also play an important role in 

the mechanism linking environmental exposures to disease development [73-75]. piRNAs (26-

31 nucleotides) regulate gene expression by interacting with P-element induced wimpy testis 

(piwi) proteins to form piRNA-induced silencing complexes, which are responsible for silencing 

transposons in the germ line. Hence, they play a vital role in both germ line development and 

carcinogenesis [73, 74]. siRNAs are similar to miRNAs in size and function, since they regulate 

gene expression through a RITS-mediated process [73, 74]. lncRNAs are important regulators 

of epigenetic mechanisms. They target chromatin remodeling complexes to specific genomic 

loci to alter DNA methylation or histone modification status. Their most described role is X 

chromosome inactivation (XCI) in female mammalian cells [73-75]. 

1.2.4. Histone variants 

As the gatekeepers of the genome, histone proteins are among the most conserved proteins 

in all eukaryotes. Each family of histones contains variant iso-forms, with some being uniquely 

expressed in certain cell types or organisms. These histone variants contain sequence (Figure 

1.9) and structural variations compared to the core canonical histones. Due to these differences, 

histone variants may also be subject to distinct post-translational modifications (PTMs). 

Thereby, they provide physical and functional diversity to the nucleosome giving them the 

unique ability to regulate key cellular and developmental processes such as transcriptional 

regulation, RNA splicing, DNA replication, recombination, and repair. Their incorporation into 

the nucleosome requires the assistance of additional factors, known as histone chaperones. 

Chaperones can function in coordination with, or are sometimes themselves, chromatin 

remodeling factors [76-78]. Aberrant regulation and function of histone variants, by genetic 

alterations of the histone chaperones and histone variants themselves, has been linked to 

cancer initiation and/or progression [77].  
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Figure 1.9 Sequence similarity between histone variants in human and mouse. Figure adopted from [79]. 
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Canonical histones are synthesized from clusters that comprise many histone genes during 

replication. In contrast, almost all histone variants are synthesized “replication-independent” 

mostly from single/low copy number genes and incorporated into chromatin at any time of 

the cell cycle. Two exceptions are the testis-specific histone variants TS H2A and TS H2B, which 

have been classified as replication-dependent even if expressed in differentiating germ cells 

which replicate their DNA only once before meiosis. Furthermore, many histone splice variants 

exist [80]. 

Because of the specific nucleosomal protein–protein and protein–DNA interactions of each 

particular core histone, they are subject to different degrees of structural freedom, which 

probably results in differential abilities to evolve variants. For example, due to very strong 

interactions with the other core histones, H4 is one of the most slowly evolving eukaryotic 

proteins, with variants only described in some low developed species [81]. The H2A family, on 

the other hand, is the largest family of variants among the core histones. Most of these variants 

encode canonical H2A and the others are considered “atypical” variants, namely H2A.X, H2A.Z, 

macroH2A, H2A.B (Barr body-deficient), and H2A.J, as well as isoforms and splice variants 

thereof. Compared to other histone variant families, which generally differ slightly from their 

canonical counterparts, the H2A atypical variants have notably divergent sequences from 

canonical H2A (Figure 1.9). Consequently, the diverse H2A variant family has a multitude of 

biological functions [76, 77, 82].  

H2A.X and H2A.Z are highly conserved and emerge throughout the genome, while MacroH2A 

and H2A-Bbd are restricted to vertebrates or mammals and predominantly occur at the inactive 

and active X-chromosome, respectively [83].  

In case of H2B, there exist multiple canonical subtypes and only a few variants (Figure 1.9), of 

which the testis-specific variant TS H2B.1 is the major form [83].  

To date, six histone H3 replacement variants (H3.3, H3t (H3.4), H3.5, H3.X, H3.Y, and CENP-A 

(CENtromere Protein-A)) have been reported in humans, next to the canonical H3.1 and H3.2. 

While some H3 variants are omnipresent, others are tissue- or organism-specific. H3.1t and 

H3.5 are testis-specific; the former has four additional amino acid residues compared to H3.1 

and the latter has a ~96% sequence identity with H3.3 (Figure 1.9). Whereas H3.X and H3.Y are 
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primate-specific, CENP-A is found at centromeres in all eukaryotes. H3.3 is ubiquitously 

expressed and differs from canonical H3.1 and H3.2 by respectively five and four amino acid 

residues (Figure 1.9). One of these unique residues is serine (S) 31 that is located at the N-

terminal tail of H3.3 [76, 77].  

Linker histones differ from core histones with respect to their structure, function and evolution. 

They comprise the most variants and no canonical isoforms. The individual subtypes are more 

conserved inter- rather than intra-species, e.g. H1.1 is more similar between humans and mice 

than human H1.1 compared with human H1.2. This means that H1 variants are highly conserved 

and that individual subtypes have specific functions. The individual subtypes can be 

categorized in three main groups: the so-called somatic linker histone subtypes (H1.1–H1.5) 

which are expressed in a replication-dependent manner, the somatic replication-independent 

subtypes (H1.0 and H1.10) and the germ line specific subtypes (H1.8 in oocytes and H1.6, H1.7 

and H1.9 in testis) [84, 85].  

1.2.5. Histone Post-Translational Modifications (hPTMs) 

Histones are proteins found in the nuclei of eukaryotic cells and interact with DNA in order to 

package and order it into nucleosomes. These DNA-interacting histone proteins are rather 

small in size (10–15 kDa), conserved across eukaryotic species, and rich in basic residues. 

Intriguingly, histones are extensively modified by epigenetic PTMs. More than twenty types of 

hPTMs have been identified, of which histone methylation and acetylation have been most 

intensively studied. Most of these PTMs are found at the N-terminal tails of histones, 

however, residues in the globular domain of histones within the nucleosomal core can also be 

modified [86].  

HPTMs regulate chromatin structure and gene expression by direct and indirect mechanisms. 

HPTMs on the lateral surface of nucleosomes can directly alter the histone–histone and 

histone–DNA interactions by changing the charge of the histones, causing a relaxation or 

reinforcement of the chromatin structure that subsequently leads to transcriptional activation 

or inhibition. However, hPTMs on the N-terminal tails do not have a direct impact on chromatin 

structure since the histone tails are structurally unnecessary for nucleosome formation. 

Therefore, it is believed that hPTMs on the N-terminal tails function as signals that recruit 
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protein complexes containing so-called “reader” proteins with PTM-specific binding domains, 

e.g. chromodomains (and other domains) that specifically recognize methylated K residues and 

bromodomains which bind acetylated K residues (Figure 1.10). These protein complexes 

mediate most of the biological effects that are associated with specific hPTMs [87]. HPTMs 

themselves are constantly being added and removed by a diverse group of proteins, called 

“writers” and “erasers” respectively (Figure 1.10).  

 

Figure 1.10 Histone-modifying enzymes. Covalent histone modifications are continuously placed by “writers” and 

removed by “erasers”. Protein domains with specific affinity for a histone modification are termed “readers”. These 

writers, erasers and readers are classified into families according to the type of modification (acetylation (Ac), 

methylation (Me), or phosphorylation (P)). HAT, histone acetyltransferase; KMT, lysine methyltransferase; HDAC, 

histone deacetylase; PPTase, protein phosphatase; KDM, lysine demethylase. Figure adopted from [60]. 

The readers, writers, and erasers work in concert and give rise to a dynamic landscape of hPTMs 

referred to as the "histone code". As has been stated in the literature, “The combinatorial nature 

of histone amino-terminal modifications thus reveals a ‘histone code’ that considerably extends 

the information potential of the genetic code” [88].  

In parallel to the Gene Ontology (GO) classification, hPTMs can be classified based on their (i) 

functions [89], e.g. Figure 1.11 and 1.12, (ii) localization in the genomic region (promotor, gene 

body and enhancer) or on a global scale; i.e. chromatin state [90], or (iii) chemical nature. Since 

in this dissertation mass spectrometry (MS) is used to study hPTMs, only chemical information 

on the type of PTM is obtained. Therefore, each type of PTM is discussed in the following 

subsections.  

1.2.5.1. Acetylation  

The N-terminal tails of the eight core histones are exposed to the nucleosome surface, allowing 

them to be easily modified by e.g. acetylations (Figure 1.11). The majority of these acetylations 
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is associated with highly active genes. They can activate transcription in a direct or indirect 

manner, such as acetylation of H3K27 (H3K27ac) which blocks the deposition of polycomb 

mediated H3K27Me3. Nevertheless, acetylations are also involved in multiple other functions 

such as histone deposition for chromatin remodeling, DNA repair, replication, telomere 

silencing, and modulating euchromatin structure for chromatin folding (Figure 1.11) [91]. These 

functions seem to be more dependent on the overall degree of acetylation and less dependent 

on the specific K residues involved. For example, active promoters are commonly marked by 

overall acetylation. However, H3K27ac is known to be relatively enriched at active enhancers 

[90]. While most acetylations are found on the more exposed N-terminal tails, they can also 

emerge in the globular domains such as H3K122Ac and H3K64Ac, which mark gene enhancers 

[91].  

 
Figure 1.11 Functions of N-terminal histone tail acetylations in mammals. The known functionality of each 

acetylation is color-coded above the acetylation mark. Figure adopted from [92]. 

Histone acetylation is highly reversible. It is catalysed by histone acetyltransferases (HAT), which 

transfers the acetyl group of acetyl-CoA to the epsilon-amino group of a K residue of a histone 

protein. Histone acetylation is associated with euchromatin, as it neutralizes the positive charge 

of K residues and opens chromatin through decreased charge-dependent interactions with 

DNA. Histone deacetylation is accomplished by histone deacetylases (HDAC) and is generally 

associated with heterochromatin. The discovery of protein bromodomains binding acetylated 

K residues indicates that acetylated chromatin functions through the recruitment of 

transcription-associated proteins [77, 92].  
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Human HATs are classified as K acetyltransferases (KATs) and can be divided into two broad 

categories based on subcellular localization [93]. Type A HATs are mainly found in the nucleus 

and are responsible for acetylation of chromatin-associated histones and other non-histone 

proteins. Type B HATs are found in the cytoplasm and modify newly translated histones to 

facilitate their assembly into nucleosomes. Based on their sequence homology, most nuclear 

HATs can be assigned to families (Table 1.4).  

Table 1.4 Histone acetyltransferases: families, subtypes, and alternative nomenclature [93]. 

 

 

HDAC enzymes catalyse the removal of acetyl-groups from the K residues of both histone and 

non-histone proteins. In humans, there exist at least 18 different HDAC enzymes that can be 

divided into two families and four classes (Table 1.5). Histone specificity for Class I, II, and IV is 

still ambiguous, as many HDACs have functional redundancies and can compensate for the 

loss of others. Additionally, similar to HAT enzymes, the substrate specificity of HDACs is also 

influenced by their interaction with other proteins in multiprotein complexes. Nevertheless, it 

seems that each Class (I, II and IV) possess distinct histone substrate specificity, suggesting that 

HDACs within each class possess partly distinct specificities. In contrast, sirtuin (SIRT, class III) 

TYPE FAMILY SUBTYPE 
OTHER NAMES 

FREQUENTLY USED 

A GNAT KAT2A Gcn5 

  KAT2B PCAF 

 MYST KAT5 TIP60 

  KAT6A MOZ, MYST3 

  KAT6B MORF, MYST4 

  KAT7 HBO1, MYST2 

  KAT8 MOF, MYST1 

 p300/CBP KAT3B p300 

  KAT3A CBP 

 Transcription co-activators KAT4 TAF1, TBP 

  KAT12 TIFIIIC90 

 Steroid receptor co-activators KAT13A SRC1 

  KAT13B SCR3, AIB1, ACTR 

  KAT13C p600 

  KAT13D CLOCK 

B Cytoplasmic KAT1 HAT1 

  HAT4 NAA60 
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substrate specificity is less ambiguous with preferred substrates and specific target K residues 

are relatively well characterized [92, 94]. In this dissertation, HDAC1 (Class I) was used in a 

deacetylase assay to generate a dataset for the validation of a new hPTM analysis workflow (cf. 

Chapter 3). 

Table 1.5 Classification of HDACs [92, 94]. 

FAMILY 
CO-

FACTOR 
CLASS 

YEAST 

PROTEIN 

SUB-

CLASS 
HUMAN HDAC CELLULAR LOCATION 

Histone 

deacetylase 

(Classical 

HDACs) 

Zn2+ I Rpd3, 

Hos1, 

Hos2, Hos3 

 

HDAC1, HDAC2, 

HDAC3, HDAC8 
Nucleus 

HDAC3 Nucleus/Cytoplasma 

II Hda1 
IIa 

HDAC4, HDAC5, 

HDAC7, HDAC9 
Nucleus/Cytoplasma 

IIb HDAC6, HDAC1 Nucleus/Cytoplasma 

IV 
 

 HDAC11 Nucleus 

Sirtuins NAD+ III Sir2, 

Hst1, Hst2, 

Hst3, 

Hst4 

I 

SIRT1 Nucleus 

SIRT2 Cytoplasma 

SIRT3 Mitochrondria 

II SIRT4 Mitochrondria 

III SIRT5 Mitochrondria 

IV SIRT6, SIRT7 Nucleus 

Whereas the removal of histone acetylations by HDACs regulates chromatin structure and 

transcription, HDAC inhibitors (HDACi) have emerged as potential anticancer agents and show 

potential for the treatment of many diseases. HDAC activity is mainly regulated by protein-

protein interaction within multiprotein complexes and PTMs, such as phosphorylation [92, 94]. 

1.2.5.2. Methylation 

In contrast to histone acetylation, histone methylation might be a marker for both active and 

silenced gene transcription (Figure 1.12). Histone methylations occur on K and R residues as 

monomethylation (Me1), dimethylation (Me2) and trimethylation (Me3), with Me3 only 

occurring at K (Figure 1.12) [95, 96]. Particular methylation marks have been associated with 

gene activation or repression (Figure 1.12) and with various genomic features, including 

promoters, transcribed regions and enhancers [90]. For example, H3K4 methylation is an 

evolutionarily conserved hPTM that marks active gene transcription, e.g. H3K4me2 and 

H3K4me3 mark active promoters, whereas enhancers are relatively enriched for H3K4me1 and 
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H3K4me2 [90, 96]. Transcribed regions are enriched for H3K36me3 and H3K79me2. Repressed 

genes may be located in large domains of H3K9me2 and/or H3K9me3 or H3K27me3 [90]. 

H3K27Me3 is a hallmark of facultative heterochromatin in many eukaryotes and maintains 

transcriptional repression established during early development, XCI, genomic imprinting, and 

aberrant inactivation of genes in cancer [96, 97]. In addition, H3K4me3 and H3K27me3 mark 

bivalent domains [90]. 

 

Figure 1.12 Positions of various histone methylation marks. Methylation marks associated with active gene 

transcription are shown in green whereas marks associated with transcriptional repression are shown in red. *K9Me3 

is usually linked to silenced gene trancription, excluding cancer cells, where it can lead to active gene transcription. 

Figure adopted from [96]. 

Histone methylation is catalyzed by histone methyltransferases (HMTs) and histone 

demethylases (HDMs), also known as writers and erasers, respectively (Figure). S-

adenosylmethionine (SAM) serves as the methyl donor in histone methylation reactions [96]. 

K-specific histone methyltransferases (KMTs) can be divided into (i) SET (Su(var)3-9, Enhancer-

of-zeste, Trithorax) domains containing enzymes like EZH2 and (ii) non-SET domains 

containing enzymes like DOT1L. Methylation is reversed by two families of K-specific histone 

demethylase (KDMs); (i) flavin-dependent KDM1A and KDM1B (also termed LSD1 and LSD2), 

and (ii) Fe (II)- and 2OG-dependent JmjC domain containing enzymes [98]. Figure 1.13 displays 

the KTMs and KDMs that catalyze methylation of the H3 and H4 tails. 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/heterochromatin
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/eukaryote
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Figure 1.13 Writers and erasers of histone lysine methylations on H3 and H4 in human. The reported writers 

(HMTs) and erasers (HDMs) for each K residue are depicted with their methylation state specificities: single circle, 

me1; double circle, me2; triple circle, me3. Figure adapted from [98].  

Compared to K methylation, the extent to which R methylation is dynamic is quite 

unclear. Methylation of R residues is performed by different protein R N-methyltransferases 

(PRMTs), which are classified in four types: type I (PRMT1, PRMT3, PRMT4 and PRMT6) 

asymmetrically methylates arginine, type II (PRMT5 and PRMT7) symmetrically methylates 

arginine, type III and type IV only catalyze monomethylation. Additionally, only non-specific 

histone R demethylases have been identified: PAD4 that demethylates histones by converting 

monomethylated arginine to citrulline and JMJD6 and JMJD1B that directly remove the methyl 

group(s) from the R residue [99]. 

Such as methylation influences chromatin, chromatin stability can influence methylation as 

well. It is believed that many HMTs act in a processive manner, so a single HMT performs 

multiple rounds of methylation on a single residue. Thus, trimethylation takes more time than 

dimethylation, which in turn takes more time than monomethylation. If a processive HMT is 

only transiently bound to a site of action, it may only have time to monomethylate its target 

residue whereas it would have sufficient time to process to trimethylation at a more stable site 

of chromatin association. 
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1.2.5.3. Other hPTMs 

In addition to the well-studied histone acetylations and methylations there exist several other 

histone modifications, including phosphorylation, different acylations, ubiquitylation, histone 

tail clipping, and several others (Figure 1.14) [54, 59, 86]. Their associated functions, such as 

transcriptional activation and repression, depend on the specific sites and histones modified.  

1.2.5.3.1. Phosphorylation 

Histones can be phosphorylated by a number of protein kinases that transfer a phosphate 

group from ATP to the hydroxyl group of the side chain of S, threonine (T), or tyrosine (Y), 

resulting in the addition of a negative charge (from 0 to –2). In turn, histones are 

dephosphorylated by a number of phosphatases. Similar to acetylation, phosphorylation leads 

to a decreased interaction between the modified histones and DNA while the phosphorylated 

residues themselves can directly recruit binding proteins. Histone phosphorylation (Ph) has 

been linked to diverse biological functions: H2A(X) phosphorylation plays a major role in DNA 

damage response; a great number of phosphorylated residues are associated with 

transcriptional regulation of proliferative genes, such as phosphorylation of S10 and S28 of H3 

and S32 of H2B has been associated with transcription of epidermal growth factor (EGF); 

phosphorylation (e.g. of H3S10) regulates chromatin compaction and thereby mitosis, meiosis 

and apoptosis[100]. Despite the fact that a large number of phosphorylated residues on 

histones have already been identified, finding new sites and its associated functions remain 

areas of intensive research [59, 77, 100, 101]. 

1.2.5.3.1. Acylation 

It has been shown that histones K residues can be acylated with short-chain fatty acids, 

including propionylation (Pr), butyrylation (Bu), crotonylation (Cr), 2-hydroxyisobutyrylation 

(Hib), succinylation (Su), malonylation (Ma), glutarylation, and β-hydroxybutyrylation [102-104]. 

These modifications can be classified into three groups based on their chemical structures in 

comparison to acetylation (Figure 1.14): (i) hydrophobic acyl groups, which include propionyl, 

butyryl, and crotonyl, have extended hydrocarbon chains that increase the hydrophobicity and 

bulk of the K residue; (ii) polar acyl groups, which include β-hydroxybutyryl and 2-
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hydroxyisobutyryl, have a hydroxyl group that enables the modified K to form hydrogen bonds 

with other molecules; (iii) negatively charged acidic acyl groups, which include malonyl, 

succinyl, and glutaryl, change the charge at the K residue from +1 to −1 at a physiological pH 

level. The discovery of such functionally diverse PTMs has dramatically increased the potential 

complexity of combinatorial chemical modification of histones. Emerging evidence suggests 

that histone K acylations influence gene expression and are functionally different from the 

widely studied histone acetylation. Histone K acylations are shown to be regulated by 

metabolism of the different acyl-CoA forms [105]. 

1.2.5.3.2. Ubiquitylation, sumoylation and ADP-ribosylation 

Unlike most histone modifications that are chemical, (mono-/poly-) ubiquitylation (Ub) 

involves the addition of a 76 amino acid protein, ubiquitin, to a histone K residue via the 

sequential action of three enzymes: E1-activating, E2-conjugating and E3-ligating enzymes 

[59]. Such a bulky modification must have a major impact on chromatin structure and function. 

Indeed, ubiquitylation of H2B, H3 and H4 has been associated with opening of chromatin in 

the context of replication and transcription. In mammalian cells, ubiquitylation of H2A is much 

more abundant compared to the other core histones and is critical for DNA damage repair and 

transcriptional silencing via the polycomb pathway [77]. The removal of ubiquitylations is 

mediated by isopeptidases, called de-ubiquitin enzymes, and this action is important for both 

gene activation and silencing [54, 59]. Other bulky hPTMs are sumoylation and ADP-

ribosylation. Sumoylation involves the attachment of small ubiquitin-like modifier molecules 

(SUMO) to histone K residues. SUMO proteins are similar to ubiquitin in mechanism of ligation 

to substrates and structure; yet their function is quite different. Sumoylation has mainly been 

described as a repressive mark, since it seems to recruit histone deacetylases and 

heterochromatin protein 1 (HP1) and acts by antagonizing other hPTMs, such as acetylation 

[54, 59, 106]. Mono- or poly-ADP-ribosylation (Ar) occurs mainly at glutamate and R residues 

of all four core histones as well as linker histone H1 [101]. ADP-ribosylation adds a negative 

charge to its modified residues, suggesting that this modification, similar to acetylation, results 

in a decreased interaction between histones and DNA. Indeed, ADP-ribosylation is associated 

with euchromatin, where it seems to have a role in transcription regulation and DNA repair [54, 

59, 101].  
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1.2.5.3.3. Histone tail clipping 

The most radical way to remove histone modifications is to eliminate (a fragment of) the (N-) 

terminal tail in which they reside. This process referred to as histone tail clipping is often 

difficult to distinguish from histone degradation both experimentally and biologically, because 

both can be mediated by the same proteases [107]. Almost all the histones are exposed to 

clipping, with the exception of H2B. The mechanism of histone clipping and its role in the 

regulation of chromatin structure and function remain mostly unknown. However, it is 

suggested that histone clipping irreversibly erases hPTMs from the nucleosomes, leading to a 

permanent change in chromatin and its associated biological processes. Moreover, it is 

believed that the cleaved histones are destined to be recycled or degraded. Interestingly, 

histone clipping has been identified in yeast and in mammalian systems, suggesting that it is 

a conserved process and is required for main cellular functions [108].  

1.2.5.3.4. Citrullination and proline isomerization 

Citrullination (Cit) and proline isomerization are two hPTMs that involve a change in the nature 

of the amino acid itself rather than the addition of a functional group. Citrullination, also called 

deamidation, is known as the conversion of R into citrulline. To date, no enzyme has been 

identified that will convert citrulline back into R, implying that this modification might be 

irreversible, like histone tail clipping [54]. Proline isomerization involves a 'flip' of the peptide 

bond by 180 °, thereby generating chemical isomers rather than covalently modified products 

[59]. It is by definition reversible as most isomerases have the ability to catalyze the formation 

of both cis- and trans-proline [54]. 

1.2.5.3.5. Glycosylation 

Another type of hPTM is glycosylation, of which relatively little is known. It involves the 

modification of histones by β-N-acetylglucosamine (O-GlcNAc) on several T and S residues. 

Histone glycosylation is suggested to be involved in transcriptional repression, however, it is 

unclear how this modification might lead to decreased chromatin accessibility. Hitherto, O-

GlcNAc has been identified on H2A, H2B and H4 [101, 109].  
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Figure 1.14 Snapshot of histone modification. A summary of the reported human, mouse, and rat histone 

marks, Figure adopted from [86]. 
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1.2.6. The epigenetic interplay of hPTMs 

Chromatin structure and function is regulated by the interplay of epigenetic processes (Figure 

1.7). There exist several levels of histone epigenetic interplay, including intrahistone, 

interhistone, internucleosomal, intranucleosomal, histone-DNA and histone-RNA crosstalk.  

Intra-histone interplay defines hPTMs within one histone influencing each other, e.g. the 

disruption of the binding between HP1 and H3K9Me3 when the neighboring H3S10 becomes 

phosphorylated, a mechanism known as “phospho-methyl” switch [101]. Inter-histone crosstalk 

occurs when modifications on two distinct histones influence each other, e.g. H2BK120ub 

promotes H3K4Me3 and K3K79Me3. Next, when a chromatin reader is recruited via two distinct 

modifications within one nucleosome, this is considered intra-nucleosomal association. For 

example, H3K4Me3 and H4K16Ac within one nucleosome are bound by a certain transcription 

factor [110]. Inter-nucleosomal association takes place when a chromatin reader interacts with 

histone modifications present on different nucleosomes. For example, the two chromodomains 

of HP1 dimers link H3K9Me3-containing nucleosomes [111]. 

A great example of epigenetic interplay is polycomb repressive complex 2 (PRC2), which is a 

multiprotein complex that responds to the chromatin environment to establish H3K27 

methylation (Figure 1.15) [97].  

 

Figure 1.15 Model in which PRC2 responds to the chromatin environment to establish H3K27 methylation. 

Marks of transcriptionally silent chromatin, such as DNA methylation and H3K9Me2/Me3 inhibit PRC2 enzymatic 

activity in an indirect manner. Signs of active transcription, in the form of mRNA, H3K4Me3, H3K36Me2/Me3, and 

histone acetylation can directly inhibit PRC2 catalytic activity to prevent H3K27 methylation at regions of active gene 

expression. In addition, chromatin regions that do not contain any active or repressive marks may be targeted by 

PRC2. Other properties of the chromatin environment such as nucleosome occupancy, chromosome conformation 

and location within the nucleus may also contribute to PRC2 target selection (not shown here). Figure adopted from 

[97]. 
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Another important level of chromatin regulation is the histone-DNA modification crosstalk, i.e. 

modifications on histones and DNA that influence each other. For example, unmodified CpG-

rich DNA regions are associated with H3K4Me3, which inhibits the association of DNMT3a and 

thereby protects these regions from DNA methylation. Conversely, recruitment of DNMTs to 

H3K9Me3 via HP1 leads to DNA methylation [60]. In addition, one example of histone-RNA 

crosstalk is that H3K9Me2/Me3 recruits HP1 proteins, such as Chp1, which on its turn can be 

found in RITS [74].  

1.2.7. Epigenetics of embryonic stem cells 

It has been established that chromatin of pluripotent (i.e. primed) hESCs contains little or no 

heterochromatin, indicating that hESCs have an open chromatin structure, in contrast to 

differentiated cells where heterochromatin is predominant [9]. This suggests that hESCs are 

associated with epigenetic marks that mediate a euchromatic state of chromatin. Recently, 

enriched acetylation at H3K4, 9, 14, 18, 56 and 122 as well as H4K5, 8, 12 and 16 were identified 

as markers of the pluripotent hESCs, while loss/decrease of acetylation marked differentiation 

[112]. Different epigenetic marks linked to either active or inactive chromatin in ESC have 

already been described [9]. 

However, only little is known about epigenetic differences between naïve and primed 

pluripotent cells [113]. Most prominently, DNA methylation and the H3K27Me3 histone mark 

are considered to be decreased in naïve cells compared to primed cells [22, 114]. This in turn 

implies that primed cells are transcriptionally silenced, whereas naïve cells contain an open 

chromatin structure. The relative level of the H3K27Me3 histone mark even has become an 

accepted criterion of the naïve vs. primed state. However, an overall picture of other histone 

marks in the naïve and primed states is currently still lacking [30]. Additionally, the female X 

state is the epigenetic signature that best indicates the differences in developmental potential 

between naïve and primed cells [113]. Female mEpiSCs have been shown to contain an Xi, 

featured by the presence of a H3K27Me3, whereas mESCs have two Xa [20, 22, 115]. Moreover, 

the reprogramming of somatic cells to iPSCs is accompanied by reactivation of the Xi to Xa, 

while the differentiation of female miPSCs initiates XCI accompanied by the enrichment of 

lncRNA and H3K27Me3 on the Xi [115]. Thus, XCI is closely linked to the differentiation of the 
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cell [113]. Accordingly, the naïve state is defined as a blank slate, free of epigenetic restrictions 

that influence lineage specification. Because the naïve and primed pluripotency states are 

interconvertible, certain epigenetic features are crucial to maintain and stabilize the naïve state.  

Recently, it was shown that PRC2 and its H3K27Me3 mark protect the (naïve) ground-state of 

mESCs from lineage priming. In addition, this study provides a comprehensive overview of 

histone modifications and chromatin-associated protein complexes differential between the 

naïve (2i) and primed (serum) mESCs [116]. Shortly, 42 individual hPTMs and 66 hPTMCs 

(hPTMCs) on histone H3 and H4 were identified and quantified with high reproducibility (R > 

0.95) by using MS. In total, 12 hPTMs were differential between 2i and serum ESCs (p < 0.001 

and >1.5-fold change). PRC2-dependent H3K27Me3 and H3K79Me2 were found to be higher 

in 2i ESCs, whereas H3K27Me1 and (in general) acetylation of the N-terminus of histone H4 

were lower in 2i. In Chapter 2, we demonstrate that multiple of these histone marks show the 

same trend in human. In addition, we provide an overview of how these hPTMs are changing 

over time during conversion from primed to naïve.  

1.2.8. Cancer Epigenetics 

Genetic and epigenetic alterations, as well as environmental and lifestyle factors work 

harmoniously together to influence human health and disease. Mutations in genes encoding 

the major epigenetic regulatory proteins are common in cancer [117]. Their phenotypic effects 

are depicted in Figure 1.16. For nearly 30 years, aberrant DNA methylation has been considered 

a cancer hallmark because of the intrinsic mutagenicity of 5mC, the inactivation of tumor-

suppressor genes through hyper-methylation, the activation of proto-oncogenes and the 

induction of chromosomal instability due to genome-wide hypo-methylation. DNA hyper-

methylation is caused by upregulation of DNMTs or loss-of-function of DNA-demethylases 

(TET-proteins), whereas DNA hypo-methylation is caused by loss-of-function of DMNTs [62]. 

Abnormalities in the hPTM pattern and binding of their readers are a second important cancer 

characteristic. For example, overexpression of HDACs, loss of HATs, and abnormal expression 

of HMTs and HMDs lead to respectively reduced histone acetylation and aberrant histone 

methylation, and have been observed in many cancer types. Genes encoding histones 

themselves can be mutated as well. These alterations, together with loss-of-function mutations 
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in the chromatin remodeling complexes, lead to abnormal chromatin structures. In addition, 

mutations in genes encoding metabolic enzymes also affect the function of epigenetic 

regulatory enzymes [117]. 

 

Figure 1.16 Epigenetic modifications in cancer. Common phenotypic effects of epigenetic mutations in human 

cancer are: (i) DNA promoter hypermethylation caused by upregulation of DNMTs or loss-of-function of TET 

proteins; (ii) genome-wide DNA hypomethylation caused by loss-of-function mutations in DNMTs; (ii) abnormal 

histone modifications and binding of their readers, and (iv) abnormal chromatin structures. Reduced histone 

acetylation can be caused by upregulation of HDACs or loss of HATs. Abnormal histone methylation can be caused 

by mutations in the genes encoding HMTs and HDMs or mutations in the genes encoding histone variant H3.3. 

These abnormal histone modifications, together with mutations in genes encoding histone reader proteins (such as 

plant homeodomain finger (PHF)-containing and bromodomain (BRD)-containing proteins), affect cellular functions. 

In addition, mutations in the genes encoding the metabolic enzymes isocitrate dehydrogenase 1 (IDH1) and IDH2 

produce the oncometabolites α-ketoglutarate (α-KG) and 2-hydroxyglutarate (2-HG), which inhibit HDMs and TET 

proteins. Abnormal chromatin structures caused by loss-of-function mutations in the switch/sucrose non-

fermentable (SWI/SNF) chromatin-remodelling complex or alterations in histone modification and DNA methylation, 

affect transcription, DNA repair and cell cycle control. Figure adopted from [117]. 

Selective adjustment of aberrant epigenetic modifications has important clinical implications 

for the prevention and treatment of cancer. Notably, targeting one epigenetic mutation may 

have a pleiotropic genome-wide effect, blocking multiple cancer-related pathways at once. 
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Additionally, in contrast to genetic mutations, epigenetic alterations are largely reversible, 

which makes them ‘in theory’ more easy to adjust. For gain-of-function mutations in epigenetic 

mediators, it is relatively easy to target them directly by e.g. DNMT and HDAC inhibitors. Loss-

of-function mutations on the other hand have been more problematic to target. However, the 

concept of exploiting lethal interaction has great promise to do so. This concept describes the 

relationship of two genes or pathways, in which loss of both leads to cell death, but loss of 

either one of them leads to cell survival. Therefore, cancer cells that carry a mutation in either 

one of them can be targeted by chemical inhibition of the second pathway, while normal cells 

are spared since they do not contain the mutation [117]. Recently, ways to target epigenetic 

changes in cancer were extensively reviewed [117]. 

Interestingly, a small subset of cancer cells has been shown to be resistant to drug therapy as 

a result of aberrant expression of key epigenetic modifiers. These cells are termed cancer stem 

cells (CSCs) because of their “stem-like” properties: the extensive self-renewal ability and the 

capacity to generate all cell types found in a particular cancer sample (differentiation). CSCs 

are therefore hypothesized to cause relapse and metastasis by giving rise to new tumors. Next 

to the above mentioned epigenetic therapies, differentiation or reprogramming of CSCs by 

HDACi is another therapy for cancer treatment [118, 119]. 

1.2.9. Non-epigenetic roles of histones 

Histones and their PTMs provide structural stability to chromatin and regulate gene expression 

within the nucleus. Additionally, histones can be translocated to the extracellular space in three 

forms: freely, as a DNA-bound nucleosome or as part of neutrophil extracellular traps (NETs). 

Once in the extracellular space, histones act as damage-associated molecular pattern (DAMP) 

proteins, activating the immune system and causing further cytotoxicity. However, all three 

extracellular forms differ significantly in their mechanism of cellular release and extracellular 

interactions [120, 121].  

Free histones and nucleosomes are released from dying cells, particularly during necrosis, as it 

results in an uncontrolled rupture of the plasma membrane, releasing the intracellular and -

nuclear contents of a cell. Additionally, histones are also present in the extracellular space after 

other forms of regulated necrosis including necroptosis, pyroptosis and ferroptosis and are 
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expressed at the surface of apoptotic cells. When intravenously administered to mice, free 

histones are lethal within minutes, whereas nucleosomes produce no immediate cytotoxic 

effects [120]. 

NETs containing histones are released by dying immune cells during a process called NETosis, 

which is mediated by PAD4, an enzyme that facilitates citrullination of H3 and subsequent 

chromatin decondensation. During infection, NETs form a protective mesh that filters and 

destroys pathogenic organisms. However, NETosis also occurs inappropriately during sterile 

inflammation resulting in thrombosis, autoimmunity and NET-mediated cytotoxicity [120]. 

Elevated serum histone, nucleosome and NET levels have been implicated in multiple 

pathophysiological processes and progression of diseases including autoimmune diseases, 

inflammatory diseases, and cancer. Therefore, extracellular histones could serve as biomarkers 

and novel therapeutic targets in human diseases [122].  
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1.3. Mass spectrometry based analysis of histones 

1.3.1. Histone proteomics: history and importance 

Given the critical roles of hPTMs in chromatin structure and functions, it is essential to precisely 

characterize them. Proteomics can contribute to the studies of histone biology in at least five 

ways: (i) identification and validation of known and novel hPTMs; (ii) determination of 

quantitative changes of hPTMs under diverse circumstances; (iii) characterization of crosstalk 

among hPTMs; (iv) pinpointing hPTMs that can be regulated by a specific “eraser” or “writer”; 

and (v) identifying binding proteins of hPTMs [123]. 

Historically, histone analysis was mainly conducted using antibody-based methods, such as 

western blot, immunofluorescence analysis, and chromatin immunoprecipitation (ChIP). 

However, the sequence homology of histone variants and the wide range of hPTMs make it 

very difficult to find a specific antibody for each modification of interest. As a result, histone 

antibodies often generate cross-reactivity (i.e. H3K27Me3 antibody binding to H3K27Me2 or 

H4K20Me3) and are subjected to epitope occlusion (i.e. H3K27Me3 blocks the antibody 

binding to H3K36Me3) [123]. This equally implies that combinatorial hPTM information cannot 

be studied. In addition, these approaches lack high-throughput capabilities because each 

hPTM must be analyzed separately, which makes them expensive and time consuming [123]. 

Finally, the need for prior knowledge makes the discovery of new hPTMs difficult [124, 125].  

An evaluation of 246 antibodies directed against 3 unmodified histones and 57 different hPTMs 

revealed that over one-quarter fails for specificity tests, meaning that they often bound to more 

than one target. Also, four antibodies were perfectly specific, but to the wrong target. Among 

the specific antibodies, over 20% failed in ChIP experiments [125]. However, it should be noted 

that most antibodies perform well and that some problems exist more due to inappropriate 

storage, handling and applications, than to the antibody itself [126].  

In the past two decades, MS has become the primary tool for hPTM analysis, since it provides 

a detailed and more unbiased method, valuable for discovering, screening and quantifying 

hPTMs and their combinatorial nature in a high-throughput fashion. Therefore, MS-based 

approaches are arguably stronger than antibody-based methods [127]. For instance, as 
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demonstrated in Chapter 3, MS analysis on a minimal histone load (i.e. 250 ng) allows the 

quantification of 100-200 different peptides and the subsequent calculation of the relative 

abundances (RA) of around 30-50 different hPTMs. This is the equivalent of an antibody assay 

targeting 30-50 different hPTMs on many different samples. Nevertheless, MS approaches have 

their own pitfalls and shortcomings.  

1.3.2. Mass spectrometry: definition and instrumentation 

The application of MS technology in proteomics dates from around 1990 with the development 

of ionization techniques that allow soft ionization of large, polar, thermally labile biomolecules 

as proteins and peptides with limited internal fragmentation, which was not feasible with 

former ionization methods [128, 129]. Over the years, MS has become the preferred method 

to analyze complex protein samples, mainly due to the significant increases in mass accuracy 

and resolution of mass spectrometers.  

MS is often coupled with high performance liquid chromatography (HPLC) for the separation 

of peptides, mainly because of its high throughput, high versatility and high resolution. First, 

the proteins are digested with a proteolytic enzyme, which is explained in more detail in section 

1.3.4.2. Then, HPLC separates the peptides based on their differing affinity for the stationary 

phase. Peptides having the least interaction with the stationary phase elute earlier, since they 

tend to stay in the mobile phase, and vice versa. HPLC has two major functions, enhancing the 

concentration of a peptide and reducing sample complexity, resulting in higher sensitivity and 

selectivity. For example, in reverse-phase HPLC (RP-HPLC), peptides bound to C18 column can 

be gradually released by increased percentage of organic solvent in the mobile phase. The 

more hydrophobic a peptide is, the slower it is released [123, 130]. The separated peptides are 

then subjected to MS analysis.  

MS is an analytical technique that separates ions in the gas phase, based on their mass to 

charge ratio (m/z). A mass spectrometer usually contains three main parts: an ion source, a 

mass analyzer and a detector. The most widely used ionization methods for proteins and 

peptides are electrospray ionization (ESI) and matrix-assisted laser desorption ionization 

(MALDI), referred to as “soft” ionization methods. ESI is more suited for the analysis of complex 

peptide mixtures because it can be coupled directly to a HPLC system and is therefore also 
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more used than MALDI. Subsequently, the ions are introduced into the mass analyzer, i.e. a 

vacuum environment where ions with different m/z ratios can be separated or filtered by the 

electric/magnetic fields. Five major types of mass analyzers are commonly used and combined: 

time-of-flight (TOF), quadrupole (Q), ion traps, orbitraps, and fourier transform ion cyclotron 

resonance. Finally, the ions reach the detector which is usually composed of electron multipliers 

that create a record of the number of events in the form of a mass spectrum, a plot of different 

m/z ratios and their intensities. The m/z ratios can be used to calculate the molecular weights 

by using the determined number of charges and correcting for the number of attached protons 

(which is equivalent to z) for each m/z ratio. Many reviews of MS instrumentation have been 

previously published [123, 130-132].  

In this dissertation, we used a TripleTOF 5600 (Sciex) mass spectrometer, an ESI-Q-TOF 

instrument (Figure 1.17). The Q is used as ion guide or as filter for selection of peptide ions to 

be fragmented, depending on the acquisition mode. The high resolution TOF mass analyzer 

(~30,000) characterizes the fragment ions with high mass accuracy (<10 ppm), allowing for 

confident identification of the peptide elution profile and discrimination between (near) 

isobaric hPTMs such as acetylation (42.011 Da) and trimethylation (42.047 Da).  

 

Figure 1.17 Representation of the TripleTOF 5600 (Sciex) mass spectrometer that was used for the 

experiments of this dissertation. (A) A detailed illustration and (B) an image of the mass spectrometer. Figure 

adopted from [133]. 
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Initially, identification in MS-based proteomics was done by peptide mass fingerprinting (PMF), 

a method that compares the experimental peptide masses with either a database containing 

known protein sequences or the genome. Later on, tandem MS (MS/MS or MS2) was 

introduced, which involves the determination of the precursor ions followed by their isolation 

and fragmentation into a unique set of fragment ions. The MS/MS spectrum can be used to 

identify the peptide sequence, which can be done by many different approaches (cf. section 

1.3.6.1). Fragmentation occurs by collision with an inert gas such as nitrogen or argon atoms. 

Only fragments carrying at least one charge will be detected. If the N-terminal fragment carries 

the charge, the ion is classed as either a, b or c (Figure 1.18). If the C-terminal fragment is 

charged, the ion type is either x, y or z. The most frequently used fragmentation techniques in 

proteomics include electron capture dissociation (ECD), and electron transfer dissociation (ETD) 

and collision-induced dissociation (CID) [123, 134-136]. The latter includes beam-type CID, 

which has confusingly been referred to as higher-energy collision dissociation (HCD) in orbitrap 

instruments, and trap-type CID [137]. CID are most effective for small/low-charged peptides 

and generate predominantly b- and y-type ions, whereas ECD and ETD are more useful for 

longer peptides and even intact proteins and produce predominantly c- and z-type fragment 

ions. Some PTMs, such as phosphorylation, are lost during especially trap-type CID 

fragmentation, because these PTM groups compete with the peptide backbone as the 

preferred cleavage site. However, ECD/ETD can leave these labile PTMs intact, serving as useful 

methods to study these specific types of PTMs [123, 138, 139]. 

 

Figure 1.18 Peptide fragment ion types. 
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1.3.3. Bottom-up label-free MS workflow for histone analysis 

In general, the MS-based proteomics workflow consists of the following steps: sample 

preparation, data acquisition and data analysis (Figure 1.19). The material under investigation 

can either be intact proteins, large peptides (>20 aa residues), or standard-sized peptides (6-

20 aa residues), respectively known as top-down, middle-down and bottom-up approaches 

(Figure 1.20). These approaches are combined with stable isotope labelling or label‐free 

techniques for quantification. All work described in this dissertation has been performed using 

bottom-up label-free MS, which is described in more detail in the following subsections. 

 

Figure 1.19 MS-based label-free bottom-up workflow for studying histones. 

1.3.3.1. The Bottom-up approach 

In the bottom-up workflow (Figure 1.20), histones are cleaved into peptides by a protease, a 

process called digestion. Trypsin is the most commonly used protease due to its high efficiency 

and specificity. However, because histones are highly enriched with R and K residues, trypsin 

digestion generates peptides which are too short for HPLC retention and successful 

identification by MS/MS. Therefore, chemical derivatization prior to trypsin digestion is 

required (cf. section 1.3.4.2). The advantage of a bottom-up MS approach lies in its high 

sensitivity and less complicated data analysis, compared to the middle down and top down 

approaches. However, there are some drawbacks. First, it is almost impossible to have 100% 

sequence coverage, i.e. PTM coverage, because some peptides are too hydrophilic (typically 

for short peptides) to be retained in a C18 HPLC column and others bind too strong (i.e. 

peptides longer than 25 aa residues) to a C18 HPLC column such that they are difficult to elute 
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[123]. In addition, since bottom-up commonly applies trap-type CID as fragmentation strategy, 

unstable hPTMs such as phosphorylation are hard to annotate. Note that in order to study the 

acid-labile phosphorylation, a histone extraction protocol without acid is required (cf. section 

1.3.4.1). Because this approach leads to the generation of relatively short peptides (4-20 aa 

residues), the detection of co-occurring long-distance hPTMs cannot be achieved [127, 140]. 

In the same way it is hard to assign hPTMs to specific variants. On the other hand, bottom-up 

MS is able to detect very closely co-existing hPTMs on residues in the same peptide, such as 

H3K9-S10-K14, H3K18-K23, H3K27-K36 and H4K5-K8-K12-K16, of which H3K27-K36 occurs on 

a peptide containing an amino acid difference between H3.1 and H3.3. Finally, due to the large 

amount of basic residues that prevent floating charges, random cleavage of the peptide 

backbone is countered [141]. Alternatively, to address these issues, larger histone domains or 

intact histone proteins can be analyzed with the middle-down or top-down approaches, 

respectively.  

 

Figure 1.20 Three general strategies to analyze hPTMs using LC-MS (liquid chromatography coupled to 

mass spectrometry). Figure adopted from [142]. 
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To obtain larger protein fragments for middle-down MS, histones are generally cleaved by 

endoproteinases Asp-N and Glu-C, generating the H4 1–24 peptide and the H3 1–50 peptide, 

respectively (Figure 1.20). The rationale is that these peptides preserve the co-occurrence of 

most hPTMs in the same histone, since most of them occur on the N-terminal tails [127, 140, 

141]. Originally, top-down MS analysis involves direct infusion of intact histones (Figure 1.20). 

However, the many different histone proteoforms benefit from LC separation, which in this 

case implies the use of more advanced chromatography strategies [143]. Whereas top-down 

and middle-down MS are potentially extremely powerful, these methods currently suffer from 

several limitations. First, the longer the sequence backbone that is chromatographically 

separated, the lower the resolution and the harder it becomes to separate e.g. localization 

isomers. Also, the large size of the species leads to dramatically increased fragmentation 

possibilities, reducing MS/MS sensitivity and leading to ambiguous hPTM localization 

assignment. Finally, the very complex (chimeric) spectra generated by multiply charged species 

limit these approaches [123]. Overall, middle- and top-down analysis of histones suffer from 

limited sensitivity by the huge number of peptido-/proteo-forms that cannot be discriminated 

by LC-MS [141, 143, 144]. Thus, they do not seem to be the ideal strategies to analyze co-

existing hPTMs.  

1.3.3.2. Label-free quantification 

Quantitative MS-based proteomics can be separated into two major approaches; the use of 

stable isotope labelling and label‐free techniques. In label-based methods, samples are labeled 

differently with either isotopic or isobaric tags at a certain point during sample preparation, 

which allows mixing of the different samples and analyzing them in the same LC-MS/MS run, 

eliminating difficulties associated with between-run variability [145]. The earlier the samples 

are mixed, the lower the technical variation incurred through the analytical process (Figure 

1.21A). While labelling strategies are associated with more accurate quantification, they suffer 

from some limitations as well, namely the expensive labels, the number of samples that can be 

analyzed in a single experiment and the limit to what samples can be subjected to certain 

labeling methods. In contrast, the label-free approach does not have these shortcomings. This 

approach enables the analysis of dozens or even hundreds of samples in separate quantitative 

LC-MS/MS runs [145]. Both label-based and label-free strategies can be used for relative and 
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absolute quantification. Relative quantification enables the comparison of the same peptides 

or proteins between different samples, whereas absolute quantification allows the comparison 

of different peptides/proteins to one another because it determines the actual amount or 

concentration of the proteins of interest [146]. An overview of all different quantitative 

approaches is given in Figure 1.21B.  

 

Figure 1.21 Quantitative Mass Spectrometry-Based Proteomics: An Overview. APEX, absolute protein 

expression ; AQUA, absolute protein quantification; ICAT, isotope-coded affinity tag; iTRAQ, isobaric tags for relative 

and absolute quantification; QconCAT, quantification concatemer; SILAC, stable isotope labeling by amino acids in 

cell culture; TMT, tandem mass tag. Figure adopted from [147]. 
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Many of these quantitative methods have also been applied for proteomic histone research. 

For instance, comparative analysis of hPTMs between two different biological states has been 

achieved by using isotopic propionic anhydride (e.g., H10 vs D10 or 12C6 vs 13C6) prior to 

trypsin digestion [127, 148].  

Another method for histone labeling is isobaric tags for relative and absolute quantification 

(iTRAQ), which involves the addition of a sample-unique tag to all primary amines of the 

peptides and subsequent mixing of the samples in equal proportions before LC-MS/MS 

analysis [148]. Typically, each tag is comprised of a mass reporter region that releases 

characteristic reporter ions in MS/MS spectra and a mass normalization region (i.e. reporter1 

+ balancer1 = reporter2 + balancer2). Consequently, the tags ensure co-elution of the same 

histone peptides from different samples, and subsequent co-selection as the same m/z for 

fragmentation, during which the balance groups are lost and the reporter groups are detected. 

The relative ratios of the reporter groups in the MS/MS spectra represent the relative 

quantification of the peptide from the different samples [123, 146]. Surprisingly, this approach 

has not been adopted in detail for studying hPTM in a dedicated workflow.  

More frequently, histone labeling is achieved by stable isotope labeling by amino acids in cell 

culture (SILAC) and SILAC-derived strategies [127, 148, 149]. Classical SILAC experiments 

involve differential labeling of two to three cell types/conditions using either natural amino 

acid residues, 2H4-K and 13C6-R or 15N213C6-K and 15N413C6-R, which in combination with 

trypsin digestion results in labeling of every peptide in the mixture (except for the C-terminal 

peptide of the protein). It relies on the complete incorporation of heavy amino acid residues 

during protein turnover in cultured cells, enabling quantification with high accuracy and 

precision. However, classical SlLAC also suffers from issues related to metabolic conversion of 

amino acids, especially in stem cells [150], as well as incomplete incorporation, and the fact 

that the strategy is not amenable to all sample types, amongst others. By using SILAC as a 

‘spike-in’ standard, called the super-SILAC strategy, it has expanded to whole organisms and 

to human tissues [151]. Additionally, heavy methyl SILAC (hmSILAC) was developed to 

specifically monitor changes in the dynamics of histone methylation [152]. Herein, the cells are 

grown in heavy methionine, the sole known source of the methyl hPTM.  



Chapter 1 

60 

 

Notably, deuterium should be avoided as isotope, because deuterium atoms can interact with 

C18 stationary phase and therefore impact its retention during reversed-phase 

chromatography [153]. Taken together, the label-free approach remains the simplest method 

for relative quantification of specifically modified histone peptides [149]. 

1.3.4. Sample preparation 

Sample preparation is a fundamental step in histone research, which, together with good 

instrumentation and software, determines the success of the experiment. Sample preparation 

of the experiments described in this dissertation includes: cell culture (cf. section 1.1.2 and 

1.1.4.3); histone extraction (cf. section 1.3.4.1); and derivatization prior to trypsin digestion (cf. 

section 1.3.4.2).  

1.3.4.1. Extracting histones from biological samples 

The basic nature of histones makes their extraction relatively straightforward: they get 

dissolved when a classical acid precipitation is done. Many histone extraction protocols have 

been described, but none of these was specifically developed for label-free MS analysis, thus 

several occurring issues needed to be addressed [154]. First, MS-incompatible reagents such 

as detergents and high salt concentrations should be avoided. Also, abundant high-molecular 

weight proteins present in the extract can potentially impede the study of low stoichiometry 

hPTMs. Indeed, some labs further purify histones by sodium dodecyl sulfate polyacrylamide 

gel electrophoresis (SDS-PAGE) or HPLC analysis to obtain higher sensitivity and purity [155, 

156]. Finally, to process bigger sample batches by label‐free MS, sample handling should be 

minimized in order to reduce technical variation [154]. Moreover, the extraction should be done 

such that the histone fingerprint is minimally changed by residual epigenetic effectors in vitro, 

since to date, no cocktail is available that can simultaneously inhibit all writers and readers 

[154]. Figure 1.22 displays different histone extraction protocols suitable for label-free MS 

analysis. 
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Figure 1.22 Overview of different histone extraction protocols. After cell harvest, cell pellets are snap‐frozen in 

liquid nitrogen as a dry pellet. Protocol (A) represents the standard extraction protocol described by Shechter et al. 

[156], using a hypotonic lysis buffer (HLB; 10 mM Tris-HCl pH 8.0, 1 mM KCl, 1.5 mM MgCl2) supplemented with 

inhibitors (1 mM dithiothreitol (DTT), Halt protease and phosphatase inhibitor cocktail EDTA-free and phosphatase 

inhibitor cocktails II and III (1 mL of cocktail for 100 mL of buffer)). Protocol (B) omits the nuclei isolation step and 

represents direct acid extraction of histones from the whole cell pellet, representing the shortest protocol. In 

Protocol (C), the cell pellet is lysed with a 10:1 v/v ratio of nuclear isolation buffer (NIB)‐250 (15 mM Tris‐HCl pH 7.5, 

15 mM NaCl, 60 mM KCl, 5 mM MgCl2, 1 mM CaCl2, 250 mM sucrose) supplemented with inhibitors (1 mM DTT, 

10 mM sodium butyrate, Halt protease and phosphatase inhibitor cocktail EDTA-free and phosphatase inhibitor 

cocktails II and III (1 mL of cocktail for 100 mL of buffer)) and 0.1% sodium deoxycholate (SDC). For all protocols, 

acid extraction is performed using 0.4 N HCl. The histones are precipitated with 33% (v/v) trichloroacetic acid (TCA) 

and washed with ice cold acetone. The histones are quantified by SDS-PAGE and subjected to derivatization and 

digestion prior to MS analysis. Figure adapted from [154]. 

Depending on the cell type under investigation, extraction protocols perform differently and 

thus they need to be compared for each individual experiment. In addition, other infrequently 

used histone extraction techniques, such as high-salt extraction, should be considered 

depending on the hPTMs under investigation, as some hPTMs may be quite acid-labile (such 

as histidine phosphorylation). Furthermore, acid and high-salt extraction may differentially 

extract histones from various chromatin environments, such as heterochromatin and 

euchromatin [156]. However, high-salts are MS-incompatible and therefore not suited when 

performing MS-based histone analysis.  

In this dissertation we performed the standard extraction protocol using hypotonic lysis buffer 

(HLB) for nuclei extraction followed by acid extraction preceded by snap-freezing of the cells 

(protocol A in Figure 1.22). This protocol was proven to generate histone extracts containing 

few co-extracted proteins [154]. 

1.3.4.2. Derivatization and digestion  

The bottom-up approach involves proteolysis of histones into short peptides, the sequences 

of which can then be determined by MS/MS fragmentation. Different proteolytic enzymes can 

Snap -freezing Acid extraction in 0.4N HCl
4h at 4°C
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30min at 4°C

Acid extraction
in 0.4N HCl
30min at 4°C

Acid extraction
in 0.4N HCl
30min at 4°C

NIB-250 + 0.1% SDC,
10min on ice

3x washing with NIB-250

SDS-PAGE

MS

A

B

C
33% TCA

30min on ice
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be used, but trypsin remains the most popular because of its high efficiency and specificity, i.e. 

it generates relatively little missed- and unexpected cleavages. Trypsin is a serine protease 

which cleaves at the carboxyl side of K and R unless followed by a proline. Thus, trypsin 

digestion of histones H3 and H4 generates peptides which are too short for HPLC retention or 

successful identification by MS/MS, because these proteins are more highly enriched with R 

and K residues compared to H2A and H2B. One solution is to use Arg-C instead of trypsin. 

However, this enzyme suffers from inadequate specificity and efficiency. In order to avoid using 

another protease, K residues can also be chemically modified to block them from cleavage by 

trypsin. Chemical derivatization by acylation of the amine group of K residues results in more 

hydrophobic/longer (Arg-C like) peptides that retain better in RP-HPLC [157]. In comparison 

with other anhydrides, propionic anhydride derivatization (Δ = 56.026 Da) of K and KMe1 

residues is the most appropriate histone derivatization method (Figure 1.23) [102, 157, 158]. 

Notably, this propionylation is especially suited for studying histone H3 and H4 and will 

complicate the study of H1, H2A and H2B. In order to correctly identify and quantify histone 

peptides, the propionylation reaction should be efficient and specific, i.e. underpropionylation 

of K and overpropionylation on S/T residues should be avoided [159, 160]. In addition, this 

derivatization strategy is not compatible with the study of biological propionylation marks, and 

the common addition of a propionyl group to methylated K residues is strictly isobaric with 

butyrylation. Alternative chemical derivatization reagents are isotope-labeled donor groups, 

such as D5-propionic anhydride or D6-acetic anhydride. However, these reagents suffer from 

low efficiency, since they are never 100% pure, resulting in identification and quantification 

errors (manuscript under preparation: Willems et al.). 
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Figure 1.23 Chemical derivatization of histones by propionic anhydride [161]. Histone propionylation is 

performed before and after trypsin digestion. Prior to digestion, all free amine groups on the N-termini and the ε-

amino group of free and monomethylated K residues will be blocked by a propionyl group. Consequently, trypsin 

can no longer cleave after K residues, because they are blocked by either an endogenous PTM or a chemical 

propionyl goup or both, resulting in proteolysis only at the C-terminus of R residues, mimicking an Arg-C digestion. 

Post digestion proopionylation is necessary to cover all newly generated N-termini. 

1.3.5. Acquisition modes 

Bottom-up MS data acquisition strategies applied to histones include: targeted approaches, 

data-dependent acquisition (DDA) and data independent acquisition (DIA). Targeted methods 

fragment pre-selected precursor ions, usually at known (measured or predicted) retention 

times. DDA uses knowledge obtained during the acquisition to decide what MS1 precursors to 

select for fragmentation in the collision cell. DIA performs continuous and predefined 

fragmentation of the precursor ions regardless of sample content, which allows for more 

sensitive and accurate quantification compared to DDA.  
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1.3.5.1. Targeted acquisition 

Targeted approaches comprise selected or multiple reaction monitoring (SRM/MRM) and 

parallel reaction monitoring (PRM). These approaches enable very sensitive detection of a 

predefined selection of peptide precursor ions (PRM) or peptide-fragment ion pairs (SRM) to 

quantify histone peptides with high accuracy. These analyses mimic the use of antibodies 

against a few proteins of biological interest, yet with the advantages of higher selectivity and 

straightforward multiplexing. SRM originally was developed on a triple quadrupole mass 

spectrometer (QQQ), which allows selecting the desired precursor ion in Q1, fragmenting it in 

Q2 and selecting predefined fragment ions in Q3. The m/z ratios of the fragment ions 

associated with the m/z of the precursor are called transitions and are recorded throughout 

the chromatographic elution of the peptide [123, 162]. Isotopically 13C/15N-labeled synthetic 

peptides are commonly added to the initial protein sample or proteolytic peptide mixture to 

ascertain proper recording of the endogenous peptide transitions. PRM relies on MS 

instruments generally used in discovery analyses (e.g., Q-TOF) and allows acquiring a complete 

MS/MS spectrum for each targeted peptide with high-resolution and mass accuracy 

throughout the chromatographic elution of the peptide [162]. It has been shown that targeted 

proteomics is a powerful method to quantify histone variants and hPTMs [162-164]. However, 

while targeted MS approaches are able to distinguish and quantify the many (near-)co-eluting 

isobaric peptides on the MS2 level and are very valuable for reproducible and accurate 

quantification, the need for prior knowledge makes them inapplicable for high-throughput 

analysis and classical PTM discovery.  

1.3.5.2. Data-dependent acquisition  

In ‘discovery’ mode, the most abundant precursor ions (e.g., top 10–20) of an MS1 survey scan 

are selected for fragmentation (MS2) without the need for prior knowledge. To prevent 

repeated selection of the same precursor ions, the dynamic exclusion windows can be set to 

several seconds. This data collecting scheme enables powerful database searching (cf. section 

1.3.6.1.1). Therefore, DDA is the current standard for peptide identification. However, DDA has 

limited quantification capabilities due to the limited reproducibility that derives from the 

stochastic precursor ion selection. Also, DDA-MS1-based quantification suffers from 
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incomplete discrimination of the many isobaric histone peptides. Moreover, DDA is not suitable 

for low abundant precursor ions because they may be never selected for fragmentation. 

Therefore, MS analysis of histone peptides is commonly performed by integrating discovery 

and targeted acquisition within the same MS method by using an inclusion list of co-eluting 

isobaric species. However, the inclusion list reduces the duty cycle and number of DDA MS2 

spectra that can be acquired. In addition, deconvolution of the resulting complex spectra 

requires manual peak integration or dedicated software tools, making this method far from 

ideal [161, 165]. In conclusion, identification by DDA is best combined with highly reproducible, 

accurate and preferably MS2-based quantification. 

1.3.5.3. Data-independent acquisition 

DIA encompasses all MS acquisition methods that continuously generate fragment ion 

(MS/MS) spectra in an unbiased fashion, without the need for detection of peptide precursor 

ions in an MS1 survey scan (as in DDA) nor prior knowledge about peptide precursor m/z 

values (as in SRM and PRM) [166]. DIA was introduced in the early 2000s. Since then, scientific 

interest and research activity in the field have increased dramatically due to important 

advancements in data analysis and technical improvements in acquisition speed, mass accuracy 

and resolution of the mass spectrometers. Over the years, different DIA methods have been 

described, varying most based on their precursor isolation window widths (Figure 1.24) [166].  

 
Figure 1.24 The historical development of DIA methods with their corresponding precursor isolation window 

widths. AIF, all-ion fragmentation; FT-ARM, fourier transform-all reaction monitoring; HDMSE, high-definition MSE; 

HRM, hyper reaction monitoring; MSE, elevated MS; MSX, Multiplexed; PAcIFIC, precursor acquisition independent 

from ion count; pSMART, Smart Qualitative and Quantitative Proteomic Analysis; UDMSE,ultra-definition MSE; 

WiSIM-DIA, wide selected-ion monitoring DIA; XDIA, extended DIA. Figure adopted from [166]. 
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1.3.5.3.1. SWATH 

A new era in the field started in 2012, when Gillet and colleagues proposed a novel DIA strategy 

called sequential window acquisition of all theoretical fragment ion spectra MS (SWATH-MS) 

[167]. SWATH-MS is a DIA method performed on high resolution LC-MS platforms, such as Q-

TOF or Q-Orbitrap instruments. In SWATH‐MS data acquisition, successive pre‐defined ranges 

of precursor m/z values are isolated and subjected to co‐fragmentation [167]. Repeated cycling 

of the precursor isolation windows over a defined m/z range generates a comprehensive 

fragment ion map of the sample, which contains continuous information on all detectable 

fragment and precursor ions. Hence, extracted ion chromatograms (XIC) can be generated on 

both the MS2 and MS1 level (Figure 1.25). SWATH quantification predicates upon the fragment 

ion signals, allowing for discrimination of the isobaric histone peptides (cf. section 1.3.6.2). In 

terms of identification, SWATH relies on prior knowledge in the form of peptide query 

parameters (PQPs) mostly derived from a predefined library of identified peptides generated 

via DDA (cf. section 1.3.6.1.2).  

 

Figure 1.25 Principle of SWATH‐MS. Typically, first, the precursor m/z range of interest is isolated to record an 

MS1 spectrum. Second, the precursor ions are subjected to fragmentation generating MS2 spectra. SWATH‐MS data 

can be analyzed by a peptide‐centric scoring strategy, which requires prior knowledge about the chromatographic 

and mass spectrometric behavior of the acquired peptides in form of PQPs. Figure adopted from [166]. 
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As summarized by Ludwig and colleagues, a number of instrument parameters need to be 

considered when setting up a SWATH-MS experiment [166]. (i) The precursor m/z range should 

cover the m/z space of interest. If trypsin is used as proteolytic enzyme, the most peptide‐rich 

region is typically 400–1,200 m/z. (ii) The precursor isolation window width directly influences 

the selectivity and the dynamic range of the measurement and in turn the sensitivity of peptide 

detection. Namely, wider isolation windows result in a higher number of peptide precursors 

being co‐fragmented, leading to heavy convoluted MS2 spectra and lower sensitivity. In 

addition, when wider isolation windows are used, the number of isolation windows is less, 

allowing the mass spectrometer to cycle faster through the predetermined precursor m/z range 

(shorter cycle time), thus resulting in a higher number of data points recorded over the 

chromatographic peak profile. Conversely, using narrower windows reduces the number of co‐

fragmented precursors, signal interference and the number of chromatographic data points. 

Note that variable window widths can be used to optimize the intensity distribution of the 

precursor ion signals between the isolation windows [168]. In addition, some overlap, 

preferably > 1 m/z, of the adjacent precursor isolation windows is highly recommended, 

because the precursor ion isolation at the borders of the windows is less efficient and the 

transfer of the complete isotopic pattern of precursors close to the edges could otherwise be 

split between two adjacent isolation windows. (iii) For Q‐TOF instruments, the MS acquisition 

or accumulation time defines how long the mass spectrometer accumulates ion signals for the 

MS1 and MS2 scans. Longer accumulation times result in increased signal‐to‐noise ratios, but 

also longer cycle times. Therefore, the accumulation time should be chosen together with the 

number of precursor isolation windows. (iv) The “cycle time” is the time it takes 

to cycle through the precursor m/z range, i.e. it is the sum of the accumulation times set for 

the MS1 and MS2 scan series (plus any instrument overhead time which is usually negligible) 

(Figure 1.26). Hence, the cycle time determines how often along the chromatographic elution 

profile the same peptide ion gets recorded and thereby ensures nice chromatographic peak 

shapes to perform accurate quantification. Generally, around 10 acquired data points are 

considered necessary. In an experiment with an average peak width of 30 s, a cycle time of 3 s 

is appropriate. (v) A single injection per sample is strongly recommended to maintain sample 

throughput and quantification consistency in large‐scale studies of 100s of samples. In contrast, 
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multiple injections per sample (N), each covering a different m/z range (also called gas phase 

fractionation), might be an attractive alternative to improve selectivity and sensitivity of the 

SWATH‐MS measurement. This allows the reduction in precursor isolation window width by a 

factor of N, while ensuring that a large precursor m/z range can be covered.  

 

Figure 1.26 SWATH acquisition scheme and an MS2 map of a precursor isolation window. Here, overlapping 

swath windows of 25 m/z are depicted. To cover a mass range of 400 - 1200 m/z, 32 individual windows of 25 m/z 

are used. If all fragment ion spectra of the same isolation window are aligned, an MS2 map is obtained. Figure 

adopted from [169].  

1.3.5.4. Comparison 

The three previously described acquisition modes are summarized and compared in Table 1.6. 

It is clear that SWATH-MS combines the advantages of DDA with those of targeted approaches, 

as it allows for relatively easy high-throughput data acquisition, highly reproducible and 

consistent quantification, and retrospective data mining. SWATH-MS was originally developed 

for MS2-based label-free quantification of large sets of proteins across multiple samples. This 

in turn implies that compared to DDA, it provides the indispensable specificity extracted from 

the fragment ion traces to distinguish and quantify the many isobaric and (near-)co-eluting 

histone peptides, while still retaining the large scope required for this complex sample, a 

feature that is lacking in targeted approaches. However, it should be noted that peptide 

quantification with SWATH‐MS is still three‐ to 10‐fold less sensitive compared to the classical 

targeted proteomic approaches (SRM or PRM). A further drawback of SWATH‐MS in 

comparison with DDA‐based methods is the need for prior generation of an experimental or 

in silico spectral library, i.e. PQP generation and optimization. 
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Table 1.6 Advantages and limitations of SWATH‐MS,DDA and targeted (SRM, PRM) approaches [166].  

 
DIA-BASED  

SWATH-MS 
DDA TARGETED 

Ease of data acquisition ** - Easy 

It requires definition of 

the precursor isolation 

scheme, which includes 

the precursor isolation 

window widths, m/z 

range to cover, and 

accumulation time for 

the MS2 scans.  

*** - Easiest 

It requires definition of 

the TopN method, MS 

trigger threshold and 

dynamic exclusion time. 

(Default parameters on 

most mass 

spectrometers) 

* - Hardest 

It requires the 

generation and 

optimization of targeted 

peptide assays. 

Ease of data analysis * - Currently hardest 

It requires PQPs, special 

software tools and large 

informatics resources. 

*** - Currently easiest 

A wide range of 

pipelines are available. 

** - Currently easy 

Several software tools 

are available for manual 

and automated analysis. 

Breadth of protein and 

peptide detection/ 

multiplexing 

***  

10,000s of peptides per 

MS injection 

quantifiable 

***  

10,000s of peptides per 

MS injection 

quantifiable 

*  

10s-100s peptides per 

MS injection 

quantifiable 

Selectivity/sensitivity/ 

dynamic quantification 

range 

**  

4 orders of magnitude 

per injection 

**  

4 orders of magnitude 

per injection  

***  

4-5 orders of magnitude 

per injection 

Reproducibility/ 

data consistency 

*** - High 

This is due to the 

peptide-centric scoring 

analysis. 

* - Low 

This is due to the 

stochastic sampling.  

*** - High 

This is due to the 

targeted data 

acquisition.  

Retrospective targeting 

(using chromatogram 

extraction) 

***  

Possible on MS1 and 

MS2 level 

**  

Possible on MS1 level 

only 

*  

Not possible 

Least optimal (*), medium (**) and best (***) performance. 

1.3.6. Data analysis. 

MS analysis consists of two main pillars: identification and quantification. Identification not only 

involves identifying all known hPTMs, but also hPTMCs and novel PTM groups- or sites. In 

addition to quantifying changes of hPTMs between two or more samples, the determination 

of the hPTM stoichiometry is another focus of hPTM research. 
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1.3.6.1. Identification 

1.3.6.1.1. DDA 

The first widely spread strategy for protein identification was PMF. However, more specificity 

was needed to accurately identify peptides and this was achieved by generating unique MS2 

spectra for each peptide through fragmentation. The first step in the data analysis of these 

MS2 spectra is preprocessing, which can include noise deletion, monoisotopic peak and charge 

state detection, spectral filtration, and clustering of spectra [170]. Subsequent identification of 

these MS2 spectra can be done using different strategies (Figure 1.27): (i) the de novo 

approach, which determines the amino acid sequence from the mass differences between 

neighboring peaks in the MS2 spectrum (its success crucially depends on the quality of the 

spectrum); (ii) the sequence-tag search [171], which uses a short section of the peptide 

combined with the fragment ion masses that enclose it, the peptide mass, and the enzyme 

specificity to locate peptides in a protein database; (iii) the peptide spectral library search [172], 

which matches experimental MS2 spectra to previously recorded and correctly identified 

spectra; and (iv) the database search [173], in which search engines compare the experimental 

MS2 spectrum with the theoretical peptide fragmentation pattern of all peptides in the protein 

database (e.g. Uniprot) to find the best match.  

 

Figure 1.27 Peptide identification strategies for MS-based proteomics. Figure adopted from [174]. 
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The first database search algorithm was SEQUEST [173]. Herein, all proteins in the database are 

in silico digested into peptides according to the specificity of the chosen enzyme. Only those 

peptides that lie within a narrow mass tolerance range around the observed mass value of the 

MS1 peak are selected from the database. Next, all possible b- and y-ions are calculated for 

the selected peptides. Then, each peptide candidate receives a score that increases/decreases 

for each theoretical b- or y-ion that, again within a certain mass tolerance, can/cannot be 

matched to an observed MS2 peak. The peptide candidate with the highest score is assumed 

to be the correct one if it scores significantly higher than the second-highest ranking peptide. 

This linking of a peptide to a certain MS2 spectrum (and hence the corresponding MS peak) is 

termed a peptide-to-spectrum match (PSM). The simple idea of calculating a score based on 

theoretical spectra from in silico digested proteins still remains the basis of all other database 

search algorithms today. In order to experimentally verify the score threshold that marks a 

certain false discovery rate (FDR), the concept of target-decoy matching was introduced. 

Herein, a set of nonsensical peptides (decoys), mostly obtained by in silico digestion of the 

reversed protein sequences, is added to the search space. Unfortunately, this decoy strategy is 

not able to cope with isobaric PTM combinations (PTMCs). Until a specific decoy strategy is 

developed for accurate FDR estimation of such heavily modified peptides, the histone field 

needs to seek its refuge somewhere else. 

The Mascot search engine was the first to introduce a solution, by presenting probability-based 

scoring [175], whereby the probability of an identification was weighted against the probability 

that a match between the theoretical and the observed spectrum occurred by random chance. 

This approach requires no decoy strategy to estimate the FDR. The Andromeda algorithm 

implemented in the very popular MaxQuant software is a reverse-engineered version of the 

same algorithm and is thus an additional viable option to do histone peptide identification.  

These database searches are the prevalent approach for the identification of histone MS data 

as de novo and tag approaches primarily rely on consecutive unmodified b- and y-ions, and 

spectral histone libraries have yet to be made[123, 176]. The search engine will be asked to 

consider the possibility of PTM-induced mass shifts (Table 1.7) on certain residues when 

generating the in-silico library during the database search. However, it is intrinsically impossible 

to consider all known-to-exist types of hPTMs (> 20) in a conventional database search, due to 
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the combinatorial explosion of the search space, which increases search times as well as the 

number of false positives [123, 176]. Therefore, the number of PTMs that can be searched 

simultaneously is currently limited to typically less than 6. Alternatively, multiple searches with 

different PTM sets can be performed, or specialized algorithms for identifying novel PTMs or 

top-down or middle-down tandem mass spectra can be used [123].  

Table 1.7 Delta mass shifts (Δ) and locations of the most common hPTMs. 

MODIFICATION ABBREVIATION  Δ MONOISOTOPIC 

MASS 

LOCATION 

Acetylation Ac 42.0106 K 

Adp-ribosyl Ar 541.0611 C, E, K, N 

Butyryl Bu 70.0419 K 

Citrullination Cit 0.9840 R 

Crotonyl Cr 68.0262 K 

Dimethyl Me2 28.0313 K, R 

Dioxidation Ox2 31.9898   

Formylation Fo 27.9949 K 

2-hydroxyisobutyrylation Hib 86.0368 K 

Hydroxylation OH 15.9949 H, P, Y 

Malonylation Ma 86.0004 K 

Methylation Me 14.0157 K, R 

Oxidation Ox 15.9949 M 

Phosphorylation Ph 79.9663 S, T, H, Y 

Propionylation Pr 56.0262 K, N-termini 

Succinylation Su 100.0160 K 

Trimethylation Me3 42.0469 K 

Ubiquitin Ub 114.0429 K 

An additional challenge is to determine the correct location of the hPTM on the peptide 

backbone. Different solutions have been presented to address this issue. However, they are 

often restricted to localizing a single PTM and cannot cope with combinatorial PTMs. One 

example is the Mascot Delta Score, in which the Mascot ion-score difference between peptide 

identifications with different site localizations is compared [123, 176, 177].  

As histone peptides often contain multiple PTMs (referred to as hPTMCs) the potential 

presence of many isobaric hPTMCs often creates many equally scoring hits. For example, a 

combination of butyryl (C4H6O) and formyl (CO) results in the same mass shift as a 

combination of propionyl (C3H4O) and acetyl (C2H2O). Depending on the search algorithms 

and noise peaks, it is even plausible that the wrong annotation is assigned the highest score. 

Since the selection of PTMCs to be searched mostly relies on the expertise of the analyst, it is 
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additionally possible that the correct hPTMC is not searched and consequentially high-scoring 

false positives with unconsidered but correct alternative isobaric hPTMCs occur. Novel tools 

are thus required to determine correct hPTMCs and site localization. Recently, we described a 

workflow that determines PTM sets for sequential searching, estimates the amount of 

unconsidered alternatives and flags potential false positives. Briefly, first, an in silico modeling 

of all candidate isoforms with known-to-exist PTMs is made, whence the most frequently 

occurring PTM sets are theoretically determined and used in sequential database searches. 

Finally, annotations can be classified as unique or ambiguous, the latter implying false positives 

[178].  

Database searching is a powerful tool for detecting mass shifts of known hPTMs. However, 

identification of novel hPTMs is challenging since the new PTM will most probably induce an 

unknown mass shift. To that end, several algorithms have been described to identify peptides 

with unspecified mass shifts in their MS2 spectra by protein sequence alignment [179-182]. 

The element composition responsible for the mass shift can be calculated depending on the 

mass accuracy by publicly available software and the chemical structure can be determined by 

nuclear magnetic resonance (NMR) spectroscopy. Validation of novel types of hPTMs can be 

done by three experiments using HPLC co-elution, identical MS2 spectra and antibody-based 

assays [123]. Novel hPTMs are still frequently being identified [102, 183, 184]. 

1.3.6.1.2. SWATH 

The established database search tools developed for the analysis of MS2 spectra generated by 

DDA cannot be successfully applied to MS2 spectra from SWATH-MS data. Depending on the 

sample complexity and the window size, a huge amount of peptides are co-fragmented during 

SWATH acquisition which results in highly mixed and convoluted MS2 spectra. Instead, 

SWATH-MS data requires advanced data processing strategies categorized as either spectrum-

centric or peptide‐centric scoring strategies. The first are relatively new approaches, such as 

DIA-Umpire or Group-DIA, that generate pseudo‐MS2 spectra directly from the SWATH-MS 

data and subject them to conventional database search algorithms [185, 186]. In addition, novel 

library‐free peptide‐centric tools have been developed that use theoretical fragment ion 

predictions to query and score the multiplexed MS2 spectra of SWATH‐MS data, such as PECAN 
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[187]. However, most SWATH‐MS studies to date rely on prior knowledge in the form of PQPs 

to selectively extract peptide‐specific information from highly convoluted SWATH data in a 

targeted fashion. PQPs are the peptide targets with their associated chromatographic elution 

times, charge state(s) and the corresponding most intense fragment ions, and expected 

fragmentation pattern under the applied conditions, i.e. their relative fragment ion intensities. 

These parameters are used for peptide identification by peptide‐centric scoring and are usually 

derived from spectral libraries [166]. Bioinformatics tools integrating all steps of spectral library 

generation and PQP extraction have been developed such as Skyline [188], PeakView (SCIEX) 

and Spectronaut (Biognosys) [189]. A spectral library should be as comprehensive as possible, 

since a peptide must be present within the library for it to be detected and quantitated. Spectral 

libraries are either generated by previous DDA experiments, or obtained from publicly available 

proteome-wide library resources (PeptideAtlas, SWATHAtlas, NIST, …) [190-192].  

Except for the FDR calculation, which is usually done with a decoy-based approach called 

mProphet [193], SWATH‐MS peptide‐centric scoring is directly compatible with measuring 

modified histone peptides. However, analysis of hPTMs by SWATH‐MS presents additional 

challenges since the (near) isobaric modified peptides are often co‐isolated in the same 

SWATH‐MS window and produce multiple high scoring peak groups. The most straightforward 

way to confidently detect and identify these isobaric peptides is to directly extract PQPs from 

spectral libraries generated from DDA analyses on samples containing these peptides [166]. 

Alternative strategies rely on using PQPs from non‐modified peptides to query for modified 

peptides and focus on additional high scoring peak groups, which may occur in the same 

isolation window as the non‐modified peptides or in other isolation windows [166]. Such 

strategies are implemented in MSPLIT‐DIA [194] and SWATHProphetPTM [195] and perform 

best when the fragmentation pattern of the unmodified and modified peptides shows enough 

similarity. Recently, the standard OpenSWATH workflow was extended to modified peptides 

with the “Inference of PeptidoForms” (IPF) algoritm [196]. IPF uses a two‐stage workflow in 

which first a standard OpenSWATH analysis is performed whereby typically, about six fragment 

ions from DDA‐ or DIA‐derived spectral libraries are extracted and scored to detect high‐quality 

peak groups. These transitions only need to be specific for the targeted peptide sequence and 

types and numbers of modifications, not for positional isomers. In the second pass, IPF uses 
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the XICs of the MS1 signals and theoretically predicted fragment ions that can differentiate 

positional isomers. The site localization is thus reassessed independently of the presence of 

the underlying peptidoform in the spectral library. Finally, EpiProfile 2.0, a dedicated histone 

analysis software, is now optimized for DIA as it allows for the dedicated LC-MS/MS-based 

quantification of histone peptides through both precursor and fragment XIC generation. As 

such, it enables the discrimination of isobaric forms of peptides. However, a major drawback is 

that it is not an open-source software and only supports Thermo raw files, although the authors 

intend to extend the software in future versions [197].  

1.3.6.2. Quantification 

Depending on the mode of acquisition, quantification can be done on the MS1 or MS2 level. 

Despite the fact that DDA is the current standard for peptide identification, it has limited 

quantification capabilities. One label-free DDA quantification method is spectral counting, in 

which the number of identified spectra is used to quantify peptide precursor ions. However, 

this method suffers from the effects of ionization efficiency and precursor selection, thus, 

spectral counting is simple but inaccurate [198]. Another major label-free quantitation strategy 

relies on calculating the area under curve (AUC) of the precursor peak (so-called MS1-based 

quantification) [142]. Therefore, in order to quantify multiple isobaric histon peptides at the 

MS1 level, fragment ion relative ratios (FIRRs) from discriminative fragment ions are necessary 

to further divide total peak area in MS1 into its individual contributors [199].  

Still, the output of a set of different modified peptides containing an identical hPTM is not 

intuitive to the biologist. Consequently, the relative quantification of the hPTMs is calculated. 

This is currently done by dividing the peak areas of the peptide precursor ions carrying the 

specific hPTM of interest by the sum of the peak areas of all observed (unmodified and 

modified) forms of the peptide. This method allows comparison across multiple experimental 

conditions. Also, some unmodified histone peptides (e.g., HLQLAIR from H2A, YRPGTVALR 

from H3, VFLENVIR and ISGLIYEETR from H4) can be used as internal standards [123]. However, 

this calculation suffers from several factors such as ionization efficiency and precursor selection. 

Ionization efficiency of modified peptides with the same sequence might not only differ due 

to different types of modifications, but also due to different localizations of the same 
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modification [123, 200]. This is especially important for the determination of the exact hPTM 

stoichiometry, or for absolute quantification of hPTMs. Correcting for this differential peptide 

observability can be achieved by normalizing against identical synthetic PTM-bearing peptides 

through either applying correction factors from spiking in these synthetic peptide standards 

(internal correction), or by using information derived by independent MS analyses of the 

standard synthetic peptide mixtures (external correction) [123, 200]. However, due to the huge 

variety of modified histone peptides and the high cost, this method is only effective on a 

smaller scale. Another option for calculating the relative quantification of a certain hPTM, would 

be comparing modified peptides across samples after normalization against the abundance of 

the histone protein involved [176]. Due to the stochastic precursor selection, DDA data sets 

however, contain a high number of missing values. An important improvement was the 

development of software tools that allow the transfer of peptide identifications over different 

samples thereby improving the completeness of the quantitative data matrix [201].  

Finally, next to DDA approaches, label-free quantification of hPTMs can also be performed 

using DIA strategies. These methods increase the detection of low abundant histone peptide 

(as they are unbiased), resulting in less missing values. In addition, they enable the 

unambiguous assignment of isobaric peptides by means of MS2-based quantification 

(SWATH). SWATH‐MS provides quantitative peptide data typically derived from summing or 

averaging the integrated peak area of several fragment ions. Only high‐quality and 

interference‐free fragment traces should be selected for accurate quantification. Additionally, 

MS1‐based quantification on the precursor extraction ion chromatograms may provide 

orthogonal quantification information. However, the lower limit of quantification (LLOQ) often 

appears to be more strongly impaired at the precursor than at the fragment ion level. This is 

due to the lower selectivity and the higher dynamic range of detection required in full MS1 

scans compared to that of windowed‐isolation MS2 scans. 

In 2015, SWATH-MS was applied by the Garcia group to quantify hPTMs for the first time [165]. 

Their results on a selection of manually picked histone H3 peptides verified that SWATH-MS 

could accurately quantify peptides over four orders of magnitude, and discriminate isobaric 

and co-eluting peptides (e.g. H3K18Ac and H3K23Ac) using MS2-based quantification. In 

addition, SWATH-MS was able to detect significant differences in very low abundant hPTMs 
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(RA <0.02%). Relative quantification was performed using different fragment ions and showed 

high consistency (CV <15%), indicating that different fragment ions can be used independently 

to achieve the same peptide relative quantification. In conclusion, SWATH-MS was shown to 

be a very promising and high quality MS2-based quantification method for histone-modified 

peptides. However, the Skyline software was not yet adapted to high throughput data 

extraction of histone samples at the time. In Chapter 3, we describe an adapted workflow for 

histone SWATH analysis (hSWATH), where the reference library is built in an untargeted manner 

from the histone peptides identified in DDA runs for the spectral library and where unique 

transitions are selected based on their uniqueness within a SWATH precursor window.  

In conclusion, SWATH might be the ideal acquisition strategy for histone analysis, as it 

combines DDA-(MS1-)based identification with DIA-(MS2-)based accurate quantification.  
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2. Untargeted DDA-MS analysis of histone modifications 

changing during naïve conversion in hESCs and a 

comparison to mESCs 

2.1. Introduction 

hESCs are pluripotent cells that can be maintained indefinitely in vitro. The unrestricted self-

renewal capacity allows harnessing their intrinsic capability of pluripotency, i.e. the ability to 

differentiate into any somatic cell type of the organism from which they are derived [1-3]. 

However, the pluripotent capabilities of ESCs are a product of the cellular state in which they 

reside, which is directly shaped by the culture microenvironment [4-7]. Conventional derivation 

conditions generate hESCs that are transcriptionally in a primed state of development. 

Therefore, conventional hESCs reflect a state more similar to the in vivo postimplantation 

epiblast, as opposed to the preimplantation epiblast from which they are derived [8, 9]. 

Depending on the derivation methods and culture conditions used, primed hESCs are often 

prone to lineage specification bias and ultimately culture heterogeneity [10-13]. In contrast, 

mESCs can be cultured in the naïve state for prolonged times, which maintains high 

resemblance to the preimplantation epiblast [10]. As such, conventional mESCs remain the 

accepted paradigm of the naïve, ground state pluripotency [14]. 

Since 2010, several groups have succeeded in formulating culture environments that convert 

primed hESCs into a more ‘naïve’ state, albeit with varying sets of naïve traits [14-17]. The 

different protocols used to generate naïve hESCs have provided many insights into the 

transcriptional landscape and the DNA methylation status of human naïve pluripotency [13, 14, 

18, 19]. However, these diverse naïve protocols also have raised uncertainty over the true naïve 

hallmarks [14]. Currently, preferential use of distal over proximal enhancer elements to induce 

expression of POU5F1, a global decrease in CpG DNA methylation and reactivation of one of 

the X-chromosomes in female hESC lines are the most prominent, generally accepted features 

for naïve pluripotency [14]. With the exception of these features however, no essential 

differences in chromatin modifications between naïve and primed states in human have been 

identified thus far [19]. 
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Histone modification patterns are distinct between naïve and primed hESC. However, no 

comprehensive picture of the changing hPTM landscape has been described thus far. At least 

in part, this is because the knowledge on histone epigenetics is largely fragmented, building 

on a wealth of individual targeted antibody-based assays, e.g. western blot and ChIP. This data 

demonstrate that primed hESCs exhibit an increase in bivalent chromatin domains on lineage 

regulatory gene promotors, characterized by the deposition of the repressive histone mark 

trimethylation of lysine 27 of histone H3 (H3K27Me3) and the activating histone mark 

H3K4Me3 [18, 20-22]. Reverse, multiple naïve culture conditions have been shown to cause a 

reduction in H3K27Me3 marks over developmental genes in hESCs compared to primed 

conditions, suggesting a more accessible chromatin state [14, 18, 21]. This is in agreement with 

what is known for mESCs [23]. In a developmental context, the prevailing view is that a gradual 

increase in repressive histone marks occurs during continued developmental progression from 

naïve to primed pluripotency and ultimately differentiation into somatic cell types, binding a 

cell to its fate [14].  

Nowadays, antibody-based assays are increasingly being complemented with MS-based 

approaches for the study of the histone epigenome [24, 25]. Untargeted MS-based approaches 

create a very different perspective that comprises several dozens of genome-wide hPTM 

abundances in a single assay. In fact, it is no longer considered expedient to confirm MS data 

with antibody assays, due to the many potential artefacts associated with antibodies directed 

to hPTMs [26, 27]. In the past years MS-based approaches have not only revealed new hPTMs, 

but have also provided combinatorial information, generating a more complete picture of the 

histone code [24, 28-30]. Recently, by using a bottom-up MS approach, PRC2 and the 

H3K27Me3 mark it catalyzes were unexpectedly identified as the most abundant features that 

were significantly increased in naïve (2i) mESCs as compared to primed (serum) mESCs [31]. 

This illustrates the importance of creating a bird’s eye view of the histone code as a framework 

before ChIP assays are used to localize the hPTM over the genome.  

In this study, we first set out to picture the dynamics in the histone epigenome during the 

conversion of primed to naïve pluripotent hESCs using an untargeted MS-based assay. For this, 

we sampled the conversion in a feeder free culture system every three passages over 12 

passages, i.e. 37 days. This time resolution enabled the characterization of many transient 
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changes in both protein expression and hPTM abundance, in line with a staged transition 

process. In search of naïve hPTM markers, we compared P0 and P12 directly. Herein, H3K27Me3 

was the most prominently genome-wide increased hPTM in naïve compared to primed hESCs. 

This is in line with the recent finding in mouse [31]. Because the same MS-assay was used in 

both studies, we had the unique opportunity to compare all hPTM changes in each organism 

directly. We highlight the overall strong correlation of hPTM fold changes between naïve and 

primed state in mouse and human. This is especially interesting in light of the developmental 

timeline of both conversions: the conventional hESCs reflect a state more similar to the in vivo 

postimplantation epiblast and were converted into naïve cells, while mESCs are the 

preimplantation epiblast model and they were converted into a more primed state. In 

summary, we provide a first roadmap of changes in the hESC histone fingerprint during the 

conversion into naïve state and present a robust set of 10 hPTM naïve marker candidates that 

are conserved in mouse and human.  
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2.2. Experimental Section 

2.2.1. Culture of human embryonic stem cells 

Primed hESC line H9 was cultured feeder free on Matrigel (Corning)-coated wells for 4-5 days 

and refreshed daily with Essential 8 medium (Thermo Fisher Scientific). Passaging was 

performed using Versene solution (Thermo Fisher Scientific) for 3 min, using a cell scraper 

(VWR). HESC cultures were expanded into 4 separate replicate cultures. Each replicate was 

subsequently converted to naïve hESCs by applying Enhanced NHSM conditions (also referred 

to as WIS-NHSM conditions) [47% (v/v) Dulbecco's modified Eagle's medium (DMEM)/F12 

Medium (Thermo Fisher Scientific), 47% (v/v) Neurobasal medium (Thermo Fisher Scientific), 

0.5% (v/v) KnockOut Serum Replacement (Thermo Fisher Scientific), 0.06% (v/v) of a 10% (v/v) 

Human Serum Albumin Solution (Thermo Fisher Scientific), 1% (v/v) non-essential amino acids 

(Thermo Fisher Scientific), 1% (v/v) l-glutamine (Thermo Fisher Scientific), 1% (v/v) 

penicillin/streptomycin (Thermo Fisher Scientific), 0.005 mM -mercaptoethanol (Thermo 

Fisher Scientific), 0.7% (v/v) Sodium pyruvate (Thermo Fisher Scientific), 2% (v/v) B27 

supplement (Thermo Fisher Scientific), 1% (v/v) N2 supplement (Thermo Fisher Scientific), 0.2% 

(v/v) Defined Lipid Concentrate (Thermo Fisher Scientific), 50 µg/ml Ascorbic Acid (Sigma-

Aldrich), 1 µM PD0325901 (Cayman Chemicals), 1.5 µM CHIR99021 (Axon Medchem), 20 ng/ml 

Human LIF (Sigma-Aldrich), 2 µM BIRB (Axon Medchem), 5 µM SP600125 (R&D systems 

Europe), 5 µM Gö (Sigma-Aldrich), 20 ng/ml Activin A (R&D Systems Europe), 10 µM ROCKi 

(Enzo Life Sciences, only supplemented during feeder free passaging, replaced by ENHSM 

medium without ROCKi the following day), 12.5 µg/ml Insulin (Sigma-Aldrich), 5 µM IWR1 

(Sigma-Aldrich)][21]. Passaging of hESCs in naïve conditions was performed using TrypLE 

solution for 5 min, followed by trituration and neutralization with basal ENHSM medium 

(without small molecules). Cells were collected for histone analysis at passages P0 (Primed 

hESCs), P3, P6, P9 and P12. At P0 and P12 cells were seeded onto fresh Matrigel-coated plates 

and grown for 3-4 days for immunofluorescence analysis. RNA was extracted at similar 

timepoints for quantitative polymerase chain reaction (qPCR) analysis.  
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2.2.2. Immunofluorescence 

hESCs grown on glass coverslips were fixed with 4% (m/v) paraformaldehyde (PFA, Sigma-

Aldrich) for 20 min at room temperature (RT). Cells were then permeabilized with 0.1% 

(v/v)Triton X-100 (Sigma-Aldrich) in 1X phosphate buffered saline (PBS) for 8 min, washed in 

PBS and blocked in 10% (v/v) fetal calf serum (Sigma-Aldrich) and 0.05% (v/v) Tween-20 

(Sigma-Aldrich) in PBS for 1 hour at RT. Subsequently, the samples were incubated with primary 

antibody, mouse anti-Oct3/4 (SC-5279, Santa Cruz, 1:250), diluted in 0.05% bovine serum 

albumin (BSA) in PBS overnight at 4C. For the secondary antibody Alexa Fluor 594 donkey 

anti-mouse (AB150105, Abcam, 1:500) was used, diluted in 0.05% (v/v) BSA in PBS and applied 

for 1 hour at RT.  

2.2.3. RNA extraction and qPCR 

Primed and naïve hESCs from four replicates were collected using Versene solution and TrypLE 

solution, respectively. After centrifugation, cell pellets were lysed in TRIzol reagent (Thermo 

Fisher Scientific), followed by mRNA isolation and purification (RNeasy Mini Kit, Qiagen). 

Synthesis of single strand cDNA (iScript Advanced cDNA Synthesis Kit, Bio-Rad) was followed 

by determination of cDNA concentrations with the single strand cDNA Qubit Broad Range 

Assay kit (Thermo Fisher Scientific). qPCR was performed using the iTAQ Universal SYBR Green 

Supermix (Bio-Rad) on a Lightcycler 480 instrument (Roche). Amplification steps were 

programmed to be 1 min at 95°C, followed by 95 cycles of 15 seconds at 95°C and 1 min at 

60°C. Primer sequences are given in Supplementary Table 2.1.  

Data analysis was performed using the qBasePLUS v3.0 software (Biogazelle). QBase Plus is a 

semi-automated qPCR analysis software which combines data management, accurate 

normalization and correct error propagation. Briefly: Cq values that exceeded a 0.5 difference 

compared to others within triplicates were excluded. Amplification efficiencies were calculated 

separately, using the LinRegPCR software tool and manually included. Using the gene-specific 

amplification efficiencies, averaged triplicate values were transformed to linear relative 

quantities. Next, reference gene normalization was performed according to the most optimal 

amount of the most stable reference genes over all samples, as determined by the inherent 

geNorm analysis module: RPL13A, YWHAZ and TBP. Normalized relative quantities of both 
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primed and naïve biological replicate samples were plotted as boxplot graphs in GraphPad 

Prism v6.01. Statistical analysis of gene expression differences between all naïve and primed 

samples was performed using unpaired Student’s t-tests in GraphPad Prism v6.01. 

2.2.4. Histone extraction, propionylation and digestion 

After assessment of the suitability of different extraction protocols described in [32], histones 

were extracted according to “protocol A” (cf. section 1.3.4.1). First, 2.0E+6 cells were 

resuspended in 400 µl of HLB (10 mM Tris-HCl pH 8.0, 1 mM KCl, 1.5 mM MgCl2) supplemented 

with 1 mM dithiothreitol (DTT), Halt protease and phosphatase inhibitor cocktail EDTA-free 

(788441, Thermo Fisher, 1 mL of cocktail for 100 mL of buffer) and phosphatase inhibitor 

cocktails II and III (P5726 and P0044, Sigma-Aldrich, 1 mL of cocktail for 100 mL of buffer) and 

incubated for 30 min on a rotator at 4 °C. Subsequently, the nuclei were pelleted and the 

supernatant was discarded. The pellet was resuspended in 250 µl of 0.4 N HCl and incubated 

for 30 min on a rotator at 4 °C. The histones were precipitated with 33% (v/v) trichloroacetic 

acid on ice for 30 min. The amount of histones which corresponds to 4.0E+5 cells was quantified 

by gel-electrophoresis on a 18% TGX gel (Biorad). The remaining purified histones (7.6 µg) of 

each sample were vacuum dried, and propionylated according to [33, 34]. Briefly, histones were 

dissolved in 20 µL 1M triethylammonium bicarbonate (TEAB) buffer, pH 8.5. Next, 20 µL of 

propionylation reagent (propionic anhydride: 2-propanol 1:80 (v/v)) was added, for an 

incubation of 30 min at RT. This was followed by adding 20 µl milliQ water (Merck Millipore) 

for 30 min at 37°C. Histones were then digested overnight at 37°C using trypsin (at an 

enzyme/histone ratio of 1:20 (m/m)) in 500 mM TEAB, supplemented with CaCl2 and ACN to a 

final concentration of 1.0 mM and 5% (v/v) respectively. Subsequently, the derivatization 

reaction was carried out again to cap peptide N-termini. Aspecific overpropionylation at S, T 

and Y was reversed by resuspending the vacuum dried sample in 50 µL 0.5 M NH2OH and 15 

µL NH4OH at pH 12 for 20 min at RT after which 30 µl 100% formic acid (FA) was added. 

2.2.5. Liquid chromatography and mass spectrometry analysis 

9 µl injection on-column contained 1.5 µg histones and 50 fmol Beta-Galactosidase (Sciex) / 

MassPREP Protein Digestion Standard (MPDS, Waters) internal digest standards in 0.1% (v/v) 

FA. Equal fractions of all samples were pooled to generate QC samples, which were run in fixed 
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intervals in between the other samples (N=7). Peptides were analyzed using low pH reverse 

phase gradient on the NanoLC™ 425 system operating in microflow mode, coupled to a Triple 

TOF ™ 5600 mass spectrometer (SCIEX, Concord, Canada). A Triart C18 150 x 0.3mm column 

(YMC) was used at 5 µL/min flow rate (0.1% (v/v) FA with 3% (v/v) DMSO) with a 60 min gradient 

from 3-55% (v/v) ACN in 0.1% (v/v) FA for a total run time of 75 min per sample. The sample 

list was randomized and interspersed with QC injections. Each cycle consisted of one full MS1 

scan (m/z 400-1250) of 250 ms, followed by MS2 data-dependent trigger events (m/z 65-2000, 

high sensitivity mode). A maximum of 10 candidate ions (charge state +2 to +5) exceeding 300 

cps were monitored per cycle and excluded for 10 s, with an accumulation time of 200 ms and 

using a rolling collision energy (CE) with a spread of 15 V. Cycle time was 2.3 s, in order to have 

10 to 12 data points per LC peak. 

2.2.6. Mass spectrometry data analysis 

To perform untargeted screening of all relevant hPTMs and overcome ambiguity of annotation, 

we performed data analysis using an established method described in [35]. Raw data from all 

runs were imported and aligned in Progenesis QIP 3.0 (Nonlinear Dynamics, Waters) for feature 

detection. One QC run served as alignment template and MS precursors were filtered based 

on charge state (2+ to 5+). Feature detection was manually validated for all annotated histone 

features to resolve isobaric (near-)co-elution (*.Archive file available upon request). For 

identification, per feature three MS/MS spectra closest to the elution apex were selected and 

exported for searches using Mascot 2.6 (Matrix Science). Three types of searches are always 

performed: (i) a standard search for the identification of non-propionylated standards (Beta-

Galactosidase and MPDS); (ii) an error tolerant search for the identification of all the proteins 

in the sample; (iii) five sequential searches with six different PTM sets for the identification of 

modified histone peptides. The following search criteria were set to identify the standards: 

trypsin as digestion enzyme, up to one missed cleavage allowed, peptide mass tolerance of 10 

ppm and fragment mass tolerance of 50 ppm. For the error tolerant search and the sequential 

searches, the same criteria were used with exception of Arg-C (only cleaved after arginine 

residues) as digestion enzyme. Semi-Arg-C was used to detect histone clipping.  
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2.2.6.1. Determination of PTM sets for sequential searching 

The PTM sets used for sequential searching were determined as follows: to identify the proteins 

present in the sample, a standard search without biological modifications was performed using 

a complete (Human) SwissProt database (downloaded from Uniprot on 18/12/2018 and 

supplemented with contaminants from the cRAP (common Repository of Adventitious 

Proteins) database (http://www.thegpm.org/crap/) and sequences of spiked standard 

proteins). From these proteins a FASTA database was generated and updated to a *.peff 

(Proteomics Standards Initiative Extended Fasta Format) file containing the identities and 

locations of all known-to-exist PTMs for all proteins obtained from SwissProt. Using an in-

house Python package this *.peff file was in silico digested using Arg-C specificity with two 

allowed miscleavages. For each peptide backbone sequence, all candidate isoforms with all 

PTMCs were generated. Against this search-space, all feature masses exported from Progenesis 

QI were mapped, within a 10 ppm window, to obtain an exhaustive list of candidate isoforms 

at the MS level for each feature. Based on the frequency of each PTM (combination) with 

respect to the features and candidate isoforms, the most abundant candidate sets of PTMCs 

were selected sequentially. With the inclusion of more sequential searches, the percentage 

(comprehensiveness) of all considered modified peptide candidates increases. The five 

sequential searches performed here have a comprehensiveness of 96% of all possible 

explanations for the MS1 precursor masses found in the combined experiment (Supplementary 

Table 2.2). Per search, the top 10 highest scoring (above threshold) annotations per MS/MS 

were reimported into Progenesis QIP. 

2.2.6.2. Curation of the histone annotations 

For each feature, all identifications from all searches from all MS/MS spectra were exported 

with the "Export all Identifications" option of Progenesis QIP. All annotations were analyzed 

using Python to determine per individual peptidoform if (i) it is biologically modified, (ii) these 

biological modifications are curated (i.e. are known to exist in curated literature/databases), (iii) 

this annotation was made on more than one MS/MS spectrum (belonging to the same feature) 

and thus is reproducible. Subsequently, all labeled annotations were classified based on their 

reproducibility and ambiguity (more than one curated annotation above score threshold) and 

http://www.thegpm.org/crap/


Chapter 2 

99 

 

manually curated by an expert in some cases. Importantly, only previously reported PTMs were 

retained in this workflow. Protein standardized abundance profiles were created in Progenesis 

QIP. Here, the quantifiable proteins are grouped according to the similarity between their 

expression profiles by a correlation analysis. Subsequently, the normalized abundances of all 

histone precursors were exported from Progenesis QIP for further analysis. Principle 

component analysis (PCA) plots were generated using ClustVis [36]. 

2.2.6.3. Statistical analysis 

To date the only measurement that allows for direct comparison of single hPTM is RA. This is 

the ratio of the peak area for peptides containing the hPTM of interest, divided by the sum of 

the peak areas representing the total pool of this peptide. Thus, for each peptide, the RA of 

each individual hPTM 𝑖 present on this peptide were calculated as follows: 

∑(𝑠𝑢𝑚 𝐴𝑈𝐶 𝑋𝐼𝐶𝑠 𝑝𝑒𝑝𝑡𝑖𝑑𝑜𝑓𝑜𝑟𝑚𝑠 𝑤𝑖𝑡ℎ 𝑡𝑎𝑟𝑔𝑒𝑡𝑒𝑑 ℎ𝑃𝑇𝑀 𝑖)

∑(𝑠𝑢𝑚 𝐴𝑈𝐶 𝑋𝐼𝐶𝑠 all peptidoforms)
 

Herein, a peptidoform is a peptide sequence containing a unique set of localized hPTMs. Using 

a standard ANOVA test, a p-value was calculate for each hPTM to see if the passages have a 

significant effect when considered as a factor. Furthermore, a pairwise t-test between each 

passage of each hPTM was performed to determine which passages introduce a significant 

difference in the RA of each individual hPTM. For the comparison between mouse and human, 

the log fold changes of the RA of common hPTMs was retained for creating the scatter plot. 

K36/K37 were joined together, because resolving both is not trivial in MS. 

2.2.7. Data availability 

The MS proteomics data have been deposited to the ProteomeXchange Consortium via the 

PRIDE [37] partner repository with the dataset identifiers PXD013067 and 10.6019/PXD013067. 
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2.3. Results 

2.3.1. Conversion from primed to naïve hESC is a staged process 

First, we made a detailed assessment of the conversion process and the naïve state that was 

reached in feeder free conditions from primed (P0) to naïve hESC over 12 passages (P12), i.e. 

in 37 days. The experimental workflow is given in Figure 2.1. 

 

Figure 2.1 Time-resolved experimental design of the conversion from primed (P0) to naïve (P12) hESC. hESCs 

were harvested at five different passages (P0-P3-P6-P9-P12), each in four biological replicates.  

Following the naïve conversion (P12), colonies became dome-shaped with a strong staining for 

POU5F1 (Oct4) (Figure 2.2A). To validate the naïve hESCs, qPCR was performed on four 

biological replicates, each measured in triplicate (Figure 2.2B and Supplementary Table 2.3). 

No difference in pluripotency markers POU5F1 (p=0.134) and NANOG (p= 0.605) expression 

was observed between primed and naïve hESCs, while expression of naïve markers DPPA3 

(0.054), PRDM14 (p=0.005), TFCP2L1 (p=0.0395) and ZFP42 (p= 0.0276) was significantly 

increased in naïve compared to primed hESCs. Conversely, primed markers OTX2 (p=0.035) 

and ZIC2 (p= 0.0005) were significantly reduced in naïve hESCs compared to primed 

counterparts. 
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Figure 2.2 Analysis of the naïve and primed state. (A) Light and fluorescence microscopy images of primed (P0, 

top) and naïve (P12, bottom) hESCs. P12 colonies become domed, with clear POU5F1 (Oct4) expression. (B) CNRQ 

values (Calibrated Normalized Relative quantitative cycle (Cq) values) of the qPCR analysis of 8 different pluripotency 

markers in primed (grey) and naïve (black) hESCs (N=4; * P<0.05; ** P<0.01; *** P<0.001).  

During histone acid extraction, a set of quantifiable proteins are (co-)extracted and identified 

(Supplementary Table 2.4). In conventional bottom-up proteomics, this unique subset of the 

proteome, which we refer to as “the acid extractome”, is not usually covered: (i) they are very 

basic in nature (Supplementary Figure 2.1A), i.e. do not precipitate in acid, and (ii) they were 

subjected to chemical derivatisation (i.e. propionylation) prior to tryptic digestion and display 

Arg-C specificity. A GO analysis of this protein set can be found in Supplementary Figure 2.1B. 

Upregulation of proteins associated with the GO terms “citric acid (TCA) cycle and respiratory 

electron transport” (R-HAS-1428517) and “Translation” (R-HSA-72766) at P12 are in line with 

the well-established metabolic shift and increased cell cycle in the naïve state (Supplementary 

Figure 2.1C) [14]. Additionally, the most significant protein fold changes not related to these 

GO terms correlate strongly with mRNA fold changes described in Theunissen et al. [22], who 

used 5iLA/F (five inhibitors plus LIF, activin and/or fibroblast growth factor 2) instead of 2i. In 

conclusion, the hESC at P12 are in a naïve state.  
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The time-resolved sampling allowed to equally study the process of conversion. A total of 154 

proteins of the acid extractome had an ANOVA q-value < 0.01. The 64 translation-associated 

proteins, most prominently the 33 ribosomal L-subunits, steeply increase between P3 and P6, 

suggesting that the increase in cell proliferation occurs between day 10 and 19 (Figure 2.3A). 

In the PCA on all the differential proteins, the passages are not ordered according to the time 

line of the experiment (Figure 2.3B). Rather, P3 clusters at the negative side of principle 

component 1, implying that it is very different from the other time points in terms of protein 

expression. One interesting protein that is transiently downregulated at P3 is HDAC2, as this is 

a histone epigenetic mediator (Supplementary Table 2.4). Overall, this indicates that the initial 

stimulation causes a profound disturbance in the acid extractome and by extension the 

proteome and cell phenotype. Accordingly, following P3 we observed predominately domed-

shaped colonies within the culture, a distinctive feature of the naïve state. On the other end of 

the PCA, P9 and P12 clusters overlap, indicating that these cells reached a stable, naïve state.  

 

Figure 2.3 Assessment of the primed-to-naïve conversion of hESCs. (A) The proteins with a GO term association 

with translation distinctly rise at P6, after which they stabilize at a higher abundance. Standardized normalized 

abundances of the proteins in each individual replicate are depicted and connected with a red line to highlight 

trends and biological variation between replicates (N=4). (B) PCA of the acid extractome throughout the conversion. 

Differential protein abundances of the acid extractome cluster P3 markedly away from other time points in Principle 

component 1 (PC1). P9 and P12 clusters overlap, implying that a stable naïve state is reached. Prediction ellipses are 

such that with probability 0.95, a new observation from the same group will fall inside the ellipse. 
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Finally, significant changes in histone variants and linker histones were found (Supplementary 

Figure 2.1D). Specifically, macroH2A variants H2AW (ANOVA q-value = 4.51e-8) and H2AY 

(ANOVA q-value = 1.40e-07) showed a brief increase in expression at P3, after which they 

disappeared almost entirely. H1.1 was the most differentially abundant protein in the acid 

extractome (ANOVA q-value = 1.66e-10) and was only detected in P9 and P12, at the cost of 

the other H1 variants. 

Taken together, this time-resolved protein analysis suggests that hESCs are not linearly 

transformed, but rather transition through different phases of molecular changes from the 

primed to the naïve state of pluripotency. 

2.3.2. The histone code is highly dynamic during conversion 

Prior to MS analysis of the samples, histones were extracted from the cells and subjected to 

pre- and post-digestion propionylation. Different extraction protocols were assessed for their 

suitability on both naïve and primed cells (Supplementary Figure 2.2), after which protocol A 

was chosen for extraction of all samples. Mapping of all the identified histone peptidoforms 

against all known validated histone modifications as described in [35] allowed identification 

and quantification of 128 hPTMCs on histone H3 and H4 (Supplementary Table 2.5). These 

peptidoforms can be used to calculate the RA for 49 individual hPTMs. With four biological 

replicates, this is equivalent to using 49 different antibody assays on 20 different samples, but 

with considerably higher quantitative accuracy than e.g. western blot. Additionally, the different 

peptidoforms comprise unmodified, singly modified and multiply modified peptides, adding 

an additional level of combinatorial information compared to what is attainable by antibody-

based assays. Figure 2.4A shows the PCA of the differential histone peptidoform abundances 

(N=84), in which P0 clusters away from the rest of the passages. This is in contrast to the acid 

extractome, where P3 is clustering away from the other passages. Together with the fact that 

P6, P9 and P12 all cluster together, this suggests that hPTMs also change most drastically upon 

stimulation, but stabilize faster than the proteins.  

The most remarkable hPTM is H3K27Me3 (Figure 2.4B), which suddenly appears at P9 on both 

H3.1 and H3.3, the point where the stable naïve state is reached according to the protein 

expression profile (Figure 2.1D). Additionally, untargeted MS allows detecting histone clipping 
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events, which have been hypothesized to play an important role in stem cell differentiation 

[38]. We only depict cH31K27 here (Figure 2.4C). The highest abundance of this clipping event 

was measured at P3, i.e. following stimulation, to around 3% of histone H3.1 genome-wide. 

Figure 2.4D shows a single comprehensive overview of the RA of the 49 quantifiable hPTMs 

during conversion of primed to naïve hESCs. Supplementary Table 2.6 depicts these p-values 

along with p-values of pairwise comparisons between individual time points. As expected, 

many hPTMs are significantly changing throughout the conversion. As for the proteins, some 

of the significant changes are transient and only appear during an intermediate passage, after 

which they return towards their initial levels. These hPTMs are thus no naïve markers, yet they 

might be pivotal in driving the genome-wide histone epigenome changes that take place 

during conversion from primed to naïve hESCs. Notably, acetylation showed an overall decline 

upon stimulation, i.e. from P0 to P3, after which it was partially restored towards the stable 

naïve state. This trend was significant on H3K18, H3K23, H3.3K27, H4K12 and H4K16.  
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2.3.3. Conserved histone markers of the naïve and primed state in human and 

mouse 

The fold change in RA of 21 hPTMs was significant between naïve (P12) and primed (P0) hESC 

(t-test p<0.01,) (Figure 2.5). We consider these potential marker hPTMs of the naïve and primed 

state. The most prominently increased hPTMs in naïve cells are di- and trimethylation on K27 

of H3.1 and H3.3. Additionally, H33K27Cr, H31K36Me1/H33K36Me2, H3K79Me2, 

H4K20Ac/H4K20Me1 and H4K31Me2 are more abundant in naïve cells. On the other hand, 

potential primed markers are H33K27Ac/H31K27Me1/H33K27Me1, H33K36Me/H31K36Me/ 

H33K36Cr, H33K37Hib and H33R40Me2, together with H4K12Ac and H4K16Ac.  

We present genome-wide increase of H3K27Me3 as a hallmark of naïve hESC. This was recently 

described in mouse for the first time [31]. The striking parallel between the two organisms 

prompted us to extend the comparison of potential hPTM marks to all the common fold 

changes detected in both studies, in order to generate a list of hPTM marker candidates that 

is conserved. 
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Figure 2.5 Histone markers of the naïve and primed state in human. Log2 fold changes of the average relative 

abundance (RA) between naïve (P12) and primed (P0) hESCs. Asterisks indicate significance (N=4, P<0.01).  

Conventional mESCs remain the accepted naïve ESC model [14]. As we used identical sample 

preparation, data acquisition and data analysis strategies, we could directly compare the 

changing hESC histone profile to this mouse naïve model for the first time. However, as 

conventional hESCs reflect a state more similar to the in vivo postimplantation epiblast, while 

mESCs are the preimplantation epiblast model, the developmental timeline of mouse 

conversions is intrinsically reversed. More specifically, in the previous study on mESCs, mESCs 
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were converted from naïve into a more primed state of pluripotency by replacing 2i by serum 

[31]. For comparison, log2 fold changes of hPTMs from naïve over primed are expressed as 

D37/D0 for hESCs and as D0/D14 for mESCs (Figure 2.6). 27 hPTMs could be quantified with 

RA in both studies. Despite the inversed time lines, the common hPTM behave strikingly similar 

between these organisms (Figure 2.6). Not only the hPTMs that mark one of both states are 

largely similar, also the ones that do not contribute to either one of the states shared. The most 

striking outliers are H31K27Me2 and H3K36/37Me1.  

 

Figure 2.6 Conserved histone markers of the naïve and primed state in human and mouse. Scatter plot of the 

Logfold changes of the RA of hPTMs between the naïve and primed state, which were identified in both hESC and 

mESC. Significant changes in mouse are indicated by a right hemisphere, while the left hemisphere indicates 

significance in human. Dx: Day x of the experiment. mESC were converted from naïve to primed and hESC from 

primed to naïve. Histone H3.1 and H3.3 as well as K36 and K37 were merged for this comparison. H4K8Cr and 

H4/k5me were identified together on the same peptide backbone and thus have identical RA values, in both mouse 

and human. 
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Taken together, our untargeted MS assay on the conserved histone proteins, allowed for the 

first time to directly compare the histone epigenome of two evolutionarily distinct organisms. 

The significant overlap between the changes that occur from primed to naïve state, irrespective 

of the developmental timeline direction, illustrates that hPTMs hold great promise as naïve 

markers.  
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2.4. Discussion 

Here, a first comprehensive histone epigenome roadmap of the conversion of primed-to-naïve 

hESCs is presented. For this, we employed an untargeted MS-based approach with a time-

resolved experimental design and an extensive molecular confirmation of the naïve state.  

In view of the current debate on ground-state pluripotency [14], a profound characterization 

of the hESC pluripotency state is mandatory for future back-to-back comparison of the 

dynamic hPTM abundances. We have reached true naïve hESCs as seen by colony shape, 

marker expression, increased translational protein load and an increase in proteins associated 

with the TCA cycle [14]. Additionally, all but one of the statistically different proteins in our acid 

extractome match the differentially expressed mRNA in the microarray data from an entirely 

different, but widely accepted naïve condition [22]. Finally, after monitoring the conversion 

through time a PCA of the protein expression patterns illustrates that the cells reached a stable 

state before the end of the experiment, i.e. around P9.  

The stages of hESC pluripotency were recently supplemented with an intermediate stage of 

pluripotency, i.e. the formative state [39, 40]. Whether this formative state is also detectable in 

reversed biological time in vitro, i.e. by adding an inhibitor cocktail to primed cells, has not 

been described. Still, our data do suggest that the conversion is at least a staged process. More 

specifically, we observed P3 to be very different from all other passages. Many of the proteins 

transiently decrease in expression at P3 after which they return to original levels. One of these 

is HDAC2. This is fascinating, in light of the recent finding that transient chemical inhibition of 

HDAC2 can be applied as a method to convert primed into naïve hESCs in feeder free 

conditions [41]. One protein that is not transiently downregulated at P3 is macroH2A (H2AY 

and H2AW), which briefly increases at P3 instead, after which it completely disappears again 

towards P12. This observation, which may suggest the reactivation of the X chromosome, 

requires further confirmation. This also holds for the sudden appearance of the replication-

dependent H1.1 at P9, which is known to mark pluripotent ESCs [42]. We further identified 67 

translational proteins which all showed a sudden increase in expression between P3 (day 10) 

and P6 (day 19). We interpret this as the stage in which cell proliferation accelerates, which in 
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turn relies on protein synthesis upregulation. Not surprisingly, this is also the time frame 

wherein the first dome-shaped colonies appeared.  

When differential histone peptide abundances are monitored throughout the conversion, this 

needs to be done under feeder free conditions, as co-extracted evolutionarily conserved 

histones from mouse feeder cells would unavoidably result in contamination. It is clear that 

histone peptidoforms also change most drastically at P3. Yet, they stabilize more quickly 

compared to the proteins, in line with their role in transcriptional regulation. In total, 23 

different hPTMs were influenced by the treatment over time. Our histone epigenome roadmap 

provides a target list of hPTMs that change on a genome-wide scale and which can now be 

followed with targeted ChIP-Seq assays to monitor their localization over the genome. This list 

also includes the clipping of histone H3 at K27 [38]. cH3K27 was previously identified in ESC 

during mESC and hESC differentiation [31, 43, 44]. These rare time resolved experimental 

designs have shown that the clipping is highest upon stimulation (irrespective of the 

compound used) and disappears later on. Together, our results and those of others suggest 

that histone clipping is a way for the cell to “reboot” the histone epigenetic signature upon 

stimulation, possibly independent of the direction this stimulation is taking the cell.  

It is widely accepted that conventional mESCs are the prototype of naïve ESCs [14]. In this 

context it is very encouraging that many of the most prominent hPTM fold changes between 

primed and naïve hESCs are consistent with the changes found in mouse. Indeed, since an 

identical workflow in terms of sample preparation, data acquisition and data analysis was 

applied, we had the unique opportunity to compare the MS-based results from hESCs to those 

from mESCs [31] in order to define a set of conserved naïve hPTM marker candidates. The fact 

that naïve mESCs were converted into primed mESCs by changing 2i media to serum-

containing media over 14 days, while primed hESCs were converted to the naïve state over 37 

days using Enhanced WIS-NHSM conditions, emphasizes the robustness of this set of hPTMs 

for the ESC naïve state. The most prominent changes that were found in both organisms on 

histone H3 variants include decreased dimethylation of H31K36 and increased trimethylation 

at K27 and dimethylation at K79. Interestingly, H3K79me2 has been shown to promote 

proliferation, which is generally accepted to be increased in naïve cells [14]. On histone H4, 

monomethylation at K5 and crotonylation at K8 co-occur on the same peptide backbone in 
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both human and mouse and they co-increase in both organisms. The main primed hPTM 

markers are acetylation at H4K12 and H4K16, which decrease when the cells are converted into 

a more naïve state. One remarkable outlier in the comparison is dimethylation at H3K27. It is 

also a lot more abundant in hESCs compared to mESCs. We interpret this finding as differential 

use of this specific hPTM between human and mouse. Taken together, we provide a bird’s eye 

view of the hPTM landscape in both human and mouse and present a list of naïve marker 

candidates that can now be targeted in future research. 

2.5. Conclusion 

Untargeted MS-based time-resolved screening of the conversion from primed to naïve 

pluripotency in humans provides a first roadmap of the many changes underlying this 

transition. Ultimately, truly capturing the dynamics of the histone code will require meta-

analysis of a wealth of experimental results, including those from different cell lines, culture 

conditions, experimental designs, complementary techniques and even different organisms. 

The comparison between mouse and human provided here is a first step in that direction. 
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2.6. Supplementary information 

2.6.1. Supplementary Figures 

 

Supplementary Figure 2.1 Functional analysis of the acid extractome. 248 proteins were (co-)extracted using 

acid extraction (i.e. acid extractome). (A) This subset of the proteome is extremely basic, as seen by their pI 

distribution calculated using Compute pI/Mw Expasy tool (SIB). (B) To understand the identity of this unique subset 

of the proteome, we subjected these proteins to an association analysis using STRING 11.0 [45, 46]. Briefly, the 

STRING database aims to collect, score and integrate all publicly available sources of protein–protein interaction 

information, and to complement these with computational predictions. Its goal is to achieve a comprehensive and 

objective global network, including direct (physical) as well as indirect (functional) interactions. The 248 proteins 

were subjected to a confidence mode analysis, leading to a network where the thickness of the line indicates the 

degree of confidence prediction of the interaction (Edge confidence). All active interaction sources were considered 

for this network, i.e. text mining, experiments, databases, co-expression, neighbourhood, gene fusion and co-

occurrence. The average node degree is a number of how many interactions (at the score threshold) a protein has 
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on the average in the network. The clustering coefficient is a measure of how connected the nodes in the network 

are. Highly connected networks have high values. The expected number of edges gives how many edges are 

expected, if the nodes were to be selected at random. A small protein-protein interaction (PPI) enrichment p-value 

indicates that the nodes are not random and that the observed number of edges is significant. The confidence of 

association network of the acid extractome has a PPI enrichment p-value < 1.0E-16, showing the tight functional 

relationship of the acid extractome. The network was subjected to k-means clustering with 5 clusters. By isolating 

single proteins from each cluster and looking at their function, four GO terms were found that roughly correspond 

to these clusters: mRNA metabolic process (FDR=1.13E-54), chromatin organization (FDR=4.25E-19), ATP metabolic 

process (FDR=8.07E-07) and mitochondrial translation initiation (FDR=6.68E-06). These GO terms were used to color 

the network. (C) Volcano plot of the acid extractome with the logFold (P12/P0) changes depicted in the x-axis. 

Proteins with a Log p-value < 0.01, i.e. above the dotted line, are labelled with their Uniprot identifier. ZN593 was 

artificially set at 8 fold change as it was undetectable in P0 (x). Proteins associated to the GO term “Translation” are 

highlighted in purple, proteins associated with the GO term “citric acid (TCA) cycle and respiratory electron 

transport” are highlighted in dark blue. The most differential proteins correlate strongly with mRNA levels described 

in 5iLA/F conditions in Theunissen et al. [22], which we depict here as (mRNA: Log2FC=x, p=x) for comparison. 

Upregulated proteins in naïve hESC comprise (i) Zinc finger protein 593 (ZN593) (mRNA: Log2FC=1.926, p=0.003), 

(ii) Endothelial differentiation-related factor 1 (EDF1) (mRNA: Log2FC=1.063, p=0.039), (iii) TIM44 (mRNA: 

Log2FC=1.882, p=0.0069), (iv) DDX27 (mRNA: log2FC = 1.2173, p=0.0296) and (v) NOP16 (mRNA: log2FC = 2.1685, 

p=0.0343). NOCL3L, CC137, RS27A/RL40 and NH2L1 were not detected at the mRNA level in [22], but are equally 

upregulated at the protein level in the acid extractome. Downregulated proteins comprise (i) Chromobox protein 

homolog 5 (CBX5) (mRNA: Log2FC=-1.909, p= 0.00075) and (ii) the chromatin binding protein NUCKS, which 

showed stable mRNA levels in Theunissen et al. [22] (mRNA: log2FC = -0.059, p=0.800). (D) Normalized abundance 

of histone variants of H1, H2A and H2B in the acid extractome throughout the conversion. The differential variants 

are highlighted in a grey box. Histone H1.1 (ANOVA q-value<8.66E-10) is a linker H1 histone that partially replaces 

other H1 variants at P9 and P12. H2AW (ANOVA q-value=4.51e-8) and H2AY (ANOVA q-value=1,40e-7) are two 

forms of macroH2A implemented in X-chromosome inactivation which briefly rise at P3 after which they decline 

towards P12. Histone H2B1B (ANOVA q-value=0,027) briefly rises at P3 and returns to its initial level by P6. 

 

 

Supplementary Figure 2.2 Evaluation of different extraction protocols. Gel-electrophoresis evaluation on a 18% 

TGX gel (Biorad). 2µg of histones from commercial bovine histone extracts (BH) are used as standards. Extraction 

procols A, B, C (cf. section 1.3.4.1, [32]) were applied to 4.0E+5 cells of the same two samples: (1) P0, primed; (2) P12, 

naïve. Sample 1-B was left out for the gel-electrophoresis evaluation because it was too acid and would damage 

the gel.  
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2.6.2. Supplementary Tables 

Supplementary Table 2.1 Primer sequences used for qPCR. 

Custom made primer pairs (Thermo Scientific)  

GENE FORWARD REVERSE 

ACTB AGAAAATCTGGCACCACACC TAGCACAGCCTGGATAGCAA 

RPL13A CCTGGAGGAGAAGAGGAAAGAGA TTGAGGACCTCTGTGTATTTGTCAA 

TBP CACGAACCACGGCACTGATT TTTTCTTGCTGCCAGTCTGGAC 

YWHAG AGAACCACGATGACCACAGAC AGGCACAAAAGCGGCAAAG 

Ready made Taqman assays (Thermo Scientific)  

GENE TAQMAN ASSAY ID  

OTX2 Hs00222238_m1  

POU5F1 Hs01895061_u1   

PRDM14 Hs01119056_m1  

NANOG Hs02387400_g1  

TFCP2L1 Hs01011666_m1  

ZFP42 Hs00399279_m1  

ZIC2 Hs00600845_m1  

 

 

Supplementary Table 2.2 PTM sets used for Sequential searches. 

 

 

      % OF 

SPECTRA 

(17089) 

% OF 

ANNOTATABLE 

SPECTRA (12306) 

     UNANNOTATABLE 0.28 / 

     NO VARIABLE PTMS 0.43 0.6 

Search 1 K-42.01 K-28.03 K-100.02 K-70.04 M-15.99 R-14.02 0.61 0.85 

Search 2 K-42.01 K-68.03 K-70.04 K-86.04 R-28.03 Nterm-42.01 0.66 0.91 

Search 3 K-42.01 K-42.05 K-68.03 K-100.02 K-86.04 R-0.98 0.67 0.93 

Search 4 K-28.03 K-42.05 K-86.04 M-15.99 R-14.02 R-28.03 0.68 0.95 

Search 5 K-42.01 K-28.03 K-42.05 K-68.03 K-70.04 R-0.98 0.69 0.96 

0.98, citrullination; 14.02, methylation; 15.99, oxidation; 27.99, formylation; 28.03, dimethylation; 42.01, 

acetylation; 42.05, trimethylation; 68.03, crotonylation; 70.04, butyryl / methylation (+ propionyl); 86.04, 2-

hydroxyisobutyrylation; 100.02, succinylation. 
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Supplementary Table 2.3 Multiple t-tests on gene expression differences between naïve and primed hESCs. 

Unpaired Student's t-tests were performed comparing NRQ values per gene, from all replicates between naïve 

(passage 12) and primed (passage 0) hESCs. The Benjamini-Hochberg method was used to correct for multiple 

testing. The false discovery rate was set at 5%.  

GENE SIGNIFICANCE P VALUE MEAN1 MEAN2 DIFFERENCE 

SE OF 

 DIFFERENCE 

T 

RATIO DF 

 

RPL13A ns 0.80 1.03 1.00 0.04 0.13 0.27 6  

TBP ns 0.43 1.27 0.98 0.29 0.34 0.85 6  

YWHAG ns 1.00 1.01 1.01 0.00 0.14 0.00 6  

POU5F1 ns 0.13 1.82 0.67 1.15 0.67 1.73 6  

NANOG ns 0.61 1.15 0.98 0.17 0.31 0.54 6  

DPPA3 ns 0.05 2.37 0.52 1.85 0.78 2.38 6  

PRDM14 ** 0.01 1.64 0.66 0.98 0.23 4.26 6  

TFCP2L1 * 0.04 1.32 0.00 1.32 0.50 2.62 6  

ZFP42 * 0.03 1.71 0.65 1.06 0.37 2.89 6  

OTX2 * 0.03 0.72 1.49 -0.78 0.29 2.71 6  

ZIC2 *** 0.00 0.09 12.67 -12.58 1.88 6.69 6  

Asterisks represent statistical significance: * P<0.05; ** P<0.01; *** P<0.001. SE = standard error. df = degrees of 

freedom. ns = not significant. 

 

Supplementary Table 2.4 Acid Extractome Expression Data of P0, P3, P6, P9 and P12.  

You can access this table via: tiny.cc/PhD_DeClerck  

 

Supplementary Table 2.5 Normalized histone peptidoform abundances at P0, P3, P6, P9 and P12.  

You can access this table via: tiny.cc/PhD_DeClerck 

 

Supplementary Table 2.6 Pairwise and overall comparison of individual hPTM relative abundances over a 

time-resolved conversion from naïve to primed hESCs.  

You can access this table via: tiny.cc/PhD_DeClerck 
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3. Optimization of SWATH-MS for the untargeted analysis 

of histone modifications 

3.1. Introduction 

Epigenetic modifications of chromatin are essential in the regulation of gene expression, DNA 

repair and chromosome condensation [1]. In addition to the intensively studied DNA 

methylation, the evolutionary conserved histone proteins are a second essential template for 

modifications [2]. Various dynamic PTMs on these proteins make up the "histone code" [3-5]. 

HPTMs contribute to the regulation of the chromatin structure by their chemical properties 

and their ability to recruit chromatin modifier enzymes and binding proteins [6]. Unsurprisingly, 

hPTMs have been associated to certain types of cancer and other diseases [7-9]. 

Classically, histone modification analysis has relied on site-specific antibody-based techniques 

such as western blotting, immunofluorescence and chromatin immunoprecipitation. However, 

these approaches are confined by (i) the limited number of targets that can be studied in a 

single experiment, (ii) a lack of specificity due to epitope occlusion and antibody cross-

reactivity, and (iii) a lack of combinatorial information [10]. In recent years, MRM and PRM have 

become viable alternatives to these classic techniques [11, 12]. However, they still require the 

user to make a limited selection of specific targets of interest and do not allow for retrospective 

analysis of novel targets since only the initial targets are acquired. While these approaches are 

excellent candidates to verify hypotheses about the identification and quantification of specific 

hPTMs, they are intrinsically inapplicable from an untargeted perspective, in which novel 

hypotheses are being generated. This is driving the development of new analytical techniques 

to study the histone code [13].  

DDA is a classical untargeted MS-based technique which does not rely on prior hypotheses 

and thereby has become a promising complementary option for untargeted discovery-driven 

histone analysis [5, 14, 15]. This technique has already proven its merit in many areas, such as 

e.g. identification and quantification of differential proteins of whole cell lysates and 

monitoring of phosphorylations over time in phosphoproteomics. However, extracted histone 

samples are unique when compared to traditional samples, both from the perspective of 
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identification and quantification, and thus require an adapted sample preparation, including 

extraction, purification and chemical derivatisation of K residues [16-20]. Additionally, histone 

extracts generally contain just five small basic proteins (11 to 21 kDa), a few co-extracted 

proteins and some lab-contaminants. Still, more than twenty different types of hPTMs present 

on the histone protein backbone structure have already been described. Theoretically, this 

allows for these five proteins to have 7 ⋅ 1017 different proteoforms with different hPTMCs. 

Taken the high amount of K and R residues of histone peptides into account, this translates 

into 5 ⋅ 107 different histone peptidoforms with Arg-C-like specificity. This vast amount of 

highly similar peptides leads to several unconventional situations, including more co-elution 

of isobaric peptidoforms during acquisition [21]. Consequently, this results in a higher amount 

of chimeric MS/MS spectra and ambiguous spectrum annotations leading to problematic 

identifications [22]. Often, manual expertise on the sequential elution of different peptidoforms 

is used to resolve this ambiguity in a targeted way [21, 23].  

From a quantitative point of view, the total histone protein abundance can be overall 

considered constant in a cell; at least their upper limit is proportional to the amount of DNA 

that is present in the cell [24]. In fact, hPTMs induce changes in peptide abundance, thereby 

creating an intrinsic peptide-centric setting for histone analysis. Thus, while proteoforms are 

resolved using peptide data, peptidoforms need to be resolved by transition data [21, 25]. 

Measurable differences between peptidoforms of different samples present themselves both 

directly and indirectly, as different peptidoforms have different ionization efficiencies [26]. Yet, 

correctly quantifying even the smallest of these differences is of crucial importance, as small 

changes at specific regions in the genome can have large implications in terms of gene 

(in)activation [23]. Unfortunately, the quantification of histone peptidoforms in DDA has to be 

performed at MS1 level and therefore is highly susceptible to interference due to the many co-

eluting isobaric peptides. 

Recently, SWATH emerged as an intermediate MS technique between targeted approaches 

such as MRM and PRM on the one hand and untargeted approaches such as DDA on the other 

[27]. This technique has great potential to address many of the issues mentioned above [21, 

28]. SWATH is a methodology that combines DIA with peptide spectral library matching, 

originally developed for MRM-like, i.e. transition-centric, quantification of large sets of proteins 
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across multiple samples. This makes it perfectly suited for consistent detection and 

quantification of single PTMs [25, 29]. Intrinsically, this also implies that SWATH should be 

applicable for studying PTMCs, e.g. on histones [30]. Compared to DDA, it provides the 

indispensable specificity extracted from the fragment ion traces to distinguish and thus 

quantify the many isobaric and (near-)co-eluting histone peptides, while the acquisition itself 

remains untargeted, as opposed to MRM and PRM [21]. The latter makes SWATH ideal for 

retrospective targeting [28], a great asset in a quickly developing field like MS-based histone 

analysis. 

While theoretically SWATH can indeed provide an untargeted perspective to perform 

discovery-driven histone analyses, it was originally not developed for this kind of analysis. The 

potential benefits of SWATH to study histones have been aptly recognized [13, 30], but several 

adaptations and optimizations are indispensable before SWATH can be readily adopted by the 

community. At the acquisition level, SWATH uses adaptable m/z windows to sequentially run 

through the full m/z range [31]. However, the optimal distribution of SWATH windows for 

histones is different, as histone precursors differ primarily by a few PTMs, as opposed to 

precursors with completely different backbone sequences in a typical tryptic proteome sample. 

At the level of data analysis, there are multiple software tools with comparable performance 

available to perform SWATH data analysis, such as OpenSWATH, PeakView (Sciex), Spectronaut 

(Biognosys), and Skyline [32]. In essence, these tools identify groups of fragment ions that co-

elute and associate with the targeted peptide within the SWATH library. However, none of 

these tools are built to target PTMCs that result in many isobaric and (near-)co-eluting histone 

peptides. As a consequence, the most common FDR control used by these tools, mProphet 

[33], is inapplicable for histone samples. Skyline was initially built for targeted MS/MS analysis 

(MRM) and was extended to increasingly support DIA data. Since the first proof-of-concept 

use of Skyline for histone analysis [30], multiple new essential features have been added to the 

software: (i) handling multiple searches on the same raw data files, allowing multiple PTM 

searches or inclusion of (iRT) spike-ins with alternative sample preparation (e.g. no 

propionylation), (ii) allowing the combined presence of a peptide-terminal modification and a 

sidechain modification at the outer amino acid to accommodate complex sample preparations 

(e.g. propionylation), (iii) preservation of ambiguous annotations in the library where limited 
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FDR control is an issue, (iv) high accuracy of PTM masses distinguishing near-isobaric PTMs 

such as trimethylation (42.04695 Da) and acetylation (42.01057 Da), and (v) additional export 

options of results for ease-of-use follow-up analyses.  

Here, we have adapted a traditional SWATH workflow [34] to make it applicable to histone 

analysis (hSWATH) using these novel features of Skyline. First, a dedicated DDA library for 

modified histone peptides was built with an optimal sample load, ensuring a maximal coverage 

of the histone code and a high specificity for isobaric and co-eluting peptides. Hereafter this 

library was tuned specifically for SWATH histone data analysis by retaining only the transitions 

that provide unambiguous identification and quantification. Similarly, an optimal acquisition 

scheme of SWATH data in terms of loading and window sizes was assessed. This whole 

workflow was validated with a technical dataset in which commercial bovine histones were 

deacetylated over time using the HDAC1 enzyme. This directly links quantification to 

identification of specific known targets, even though data was acquired and analyzed in an 

untargeted setting. To illustrate the effectiveness of our workflow, we applied it to hypothesize 

differences in the epigenetic response of breast cancer cell lines displaying differential 

responsiveness to the HDACi Panobinostat.  
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3.2. Experimental section 

Analysis was performed using the hSWATH workflow displayed in Figure 3.1. 

3.2.1. Sample preparation 

Three different samples were used throughout this manuscript: (i) a dilution series of a 

commercial bovine histone extract to assess optimal loading for DDA library building and 

SWATH, (ii) a time-series in which histones from a commercial bovine histone extract were 

deacetylated to provide targets with known identifications and quantifications in an untargeted 

setting to validate the workflow and (iii) a time-series of breast cancer cells (MDA-MB-468 and 

MDA-MB-453) treated with the HDACi Panobinostat, to illustrate the applicability to generate 

novel biological hypotheses. 

 Sample A: Commercial bovine histones dilution series 

A dilution series (62.5 – 4000 ng) of a commercial bovine histone extract (Sigma, 10223565001) 

was made in 0.1% (v/v) FA.  

 Sample B: Commercial bovine histones time series of in vitro HDAC1 

deacetylation 

Deacetylation was carried out by adding a human HDAC1 enzyme (1:10 m/m; Sigma, SRP0100) 

to 15 µg of histones form a commercial bovine histone extract (Sigma, 10223565001), in a time-

lapse series (0min – 8h) at 37 °C. The reactions were conducted in an HDAC assay buffer 

containing 10 mM Tris, pH 8, 150 mM NaCl, 1 mM MgCl2. Negative control reaction contained 

only HDAC assay buffer. Enzyme activity was inhibited by adding 0.4N HCl (pH 1), because 

histones are generally extracted using strong acid and no extra side reactions are induced in 

these conditions. The experimental design was set up such that all vials could be inhibited 

simultaneously after 8 hours. Next, all vials were dried out. All further sample preparation steps 

(e.g. derivatization by propionylation) as well as the final MS sample list were randomized to 

minimize batch effects.  
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 Sample C: Human histones time series of breast cancer cells with a different 

sensitivity to HDACi 

MDA-MB-468 and MDA-MB-453 breast cancer cell lines were grown in DMEM (Lonza), 

supplemented with 10% (v/v) South American FBS (Invitrogen), antibiotics (100 U/ml penicillin 

and 100 µg/ml streptomycin (Gibco)) and 2 mM l-glutamine (Gibco). Cells were plated on 15 

cm dishes, allowed to reach 80% confluency, and treated with DMSO (1 hour treatment) or 15 

nM Panobinostat (Sigma-Aldrich, in DMSO) (1 and 4 hour treatment). Following the incubation 

with DMSO or compound, the cells were trypsinized, harvested, washed in PBS, pelleted and 

snap-frozen. The number of vital cells was estimated in a Fast Read 102 Chamber (Biosigma) 

through Erythrosine B staining. 

After assessment of the suitability of different extraction protocols described in [16], histones 

were extracted according to “protocol A” (cf. section 1.3.4.1). Briefly, extraction was carried out 

starting from 5.0E+6 cells. First, the cells were resuspended in 1 mL of HLB (10 mM Tris-HCl pH 

8.0, 1 mM KCl, 1.5 mM MgCl2) supplemented with 1 mM DTT, Halt protease and phosphatase 

inhibitor cocktail EDTA-free (788441, Thermo Fisher, 1 mL of cocktail for 100 mL of buffer) and 

phosphatase inhibitor cocktails II and III (P5726 and P0044, Sigma-Aldrich, 1 mL of cocktail for 

100 mL of buffer) and incubated for 30 min on a rotator at 4 °C. Subsequently, the nuclei were 

pelleted and the supernatant was discarded. The pellets were resuspended in 625 µl of 0.4 N 

HCl and incubated for 30 min on a rotator at 4 °C. The histones were precipitated with 33% 

(v/v) trichloroacetic acid on ice for 30 min. A histone amount corresponding to 4.0E+5 cells was 

quantified by gel-electrophoresis on a 18% TGX gel (Biorad). 

3.2.2. Propionylation and digestion  

Propionylation and trypsin digestion is commonly applied to samples A, B and C. 

Propionylation was conducted as previously described [17, 18]. Commercial bovine histone 

extracts used for samples A and B (respectively 20 µg and 15 µg per sample) were dissolved in 

20 µL 1M TEAB buffer, pH 8.5. Next, 20 µL of propionylation reagent (propionic anhydride: 2-

propanol 1:80 (v/v)) was added, for an incubation of 30 min at RT. This was followed by adding 

20 µl milliQ water (Merck Millipore) for 30 min at 37 °C. Histones were then digested overnight 

at 37 °C using trypsin (at an enzyme/histone ratio of 1:20 (m/m)) in 500 mM TEAB, 
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supplemented with CaCl2 and ACN to a final concentration of 1.0 mM and 5% (v/v) respectively. 

Subsequently, the derivatization reaction was carried out again to cap peptide N-termini. 

Aspecific overpropionylation at S, T, Y was reversed by adding hydroxylamine.  

3.2.3. Library sample preparation 

For the sample A experiment, all samples were run in DDA mode, in order to determine the 

best loading for library generation. In case of experiment sample B and C, different mixtures of 

the samples were made to avoid having to run all the samples in DDA mode: specifically, for 

the experiment sample B, a mixture was made of the four ‘0 min’ and four ‘8 h’ samples and 

run in triplicate; for the experiment sample C, 6 DDA runs were acquired: three treatments 

(DMSO and Panobinostat at 1h and 4h) on two cell lines (MDA-MB-453 and MDA-MB-468). 

For the latter, each run was a mixture of three biological replicates. 

3.2.4. Data acquisition 

Histone peptides were dissolved in 0.1% (v/v) FA in HPLC-grade water. All samples were spiked 

with Beta-Galactosidase (50 fmole on column, Sciex) and iRT standard (0.1 µL of a 10x solutions, 

Biognosys) before injection. Histones were analyzed by micro-RPLC-MS/MS using a Eksigent 

NanoLC 425 system operated in microflow mode coupled to a Triple TOF ™ 5600 mass 

spectrometer (SCIEX, Concord, Canada) fitted with a DuoSpray ion source in positive ion mode. 

Ion source parameters for the TripleTOF 5600 mass spectrometer were set to 2.2 kV for the 

ionspray voltage, 30 psi for the curtain gas, 150 °C for the interface heater temperature, 12 psi 

for the ion source gas 1 and 80 V for the declustering potential. For both DDA and SWATH, the 

TripleTOF 5600 system was set up in the same manner, with identical chromatographic 

conditions. A capillary RP-LC column (Acclaim PepMap RSLC C18, 2 µm particle size, 100 Å, 

75 µm i.d × 50 cm, Dionex, Sunnyvale, CA) was used for LC separation of peptides. Samples 

were first loaded onto a trap column (YMC Triart C18 guard column ID500µm) from an 

autosampler at 5 µL/min for desalting. After washing with 0.1% (v/v) FA in HPLC grade water 

for 12 min, the system was switched in line with the RP analytical capillary column. The tryptic 

digest was analyzed with 60 min 4-step gradient (ACN (v/v) in 0.1% (v/v) FA from 5% to 22% 

over 38 min, 22% to 40% over 18 min, 40% to 60% over 5 min, 60% to 95% in 1 min and kept 

at 95% for 5 min) at a flow rate of 5µl/min. 
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3.2.4.1. DDA 

All DDA data were acquired using information-dependent acquisition mode with Analyst TF 

1.7 software (Sciex). For DDA, 250 ms MS survey scans in the mass range of 350–1250 were 

followed by 30 MS/MS scans of 50 ms acquiring the mass range of 100–1800 (maximum cycle 

time: 1.75 s). Switching criteria were set to ions greater than m/z 350 and smaller than m/z 1250 

with charge state of 2–5 and an abundance threshold of more than 120 counts. Former target 

ions were excluded for 5 s. Automatically controlling for the CE was done using a rolling CE 

parameters script. 

3.2.4.2. SWATH 

For SWATH, the TripleTOF 5600 system was set up in the same manner as described above, 

with identical chromatographic conditions. Precursor isolation windows (Supplementary Table 

3.1) were defined using the SWATH Variable Window Calculator (Sciex), based on precursor 

m/z frequencies in the DDA samples, with a minimum window width of 3 m/z [31]. The 

accumulation time was adjusted to a total cycle time of 2.50 s. CE applied for each window was 

calculated using rolling CE based on the average of the m/z range of each SWATH window 

assuming a 2+ charge, with a CE spread (∆ CE) of five.  

3.2.5. Data analysis 

Data analysis was performed in three distinct stages: (i) DDA library building using Peakview, 

Python and Mascot, (ii) library tuning and analysis of SWATH data with Python and Skyline and 

(iii) statistical evaluation with python, Qlucore and R. 

3.2.5.1. DDA library building 

To create a DDA spectral library independently for all three datasets, all spectra obtained with 

DDA were annotated. Briefly, raw data files were peakpicked with PeakView 1.2 and resulting 

*.mgf files were merged for each of the three datasets and searched with a Mascot 2.6 in-house 

server (Matrix Science) using three different search parameter sets to identify (i) non-

propionylated Beta-Galactosidase and iRT spike-ins, (ii) contaminating and co-extracted 

proteins present in the sample as well as unexpected PTMs with an error tolerant search, and 

(iii) histone peptidoforms with five sequential PTM sets.  
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All these searches share the following settings: (i) 10 ppm peptide mass tolerance, (ii) 0.3 Da 

fragment mass tolerance, (iii) one allowed missed cleavage. Only the first search to identify the 

non-tryptic spike-ins used trypsin as digestion enzyme without any modifications, while the 

second and third search to identify proteins and peptidoforms used Arg-C as digestion enzyme 

and fixed K and N-terminal propionylation. 

To identify the contaminants and co-extracted proteins with the second search, a FASTA of the 

cRAP database (http://www.thegpm.org/crap/) was concatenated with a bovine or human 

FASTA (respectively downloaded from SwissProt on February 7th 2017 and February 22th 2018), 

depending on the sample under investigation. From the identified proteins a FASTA database 

was generated for the third search to identify all peptidoforms. To determine the PTM sets for 

sequential searching the same *.FASTA file and updated to a *.peff file containing the identities 

and locations of all known-to-exist PTMs for all proteins obtained from SwissProt. Using an in-

house Python package this *.peff file was in silico digested using Arg-C specificity with two 

allowed miscleavages. For each peptide backbone sequence, all candidate isoforms with all 

PTMCs were generated. Against this search-space, all feature masses exported from PeakView 

1.2 were mapped, within a 10 ppm window, to obtain an exhaustive list of candidate isoforms 

at the MS level for each feature. Based on the frequency of each PTM (combination) with 

respect to the features and candidate isoforms, the most abundant candidate sets of PTMCs 

were selected for sequential searching (Supplementary Table 3.2) [22].  

Hereafter, the resulting Mascot DAT files containing all spike-in and peptidoform 

identifications with an expectancy value < 0.01 were downloaded (standard decoy FDR control 

is inapplicable for searching combinatorial PTMs). 

3.2.5.2. Library tuning and SWATH analysis 

All 6 Mascot DAT files containing spike-in and different sequential searches were imported in 

Skyline. The cut-off score was set to 0.99, Biognosys-11 (iRT-C18) was selected for retention 

time alignment and all ambiguous matches were retained. The retention time predictor was 

based on the auto-calculate regression implemented in the iRT calculator [35]. The MS1 and 

MS2 filtering settings were both activated with the option of “TOF mass analyzer”. Arg-C 

(cleaves after R) was used as digestion enzyme (iRT is automatically recognized by Skyline). 

http://www.thegpm.org/crap/
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Charge state 2+, 3+ and 4+ were considered for precursor ions, and charge state 1+ and 2+ 

were considered for product ions. Product ions are ranked based on their library spectrum peak 

intensity and the 10 best b- and y- ions for each precursor were retained. Only precursor and 

product ions from the library were allowed. All sidechain modifications were set as variable 

modifications and maximum four modifications were allowed to occur on any peptide. 

Importantly, in Mascot a fixed modification is defined as being present on all unmodified target 

amino acids, i.e only if no variable modification is present. In Skyline, a fixed modification is 

interpreted as always being present, thereby making it impossible for other PTMs to be present. 

As such, the propionyl (K) needs to be set as variable in Skyline when generating the library. 

The propionyl on the N-terminus was defined as fixed. The variable windows used for SWATH-

MS acquisition were used as isolation scheme in Skyline [36]. Hereafter, a FASTA database 

containing only histone variants was imported to complete the target library in Skyline. To 

further tune this library, it was exported and filtered with a python script in order to retain (i) 

only peptides containing previously reported PTMs and (ii) only transitions which 

unambiguously belong to a single annotation in their specific window. This filtered target 

library was reinserted into Skyline. Finally, the SWATH data was imported into Skyline and all 

peptidoforms in the filtered target library were identified and quantified. These results were 

then exported in csv format for statistical evaluation. 

3.2.5.3. Statistical analysis  

MS measures peptidoforms and their fragments. Heatmaps of the peptidoforms were 

generated in Qlucore Omics Explorer. After inter-sample normalization to the summed 

intensities of all peptides, fold changes of the log-transformed intensities of each time point 

to the average of the log-transformed intensities for the peptide over the entire experiment 

were plotted. This highlights time-lapse changes in peptidoform abundance. However, to 

define changes of a single hPTM, the RA of each individual hPTM 𝑖 present on a specific peptide 

sequence was calculated as follows: 

 

∑(𝑠𝑢𝑚 𝐴𝑈𝐶 𝑋𝐼𝐶𝑠 𝑝𝑒𝑝𝑡𝑖𝑑𝑜𝑓𝑜𝑟𝑚𝑠 𝑤𝑖𝑡ℎ 𝑡𝑎𝑟𝑔𝑒𝑡𝑒𝑑 ℎ𝑃𝑇𝑀 𝑖)

∑(𝑠𝑢𝑚 𝐴𝑈𝐶 𝑋𝐼𝐶𝑠 all peptidoforms)
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Herein, a peptidoform is a peptide sequence containing a unique set of localized hPTMs. 

Statistical significance was calculated by comparing the different measurements over time by 

using a standard ANOVA test, wherein the p-value for each hPTM assesses whether time has a 

significant effect on its RA. Additionally, a pairwise t-test between each pair of different time 

points was performed to determine whether there was a significant (𝑝 < 0.01) difference 

between the RA of two individual time points. 

3.2.6.  Data availability 

The MS proteomics data have been deposited to the ProteomeXchange Consortium via the 

PRIDE [37] partner repository. Currently we are waiting for the dataset identifiers. 
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3.3. Results and discussion 

A traditional SWATH workflow was adapted for histone analysis with sample A, a dilution-series 

of commercial bovine histone extracts. After implementing this hSWATH workflow, it was 

validated with sample B, containing a time-series experiment in which commercial bovine 

histone extracts were deacetylated. This introduces known targets (i.e. decreasing peptides 

containing acetylations) in an untargeted setting. Finally, the hSWATH workflow was applied 

to generate a novel discovery-driven hypothesis for sample C, comprising histones from breast 

cancer cell lines displaying differential responsiveness to treatment with HDACi (Panobinostat). 

3.3.1. Implementing and adapting a dedicated histone SWATH workflow 

The conversion of the traditional SWATH workflow [34] into a dedicated hSWATH workflow 

consists of three major steps, as depicted in Figure 3.1: (i) optimization of sample loading for 

DDA library building, (ii) maximizing and tuning a DDA library towards accurate identification 

and quantification of hPTMs in SWATH samples, and (iii) optimization of sample loading in 

SWATH, based on sample A. 
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Figure 3.1 The traditional SWATH workflow (adapted from [31]) converted to histone analysis (hSWATH). 

The hSWATH workflow begins with an adapted sample preparation including histone extraction from the cells, 

followed by propionylation and trypsin digestion of the samples. Following LC-MS DDA acquisition, the raw data is 

converted into *.mgf files by PeakView and the fragment ion spectra are searched against a protein sequence 

database in Mascot. From the identified proteins a protein library is generated from UniProt containing all known 

PTMs (*.xml). This protein library is used as a search space to determine all candidate modified peptides for the MS1 

precursor masses. Based on the frequency of each PTM (combination), the most abundant PTM sets are selected 

and used to search sequentially in Mascot. The Mascot DAT files are then used to build a spectral library in Skyline. 

After putting the Skyline setting straight, the target library is exported. Using an in house Python script, the peptides 

are first filtered based on curated modifications from UniProt. Secondly, all unique pairs of precursor- and product 

m/z-values within each SWATH window are selected. This filtered library was inserted back into Skyline and the 

SWATH Raw data files are uploaded (*.wiff). Finally, the quantitative data, i.e. peptide abundances, are exported and 

converted into relative PTM abundances for statistical analysis. 
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3.3.1.1. Optimizing sample load for DDA library building 

To determine the optimal histone loading for library building, a dilution series (62.5 – 4000 ng) 

of commercial bovine histones was run in triplicates in DDA-mode. All different loadings were 

annotated similarly to Willems et al. [22]. The five sequential searches performed here have a 

comprehensiveness of 88% of all possible explanations for the annotatable MS1 precursor 

masses found in the combined experiment (Supplementary Table 3.2A). These results were 

imported into Skyline to create a target library, in which at most 10 transitions were retained 

per peptidoform annotation. Figure 3.2A shows that from 2000 ng onwards there is no 

additional increase in the number of precursors and transitions in the library.  

3.3.1.2. Library building and tuning 

While all the known-to-exist PTM locations are taken into account when defining the PTM sets 

for sequential searching, this knowledge is lost when performing the searches with variable 

modifications. This results in potentially ambiguous annotations of the same spectrum 

containing false PTM locations. Therefore known-to-exist PTM locations from SwissProt are 

used to filter the target library. By curating the target library, ambiguity is reduced but not 

removed. Figure 3.2B illustrates the loss in both fragment- and precursor ions following 

curation. The drop from 286 to 115 precursors illustrates the scale of ambiguity that is found 

when untargeted data analysis is performed [22]. 

To assess the impact of using different SWATH windows, the Variable Window Calculator 

(Sciex) was used on the 2000ng DDA run to determine optimal window borders when using 

either 30 or 60 windows. Indeed, histone extracts show a very different m/z density histogram 

compared to a conventional tryptic cell digest (Supplementary Figure 3.1). Even when adapting 

the window sizes accordingly, there are still many fragments in SWATH that can belong to (i) 

different co-eluting precursors that were isolated in a single window or (ii) to isobaric 

localization isomers. Thus, the differences between two precursors is often only a few b- or y-

ions due to the hPTMs present on these backbone sequences. This leads to errors in MS1 peak 

picking and requires all ambiguous pairs of precursor- and product m/z-values to be filtered, 

taking into account the specific precursor windows. One specifically interesting example here 

is the histone H3 peptide KQLATKAAR (aa 18–26). This peptide can be acetylated on both K18 
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and K23 residues, but these forms cannot be separated completely using conventional LC 

approaches (Supplementary Figure 3.2) [38]. Thus, only unique transitions were retained. 

Therefore, as there are some precursors for which not a single transition was unique, a minor 

loss of precursors (3-4%) has to be tolerated (Figure 3.2B; Supplementary Table 3.3). At the 

fragment level, the filtering has a larger impact (40-50%). As expected, more transitions are 

unique when smaller windows are used for acquisition.  

 

Figure 3.2 Histone library building and tuning. (A) Number of precursors and transitions in the target library in 

function of the histone loading. Transitions include fragments and precursor isotopes. (B) Number of fragments 

and precursors that remain after each step of library tuning. Curation filter: remaining peptide and fragment 

annotations after the removal of hitherto undescribed hPTMs; Windows filter: remaining peptide and fragment 

annotations after filtering of transitions that are not unique within their window when acquired according to the 30 

or 60 variable window acquisition scheme. (C) Percentage of transitions of the filtered library when considering 

either 30 or 60 variable windows for SWATH acquisition. This data derived from the ‘precursor peak found ratio’ 

from Skyline. A peak found ratio is the ratio of the number of fragment ions for which a peak was measured to the 

total number of fragment ions of the precursor in the library. The average peak found ratio of the triplicate runs was 

calculated. 

3.3.1.3. Optimizing sample load for SWATH 

Data for the same dilution series (sample A) was also obtained in SWATH mode with two 

different sets of variable windows, the first consisting of 30 variable windows and the second 

consisting of 60 variable windows (Supplementary Table 3.1). Figure 3.2C shows the percentage 

of filtered library transitions found in the SWATH data as a function of the histone loading. A 

clear bending point is seen at 250 ng of histones, which is independent of the number of 

windows that are used. This suggests that 250 ng is the minimal applicable sample load for 

PrecursorsFragments

286 All ions 2555 100% 100%

115 Curation filter 103740.6% 40.2%

107 60 Windows filter 61724.1% 37.4%
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SWATH on histones on a TT5600 instrument coupled to an LC operated in microflow mode (5 

µl/min). This roughly corresponds to 250.000 cells. For 60 windows, loading up to 1 µg however, 

can still improve the results. 

3.3.2. Validation of the histone SWATH workflow 

After optimizing sample loads and implementing the hSWATH workflow (Figure 3.1), we 

validated it with sample B, in which commercial bovine histone extracts were treated with a 

HDAC1 enzyme in a time series (Figure 3.3). In this setup, the absolute protein concentrations 

remain constant, in line with the in vivo situation where histone abundances can be overall 

considered constant in a cell, proportionally to the amount of DNA in the sample. Moreover, 

there is a direct relationship between down- and upregulated peptidoforms, being respectively 

acetylated and deacetylated (Figure 3.4). As such, this dataset can be analyzed in an untargeted 

manner while there are known targets present for validation. 

 

Figure 3.3 Experimental design of the benchmark experiment. Equimolar fractions of histone extracts are made 

from a single vial (left). All samples are incubated in the assay buffer (dotted grey line) at 37°C. At several time points 

between Tmax (8h) and T0 the enzyme is added to the assay (+ ), except for the negative controls (-), where buffer 

alone is added (top rows). Note that in this way, the time stipulation mirrors the time at which enzyme was actually 

added. At the final time point the enzymatic activity is stopped ( ) and an inhibited enzyme is added for time point 

T0 ( ). This experimental design induces different kinds of changes in a closed system, i.e. for each decreasing 

feature its (un)modified counterpart needs to increase and vice versa. (B) Significantly changing Relative 

Abundances (RA) of individual acetylations throughout the time-lapse HDAC1 treatment. Each treatment was done 

separately four times to assess the variability of the complete benchmark. Dots represent each individual RA 

measurement. The line connects the average RA at each time point of the acetylated residue (green), or its 

unmodified counterpart (grey). For RA calculations on the H4 N-tail, the unmodified H4 (4-17) peptide was manually 

included. For all acetylations shown here, no other hPTM was identified on the same residue, making the RA of the 

unmodified and acetylated residue perfect mirror images. 
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Figure 3.4 Evaluation of the hSWATH workflow on a benchmark experimental setup. Significantly changing 

Relative Abundances (RA) of individual acetylations throughout the time-lapse HDAC1 treatment. Each treatment 

was done separately four times to assess the variability of the complete benchmark. Dots represent each individual 

RA measurement. The line connects the average RA at each time point of the acetylated residue (green), or its 

unmodified counterpart (grey). For RA calculations on the H4 N-tail, the unmodified H4 (4-17) peptide was manually 

included. For all acetylations shown here, no other hPTM was identified on the same residue, making the RA of the 

unmodified and acetylated residue perfect mirror images. 
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Following the hSWATH workflow (Figure 3.1), a library was created by triplicate DDA acquisition 

on 2 µg of a mix of the start and end samples of the time-lapse series (0 min and 8 h incubation 

with enzyme). This sample theoretically comprises all peptidoforms in the experiment. The DDA 

library was then annotated (Supplementary Table 3.2B) and only transitions of curated peptides 

that were unique in 60 variable windows were retained. Subsequently, 1 µg of each sample was 

run with a 60 variable windows SWATH acquisition.  

Peptidoforms were extracted and quantified in Skyline and exported to construct a peptide-

centric heat map in Qlucore (Supplementary Figure 3.3 and Supplementary Table 3.4). This 

heatmap depicts the fold change of the normalized abundance from Skyline to the average of 

this peptidoform over the experiment. All peptidoforms of the cluster of downregulated 

peptideforms were identified with acetylation.  

Unfortunately, the fully unmodified H4 (aa 4-17) did not pass the filtering process, given that 

there are four potential amino acids that can be acetylated and thus not a single transition is 

unique. Even with small precursor selection windows, the delta mass between this unmodified 

peptidoform and a monoacetylated form is only 14 Da, due to the propionylation. Therefore, 

doubly charged peptides can already fall in the same precursor window as soon as this window 

is larger than 7 m/z, or even 4.7 m/z in the case of triply charged peptides. At the same time, a 

targeted inspection of the non-unique transitions of the unmodified peptidoform of H4 (aa 4-

17) showed an increase in signal, albeit proportional to its already high abundance 

(Supplementary Figure 3.4A). This illustrates that targeted knowledge remains very valuable 

and can still be applied to improve this untargeted workflow. Alternatively, the variable 

windows could be calculated in a way that specific forms of interest are never co-selected, or 

fixed window sizes can be further reduced in the next generation instruments. Moreover, a 

potential improvement of the workflow is to include (ranked) retention time into the unicity 

filter, as this would save a subset of the currently filtered peptide ions while retaining the option 

of automation. 

Traditionally, individual histone modifications that are spread out over multiple different 

peptidoforms are quantified using RA. Using this metric, significant changes for each individual 

hPTM can be calculated, regardless of the different peptidoforms on which these hPTMs reside. 
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Indeed, all acetylated residues show a downwards trend in RA that is proportional to the 

enzyme activity in this in vitro setup (Figure 3.4). E.g. H3K14Ac and H3K23Ac drop over 75% 

instantly (after 15 min), while H2A1K5Ac declines more gradually over 8 hours of incubation. 

The pairwise and overall statistical analysis of all hPTMs in this dataset is depicted in 

Supplementary Table 3.5. 

Remarkably, RA values for H4K5Ac and H4K8Ac showed an upwards trend when the 

unmodified H4 (aa 4-17) peptide was not manually included (Supplementary Figure 3.4B). This 

effect is similar to Simpson’s paradox [39] and is a result of the selection of peptidoforms that 

is used to calculate RA. If only acetylated peptidoforms are identified/retained and used to 

calculate RA, this is equivalent to normalizing all samples to acetylated forms only (i.e. the 

denominator). The result is that a faster declining acetylation on the same backbone will result 

in a rising trend in the RA of another. In other words, if all peptidoforms in a ratio decline, then 

the least declining hPTM will appear as if it is increasing. Considering this together with the 

known impact of ionization effects [26], adapting RA calculations on every dataset should be 

done with caution. Still, RA has been shown to lead to similar biological conclusions, 

irrespective of chemical noise or ionization effects [13, 18, 26]. In conclusion, we argue that 

reporting the peptide-centric data, i.e. peptidoforms, along with RA creates a more complete 

picture of the histone code. 

3.3.3. Applying the workflow to generate a novel discovery-driven hypothesis 

We assessed the applicability of the workflow in an untargeted analysis of sample C, which 

contains a time series of breast cancer cell lines treated with the pan-HDACi Panobinostat. The 

two cell lines tested, MDA-MB-468 and MDA-MB-453, display different sensitivity to 

Panobinostat, with IC50 values of 45 and 3.1 nM, respectively (Supplementary Figure 3.5). The 

cells were treated in triplicate with DMSO (T0) or Panobinostat for 1 hour (T1) and 4 hours (T4), 

before histones were extracted and subjected to the histone SWATH workflow. Different 

extraction protocols were assessed for their suitability on the cell lines (Supplementary Figure 

3.6), after which protocol A was chosen for extraction of all samples.  

For library generation, 6 DDA runs (three treatments on both cell lines) were acquired. The PTM 

sets used for sequential searching are shown in Supplementary Table 3.2C, together 
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representing a comprehensiveness of 96% of all annotatable MS1 precursors. Filtering resulted 

in a library of 104 precursors. Finally, 1µg of all 18 samples was run with SWATH and identified 

and quantified with the filtered library. 

For each identified hPTM, the RA was calculated. Both pairwise differences between two 

individual time points as well as overall statistical analysis over the time course of the 

experiment (ANOVA) of all hPTMs in this dataset are outlined in Supplementary Table 3.6. 

Figure 3.4 depicts all hPTMs that significantly changed in response to Panobinostat (ANOVA 

p-value < 0.01). Of these, all 8 hPTMs corresponding to acetyl groups show an increase in RA, 

which predominantly occurred in the first hour of treatment. Note that the unmodified H4 (aa 

4-17) did pass the unicity filter in sample C because not all acetylated forms were identified as 

in sample B. The ratio at which acetylations increased differs slightly between MDA-MB-468 

and MDA-MB-453 cell lines. Also, just a few hPTMs beyond acetylation displayed significant 

changes within the 4-hour interval of Panobinostat incubation, suggesting that in the current 

analysis we are only monitoring the direct effect of HDAC inhibition, i.e. the early response.  

Two findings were particularly interesting: (i) H3K14Ac was the only hPTM that was already 

higher in the MDA-MB-468 cells (more resistant to Panobinostat treatment) (>40%) compared 

to MDA-MB-453 cells (more sensitive) (<30%) at the onset of incubation and (ii) the increase 

in H3K9Ac is strongly subdued over time in MDA-MB-468 cells, staying below 1% over the 

course of the experiment as compared to an 0.5% to 2.5% increase in MDA-MB-453 cells. 

According to our HDAC incubation experiment (sample B), H3K14Ac is a sensitive substrate of 

HDAC1, with a 70% decline in acetylation at 15 min (Figure 3.4). This is also in line with 

Karmodiya et al., who found a selective increase in H3K14Ac over inactive genes compared to 

H3K9Ac in the presence of sodium butyrate (HDACi), with a steep increase between 2 and 4 

hours [40]. They showed that H3K9Ac and H3K14Ac correlate highly and together coordinate 

regulation of active histone marks. Yet, higher levels of H3K14Ac over H3K9Ac mark a subset 

of inactive inducible promoters in mESCs.  
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Figure 3.5 Detecting hPTMs involved in the differential response to Panobinostat of breast cancer cell lines. 

MDA-MB-453 and MDA-MB-468 breast cancer cells, which display higher sensitivity or higher resistance, 

respectively, to the HDAC inhibitor Panobinostat, were treated short term (1 and 4 hours) with the drug. (A-D) RA 

of peptides that carry at least one significantly changing hPTM (ANOVA p-value < 0,01). Dotted lines represent the 

changes of the hPTM in MDA-MB-468 cells, while full lines represent the changes in MDA-MB-453 cells. (E) A zoom 

of (C) showing the subdued increase in acetylation on H3K9 in MDA-MB-468 cells. 

Taken together, the hSWATH workflow leads to the hypothesis that a higher ratio of H3K14Ac 

over H3K9Ac in the early response underlies the lower sensitivity of more resistant breast 

cancer cell lines (80/1) over their more sensitive counterparts (60/3) (Figure 3.4C). A follow-up 

ChIP-Seq experiment can localize this change at specific genomic regions, and help elucidate 

how this epigenetic change may be linked with sensitivity/resistance to Panobinostat. In 
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addition, we anticipate that novel discoveries still reside in this SWATH dataset. More 

specifically, histones are amongst the best-conserved proteins in Eukaryotes. This makes them 

perfectly suited for creating a pan-Eukaryote histone library, in parallel to the pan-human 

SWATH library created by Rosenberger and colleagues [41]. As shown recently for 

chromatogram libraries [42], these pan-libraries hold great promise to increase the amount of 

information that is extracted from (already acquired) SWATH data in the future. 

3.4. Conclusion 

In this study, we adapted the traditional SWATH workflow to the analysis of the histone code.  

When using microflowLC coupled to a TT5600 (Sciex) instrument, a histone load of 2 µg for 

library building and a minimum of 250 ng for SWATH analysis with 60 variable windows give 

optimal results. Library tuning should be performed to minimize ambiguity, which is introduced 

due to potential false positives in the library as well as due to reduced specificity when 

changing precursor selection to larger windows. Finally, quantification of hPTMs based on RA 

should be supported with quantification of peptidoforms to avoid false conclusions. 

This workflow performs well on samples of different origins, such as samples in vitro 

deacetylated by HDAC or samples from breast cancer cell lines displaying differential 

responsiveness to HDACi treatment.  
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3.1. Supplementary information 

3.1.1. Supplementary Figures 

 

Supplementary Figure 3.1 Variable Q1 Window Widths for SWATH Acquisition on a propionylated histone 

digest. The m/z density histograms constructed from the MS data for the sample of interest (blue line) is used to 

construct a variable sized window pattern (yellow line). (A) shows a typical m/z distribution and Q1 window pattern 

used for digested proteome samples and (B) shows the m/z distribution and Q1 window pattern of 2000 ng of 

propionylated and digested commercial bovine histones. 

 

Supplementary Figure 3.2 Quantification of two co-eluting isobaric peptides. (A) XIC of the precursor mass 

corresponding to the histone H3 peptide KQLATKAAR (aa 18–26) modified with one acetylation on K18 (full line) or 

K23 (dotted line) as exported by Skyline. Note, that the MS1 signal was wrongly picked by Skyline, resulting in a 

perfect overlap of both forms in MS1: no peak shoulder is shown. However, as Skyline only quantifies based on 

transition level, the quantification of the peptides is still correct. (B) XICs of the unique fragments of the K18Ac (left) 

and the K23Ac peptide (right).  
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Supplementary Figure 3.3 Hierarchically clustered heat map depicting the changes in peptidoform intensities 

following HDAC1 treatment of commercial bovine histones. Only peptides identified with known hPTM(s) in 

UniProt (curation) and with at least one unique transition pair in their window (filtering) are shown. For the 67 

remaining peptidoforms, the fold change of the average log2-transformed summed fragment intensities was 

calculated. Time points are according to Figure 3A: 0min (-) and 8h (-): two negative controls incubated in enzyme 

buffer for 0 min or 8 hours, but lacking HDAC1 or the inhibiting acid; 0min: Pre-inhibited HDAC1 was added; 15min 

to 8h: incubation times of enzyme and buffer, ending with acid inhibition (0.4 N HCl). Black box at the top: Histone 

peptide cluster with abundances declining in response to a time-lapse incubation with HDAC1, i.e. present in the 

negative controls and rapidly declining afterwards.  
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Supplementary Figure 3.4 Detailed study of the unmodified H4 GKGGKGLGKGGAKR(HR) peptide initially 

removed by the unicity filter. (A) Heat map of the H4 N-tail, including the unmodified peptidoform (aa 4-17) 

highlighted in black, which was removed from the library by unicity transition filtering in sample B. This peptidoform 

shows an increase in abundance over time, albeit modestly apparent when expressed as fold change of the average 

log2-transformed summed fragment intensities. The unmodified H4 (aa 4-17) accounts for up to 90% of the total 

signal. Its specificity can only be assured through targeted manual inspection. Surprisingly, the missed cleaved form 

of H4 (aa 4-19) also declines, yet with no acetylation present on the backbone. Actually, this form only exists when 

no enzyme or acid was added and is already removed when inhibited enzyme is added (0min), implying that this 

change is not mediated by enzyme-substrate interaction. (B) When RA of acetylation is calculated without the 

unmodified H4 GKGGKGLGKGGAKR peptide, H4K5Ac and H4K8Ac appear as if they are increasing. Indeed, if the 

unmodified residues used for RA calculation of H4K5Ac and H4K8Ac are derived solely from peptidoforms carrying 

other acetylations on the same backbone, this dependency creates an artefact akin to Simpson’s paradox [35]. 

Notably, missing peptidoforms can arise at any level, i.e. biologically, by the sample preparation, during sample 

acquisition or throughout the data analysis workflow (here). 
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Supplementary Figure 3.5 Breast cancer cell line sensitivity to Panobinostat. Dose response curves showing 

the differential anti-proliferative effect of Panobinostat on MDA-MB-453 and MDA-MB-468 breast cancer cell lines. 

Cells were seeded in 96-well plates (2000 cells for MDA-MB-468 and 2500 for MDA-MB-453) and after 24 hours 

they were treated with different concentrations of Panobinostat of DMSO as a control. After 72 hours the cell viability 

was measured using the CTG assay (Promega). 

 

 

Supplementary Figure 3.6 Evaluation of different extraction protocols. Gel-electrophoresis evaluation on a 18% 

TGX gel (Biorad). 2µg of histones from commercial bovine histone extracts (BH) are used as standards. Extraction 

procols A, B, C (cf. secrion 1.3.4.1, [16]) were applied to 2.0E+6 cells of the same three samples: (1) MDA-MB-453 4h 

Panobinostat, (2) MDA-MB-468 DMSO, (3) MDA-MB-468 4h Panobinostat. 
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3.1.2. Supplementary Tables 

Supplementary Table 3.1 Variable Q1 Window Widths for SWATH Acquisition. Using the chromatographic 

data from the 2 µg DDA run, window sizes can be adapted to equalize the ion current in each window. This was 

done with the Variable Window Calculator (Sciex).  

30 windows  60 windows 

NR. OF 

WINDOWS 

Q1 

START 

Q1 

STOP 
 NR. OF 

WINDOWS 

Q1 

START 

Q1 

STOP 

NR. OF 

WINDOWS 

Q1 

START 

Q1 

STOP 

1 349.5 375.2  1 349.5 363.7 31 616.9 636.3 

2 374.2 398.2  2 362.7 375.2 32 635.3 657.6 

3 397.2 416  3 374.2 387.3 33 656.6 677.1 

4 415 430.4  4 386.3 398.2 34 676.1 693.8 

5 429.4 444.2  5 397.2 407.4 35 692.8 709.9 

6 443.2 458.6  6 406.4 416 36 708.9 724.3 

7 457.6 473.5  7 415 423.5 37 723.3 737.5 

8 472.5 487.9  8 422.5 430.4 38 736.5 750.7 

9 486.9 503.4  9 429.4 437.3 39 749.7 764.5 

10 502.4 520.1  10 436.3 444.2 40 763.5 779.5 

11 519.1 535.6  11 443.2 451.7 41 778.5 793.8 

12 534.6 551.8  12 450.7 458.6 42 792.8 807.6 

13 550.8 569  13 457.6 466.1 43 806.6 821.4 

14 568 588.6  14 465.1 473.5 44 820.4 836.4 

15 587.6 617.9  15 472.5 481 45 835.4 851.9 

16 616.9 657.6  16 480 487.9 46 850.9 868 

17 656.6 693.8  17 486.9 495.4 47 867 885.8 

18 692.8 724.3  18 494.4 503.4 48 884.8 905.4 

19 723.3 750.7  19 502.4 512.1 49 904.4 923.2 

20 749.7 779.5  20 511.1 520.1 50 922.2 940.5 

21 778.5 807.6  21 519.1 527.6 51 939.5 958.3 

22 806.6 836.4  22 526.6 535.6 52 957.3 975 

23 835.4 868  23 534.6 543.7 53 974 992.8 

24 867 905.4  24 542.7 551.8 54 991.8 1013.5 

25 904.4 940.5  25 550.8 560.4 55 1012.5 1039.4 

26 939.5 975  26 559.4 569 56 1038.4 1085.9 

27 974 1013.5  27 568 578.2 57 1084.9 1130.8 

28 1012.5 1085.9  28 577.2 588.6 58 1129.8 1164.1 

29 1084.9 1164.1  29 587.6 601.2 59 1163.1 1199.8 

30 1163.1 1249.8  30 600.2 617.9 60 1198.8 1249.8 
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Supplementary Table 3.2 PTM sets used for Sequential searches. 

SAMPLE 

A      

% OF 

SPECTRA 

(10415) 

% OF 

ANNOTATABLE 

SPECTRA 

(5044) 

 

     UA 0.52  /  

PTM set     NO PTMS 0.17  0.36   

1 K-27.99 K-42.01 K-70.04 K-86.04 M-15.99 0.35  0.72   

2 K-27.99 K-42.01 K-28.03 K-42.05 R-0.98 0.38  0.78   

3 K-27.99 K-42.01 K-68.03 K-100.02 R-28.03 0.40  0.83   

4 K-68.03 K-70.04 K-86.04 R-28.03 R-0.98 0.42  0.86   

5 K-28.03 K-42.05 K-86.04 R-14.02 R-28.03 0.42  0.88   

         

SAMPLE 

B       

% OF SPECTRA 

(40160) 

% OF 

ANNOTATABLE 

SPECTRA 

(9341) 
      UA 0.77  / 

PTM set      NO PTMS 0.05  0.22  

1 K-27.99 K-42.01 K-68.03 K-70.04 K-86.04 M-15.99 0.15  0.65  

2 K-27.99 K-28.03 K-42.05 K-100.02 K-86.04 R-0.98 0.17  0.72  

3 K-27.99 K-42.01 K-68.03 K-86.04 R-28.03 
Nterm-

42.01 
0.18  0.76  

4 K-27.99 K-42.01 K-28.03 K-68.03 K-70.04 R-0.98 0.19  0.80  

5 K-27.99 K-42.01 K-42.05 K-68.03 K-70.04 R-14.02 0.19  0.82  
         

         

SAMPLE 

C      

% OF 

SPECTRA 

(44105) 

% OF 

ANNOTATABLE 

SPECTRA 

(35739) 

 

     UA 0.19  /  

PTM set     NO PTMS 0.35  0.43   

1 K-27.99 K-42.01 M-15.99 R-14.02 R-28.03 0.73  0.91   

2 K-27.99 K-100.02 K-70.04 K-86.04 
Nterm-

42.01 
0.76  0.93   

3 K-27.99 K-42.01 K-68.03 K-70.04 K-86.04 0.77  0.95   

4 K-27.99 K-28.03 K-42.05 K-86.04 R-0.98 0.78  0.96   

5 K-27.99 K-42.01 K-100.02 M-15.99 R-0.98 0.78  0.96   

UA, unannotatale; NO PTMS, no variable PTMs 

Modifications: 0.98, citrullination; 14.02, methylation; 15.99, oxidation; 27.99, formylation; 28.03, dimethylation; 

42.01, acetylation; 42.05, trimethylation; 68.03, crotonylation; 70.04, butyryl / methylation (+ propionyl); 86.04, 2-

hydroxyisobutyrylation; 100.02, succinylation. 
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Supplementary Table 3.3 Histone peptides removed after window transition filtering (sample A). 

MODIFIED HISTONE PEPTIDE PRECURSOR M/Z 
WINDOW 

FILTER 

GK[Ac]GGK[Ac]GLGK[Ac]GGAKR 754.93 60W/30W 

GK[Ac]GGKGLGK[Ac]GGAKR 761.94 60W/30W 

K[Ac]SAPATGGVKKPHR 822.47 60W/30W 

K[Ac]SAPSTGGVKKPHR 830.46 60W/30W 

K[Me]SAPSTGGVKKPHR 844.48 60W/30W 

K[Me]STGGKAPR 542.31 60W/30W 

KSAPATGGVKKPHR 829.47 60W/30W 

KSAPSTGGVKKPHR 837.47 60W/30W 

KSTGGK[Ac]APR 528.3 60W/30W 

GKGGK[Ac]GLGKGGAKR 768.95 30W 

GKGGKGLGK[Ac]GGAK[Ac]R 761.94 30W 

GKGGKGLGKGGAK[Ac]R 768.95 30W 

KQLATKAAR 577.85 30W 

 

Supplementary Table 3.4 Log2-transformed average-normalized summed fragment intenisties for all 

peptidoforms displayed in Supplementary Figure 3.3.  

You can access this table via: tiny.cc/PhD_DeClerck 

Supplementary Table 3.5 Anova p-values of the relative abundancies of the histone peptides from the 

filtered target library of the deacetylase assay.  

You can access this table via: tiny.cc/PhD_DeClerck 

Supplementary Table 3.5 Anova p-values of the relative abundancies of the histone peptides from the 

filtered target library of the BCS.  

You can access this table via: tiny.cc/PhD_DeClerck 
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4. Broader international context, relevance and future 

perspectives 

4.1. Broader international context and relevance 

For many years we believed that, no matter what lifestyle 

choices we made, it only affected us and not our children, 

as they would be born with a genetic clean slate. Off 

course, we could not have been more wrong, as now we 

know that it is through epigenetic marks that 

environmental and lifestyle factors can make an imprint 

on our genes and that these epigenetic changes can be 

passed down for many generations. Thus, each and every 

one of us has far greater responsibilities than we ever 

imagined. In the words of Dawson Church, author of The 

Genie in Your Genes [1]: "It’s not what we don’t know that 

hurts us-it’s what we think we know that isn’t true that 

hurts us." However, epigenetics also brings good news to 

the table: it is the reason “Why DNA isn’t Your Destiny”, 

implying that through epigenetics our genetic fate can be 

modified (Figure 4.1).  

The term epigenetics, in which “epi” is the Greek word for “on” or “beyond”, describes 

phenomena and mechanisms that cause chromosome-bound, heritable changes to gene 

expression that are not due to changes in the primary nucleotide sequence of DNA [2]. Over 

the years, it has become clear that understanding epigenetics and epigenomics -the 

genomewide distribution of epigenetic changes- will be essential in understanding all aspects 

of development, stem cells and mechanisms of diseases. Consequently, a lot of research is 

being done in this field linking numerous epigenetic marks to a wide variety of illnesses, 

behaviors, and other health indicators, emphasizing the significance of their mechanism and 

function.  

Figure 4.1 The 2010 cover of Time 

magazine. The including article 

describes how epigenetics makes an 

imprint on our genes and explains to 

what extent this influences our future.  
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As the image of the epigenetic landscape is gradually sharpening, the position of hPTMs herein 

becomes increasingly defined. This is demonstrated by the NIH Roadmap Epigenomics 

Consortium that recently highlighted the variation in genome-wide patterns of histone 

modifications across gene regulatory regions and between cell and tissue types [3]. The notion 

that individual hPTMs have a function in transcription was considered as early as the 1960s [4]. 

Yet the biology of their crosstalk, i.e. the histone code, is less understood. At least partly, this 

is because traditional hPTM analysis relies on antibody-based assays such as ChIP-Seq and 

ChIP-qPCR that target only one specific hPTM occurring globally or at specific loci of interest, 

respectively. Thus these assays are confined by a limited number of targets that can be studied 

in a single experiment and lack combinatorial information on hPTM co-occurrence. In addition, 

they suffer from specificity issues like epitope occlusion and cross-reactivity [5]. Therefore, MS-

based approaches have become viable alternatives in the last 20 years (Figure 4.2). Indeed, MS 

analyses have helped in highlighting exquisitely complex combinations of hPTMs, suggested 

the concept of “crosstalk” between them, and also revealed new hPTM types and sites.  

 

Figure 4.2 Number of PubMed results by year for “histone” and “mass spectrometry”. 

In the first part of this dissertation, we described an MS analysis of the epigenetic changes 

throughout the conversion process of primed-to-naïve human pluripotent stem cells and 

compare the hPTM markers of the naïve state between human and mouse.  

Both the naïve and primed pluripotency states have benefits for research and clinical use. More 

specifically, these cells can be used for studying the early human embryonic development, as 

well as for in vitro disease modeling and regenerative medicine because of their ability to 
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differentiate into all lineages. Despite the fact that various reports have already been published 

on the transition from primed to naïve hESCs, only little is known about the epigenetic changes 

that occur throughout the conversion or differences between these states. In terms of hPTM 

differences, the majority of the knowledge has been identified using antibody based assays. 

These assays showed that naïve hESC are characterized by reduced H3K27Me3 marks at 

promotor regions of developmental genes compared to the primed equivalents. Effectively, 

this mark has become a generally accepted criterion of the naïve vs. primed hESC state [6]. Yet, 

by performing an untargeted DDA analysis which does not rely on prior hypotheses, it was 

shown in this work that H3K27Me3 is actually the most increasing hPTM during the transition 

from primed to naïve. This is in line with what was recently published on naïve mESCs [7]. There, 

it was described how an overall increase in H3K27Me3 over the entire genome actually 

increases the baseline signal in ChIP-Seq, creating the impression of a reduced signal at the 

promotor regions. These findings in mouse have already been confirmed in other settings [8, 

9]. However, in the study on hESCs, the biological timeline was reversed compared to the 

mouse study, as primed hESCs were converted to the naïve state. By doing so, it provides 

further evidence that strongly argues in favor of the important role of H3K27Me3 as the 

gatekeeper of pluripotency in Mammalia. Overall, this study maps the differences in hPTMs 

and provides the first roadmap on how these hPTMs are changing during their transition from 

primed to naïve hESCs. This hPTM-map will serve as a backdrop to further investigate the 

epigenetic changes that are deterministic in defining the pluripotency state. This research is 

relevant both from an epigenetic and developmental point of view, since understanding the 

epigenetics of stem cells is indispensable for future research and applications.  

DDA is currently the MS technique of choice to study histones in an untargeted way, as it does 

not rely on prior hypotheses. It is however not able to handle the complexity that arises from 

co-eluting isobaric peptidoforms during acquisition. This results in a higher amount of chimeric 

MS/MS spectra and ambiguous spectrum annotations. Thus, it is intrinsically impossible to 

resolve all isobaric forms. In turn this implies that the quantification of histone peptidoforms 

in DDA, which is being performed at the MS1 level, might be greatly biased for certain hPTMCs. 

By extracting ion traces of fragments in SWATH-MS2 data, we have seen strong indications 

that indeed a “dark histonome” might still be out there. 
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Accordingly, in the second part of this dissertation, we adapted a workflow for SWATH library 

building specifically for untargeted analysis of hPTMs. The benefits of SWATH to study histones 

have been aptly recognized [10], but several adaptations and optimizations were essential to 

unfold its full potential. More specifically, monitoring a predefined list of peptides does not 

allow untargeted analysis of the histone code. During the optimizing of SWATH using Skyline, 

it became immediately clear that the software lacked several essential features to automate 

data extraction. In reply to our questions, Skyline has implemented five essential features over 

the past 2 years which enabled untargeted SWATH data-analysis on histones in high 

throughput. Using this new version of the software, the optimization of SWATH library building 

for histones could finally start. First, the coverage of the histone code was maximized by 

optimizing the loading for DDA acquisition and performing of sequential searching with 

different PTMCs. To maximize the quality, transition filtering was implemented to obtain a high 

specificity for isobaric and co-eluting peptides. This study underlines the relevance of using 

SWATH for hPTM analysis as it provides very accurate and untargeted measurement of the 

histone code.  

Notably, we anticipate that novel discoveries still reside in each histone SWATH dataset. 

Histones are amongst the best-conserved proteins in Eukaryotes. This makes them perfectly 

suited for creating a pan-Eukaryote histone SWATH library, in parallel to the pan-human 

SWATH library created by Rosenberger and colleagues [11]. As shown recently for 

chromatogram libraries [12], these pan-libraries hold great promise to increase the amount of 

information that can be extracted from (already acquired) SWATH data in the future. This way, 

we imagine that every lab will be able to simply download the libraries and acquire their histone 

samples in DIA in order to screen them for changing hPTMs in the Eukaryote system under 

study. 
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4.2. Future perspectives 

4.2.1. Toxicoepigenetic screening of hPTMs  

The increasing understanding of epigenetic mechanisms and their importance in disease has 

prompted the emergence of pharmacoepigenetics and toxicoepigenetics, niches in the field of 

epigenetics that are devoted to studying the variability in drug response and toxicity [13, 14]. 

Research in these fields aspires to increase the mechanistic understanding of drug action and 

adverse drug reactions, to discover novel drug targets, and eventually, to develop epigenetic 

therapies for a range of diseases, of which cancer is mostly studied. Whereas monitoring the 

DNA methylation status upon drug response is already implemented as a toxicoepigenetic 

assay, an assay with the aim of large-scale analysis of hPTMs is still unavailable. In terms of 

future perspectives, we aim at further optimizing SWATH-MS and applying it for 

toxicoepigenetic screening of hPTMs. Because SWATH is a DIA method, it comprises all 

formative peptide ions in a sample. This makes it particularly fit for generating a compound 

library for toxicoepigenetic interpretation, while allowing retrospective targeting of already 

acquired data with novel targets. Taken together, these features make SWATH the perfect 

stepping stone to develop a high throughput hPTM sreening assay that can move the field of 

toxicoepigenetics forward. 

Regarding the optimization of SWATH-MS, the aim is to implement the recently published 

concept of chromatogram libraries [12], to automate and objectify the transition selection. 

Currently, only the spectral information of the DDA libraries is used to extract information from 

SWATH data. However, chromatogram libraries catalog retention time, peak shape, 

fragmentation patterns, and known interferences of detected peptides, which makes them 

more specific and allows the user to calibrate a library to changing LC gradients or 

instrumentation. For this, the EncyclopeDIA freeware was developed to integrate these 

chromatogram libraries [12]. It also contains automated transition refinement to remove 

fragment ion interference and alleviate the need for manual curation. Chromatogram libraries 

have two essential benefits for the application in toxicoepigenetic screening: (i) they can be 

used to monitor the increase in transition interferences during adaptations to the LC gradient, 

window sizes and when novel cell types are being introduced; (ii) chromatogram libraries that 
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are continuously extended with every LC-MS run can be transferred to novel platforms, because 

they can be re-calibrated to entirely new LC-MS systems. In order to be able to process large 

amounts of samples in a limited amount of time, we also aim to reduce the length of the LC 

gradient. Accordingly, the number of windows need to be reduced in order to minimize cycle 

time. However, because EncyclopeDIA enables the automatic detection of interference and 

selection of non-interfering transitions, we assume the number of windows can be reduced. 

Finally, the novel SWATH 3.0, i.e. Scanning SWATH, wherein window size is reduced to 1Da, 

holds great promise for histones and we will start Bèta-testing this acquisition methodology 

later this year. 

With respect to testing the optimized SWATH workflow in the context of toxicoepigenetic 

screening, we have already extracted histone samples that are stored at -80 °C. For this, ten 

compounds with either a known influence on the histone code (HDACi and HMTi) or a known 

level of toxicity, as well as three common substances of abuse, were added to hESC cultures 

for 24 hours. The treatment was done in four-fold with four different log concentrations of 

each compound to provide enough statistical power to check whether small significant 

changes in hPTM abundance can be picked-up by the method. In addition, a solvent control 

and a negative control were taken in twofold. In combination, the negative controls cover the 

baseline and technical variability throughout the experiment and serve as a template for back-

to-back comparison in the final statistical analysis. This dataset will serve as a proof-of-principle 

compound library to study developmental toxicity on hESCs. The use of hESCs hereto also 

meets the guidelines described in "Toxicity Testing in the 21st Century: A Vision and a Strategy" 

[15]. Additionally, this first study is a stepping stone to translate the relevance of our method 

to a broader audience and open up the perspective of using the assay on other cell lines, e.g. 

cancer stem cells, or in other contexts, such as of food safety and environmental toxicity 

screening.  

4.2.2. Creating a clear view of the histone epigenetic landscape of naïve hESCs 

Some controversy exists in the field as to the true identity of naïve hESCs. Factors that are 

diluting the picture of the human naïve state include: (i) the very heterogeneous genetic 

background of the different hESC lines under study, (ii) the inversed developmental timeline 
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wherein conventional, primed hESC are converted into naïve hESC, (iii) the different protocols 

used for conversion and (iv) the wide selection of molecular markers reported for classification 

of pluripotency states. Therefore, we would like to use SWATH-MS to investigate the epigenetic 

differences of primed-to-naïve hESCs achieved by different converting conditions on different 

hESC lines. MS-based methodologies are perfectly suited to directly compare many hESC lines 

converted from the primed to the naïve state under different conditions. In this way, we can 

define a set of hPTMs that react to the conversion in the same way, irrespective of the treatment 

or cell line under study. We anticipate that this set will at least comprise the hPTMs that are 

common between human and mouse (Chapter 2), completed with a list of human-specific 

changes.  

4.2.3. Future investments in the fields of MS-based histone research 

Nowadays, LC-MS is the most promising technique to simultaneously annotate and quantify 

enough different hPTMs and hPTMCs for studying the histone code. Reading this complex 

network of hPTMs, however, requires a distinct sample preparation, data acquisition and data 

analysis approach that has to deal with very specific issues. Particularly, reading the histone 

code is very different from studying changes in e.g. protein expression or targeting one specific 

kind of hPTM like phosphorylation. It studies the dynamics of combinations of more than 

twenty different types of hPTMs on a stable protein backbone structure of low complexity, 

resulting in millions of different peptidoforms with Arg-C-like specificity. Metaphorically 

speaking, PTMs dance on the histone dance floor. Identifying and quantifying these 

peptidoforms containing multiple different types of hPTMs in an untargeted manner has to 

deal with very different issues compared to traditional MS-based proteomics: 

 Whereas propionylation enables the use of the highly efficient and specific digestion 

enzyme trypsin, it also suffers from some limitations including (i) underpropionylation of K 

residues, which results in incorrect quantification and (ii) the loss of the biological 

propionylayion and butyrylation marks, as the latter is strictly isobaric with methylated K 

residues to which a propionyl group is added [16, 17]. A very promising alternative to 

derivatization and tryptic digest, GingesRex, is currently being validated at the lab for 

Pharmaceutical Biotechnology (LabPhBT). 
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 Ionization efficiencies of different peptidoforms differ strongly due to different types and 

sites of hPTMs. This effect is further exacerbated by their different elution times through 

the LC gradient. These differences can be partly reduced by chemical derivatization of the 

K residues and by post-column addition of acetonitrile [18]. 

 Because of the combinatorial explosion of hPTMs, it is intrinsically impossible to consider 

all the different kinds of hPTMs in a traditional database search. As such, high-scoring false 

positives with unconsidered but correct alternative isobaric hPTMCs can occur, calling for 

a dedicated FDR estimation [19]. Thus, new strategies to handle the combinatorial 

explosion or to avoid a traditional database search are required to address this issue. For 

example, the use of PEFF databases, which contain all the known PTMs thus making variable 

modifications redundant, the development of peptide-centric algorithms to directly 

interrogate DIA data from histones, etc. 

 Co-elution of isobaric histone peptidoforms results in many chimeric MS/MS spectra 

compared to conventional proteomics. Even spectra that are in fact not chimeric, can lead 

to ambiguous spectrum annotations, as many similar fragment ions can be generated: 

i. Ambiguous backbone sequences e.g. arise because PTM delta masses cannot 

easily be distinguished from amino acid substitutions between histone variants. 

ii. Ambiguous hPTMCs that are isobaric are often hard to distinguish, e.g. two 

propionyl groups versus an acetyl and butyryl (i.e. methyl + propionyl) group. 

iii. Ambiguous hPTM localization on one backbone sequence, i.e. a certain hPTM 

that can be allocated to e.g. either of two close by K residues.  

As mentioned above, DIA has the potential to alleviate this problem, especially when 

theoretical libraries are used to search the DIA data. 

 Untargeted MS-based histone analyses monitor hPTM changes over the entire genome. 

Yet, small changes at specific regions in the genome can have large implications in terms 

of gene (in)activation. Thus, detecting small but statistically relevant changes over a large 

stoichiometric range is important. Again, increasing the accuracy of quantification, as is 
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done by using only unique transitions without interference in DIA data can help meet this 

challenge. 

 In conventional bottom-up proteomics, peptides are measured and protein abundance is 

inferred based on the peptide abundance. Herein, peptide abundance is expected to 

correlate with protein abundance. However, when studying the histone code protein 

abundance can overall be considered constant, as here it is the hPTMs which induce 

changes in peptide abundance. Unfortunately, these changes are not easily correlated due 

to factors such as e.g. ionization efficiencies. Thus, adapted statistical approaches need to 

be developed.  

 Detecting long-distance co-occurring hPTMs remains challenging. Bottom-up MS 

generates relatively small peptides, leaving only a few hPTMCs open for detection. In 

contrast, middle- and top-down approaches are limited by the complex chimeric and 

ambiguous spectra that are generated. However, powerful statistical approaches have 

already been developed that create the option of using accurate quantitative profiles of 

peptidoforms in adequately complex experimental designs to correlate hPTMs in bottom-

up data.  

 Traditionally, single hPTMs spread out over multiple different peptidoforms are quantified 

with RA. This is the ratio of the peak area for peptides containing the hPTM of interest, 

divided by the sum of the peak areas representing the total pool of this peptide. Using this 

metric, significant changes for each individual hPTM can be calculated, regardless of the 

different peptidoforms on which these hPTMs reside. However, this metric has some major 

drawbacks: (i) it is hard to account for differences in ionization efficiencies without spiking 

synthetic peptides [20] and uncorrected RA should only be used to define changes between 

samples, (ii) peptides that were only identified with one hPTM will have an RA of 100% over 

the entire experiment, irrespective of whether their abundance changes, (iii) by definition, 

each hPTM has a strict dependency on other hPTMs on the same peptide backbone and 

(iv) a missing (highly) abundant peptidoform can strongly skew the RA values, and even 

result in inversed trends. Notably, missing peptidoforms can arise at any level, i.e. 

biologically, by the sample preparation, during sample acquisition or throughout the data 
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analysis workflow. We are currently looking into the option of normalizing all the log-

transformed intensities of the peptidoforms against all histones and using only the 

nominator of the RA calculation to describe individual hPTMs. 

Overall, we feel convinced that the MS-based study of the histone code needs to evolve into a 

fragment-centric workflow in a data-independent context in order to move beyond the current 

picture. When certain PQPs are used to pull XICs from the high energy data, we see various 

different signals that cannot be sampled by DDA. By interrogating this DIA data with e.g. 

theoretical libraries that contain all the described hPTMs we (i) could avoid the combinatorial 

explosion related to variable modification searches, (ii) no longer need separate curation of the 

library and (iii) could detect novel PTM signatures based on unexpected transition 

interferences.  
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5. Summary and general conclusion 

This dissertation describes both the biological and technical aspects of one specific epigenetic 

template: histones and their modifications. 

Chapter 1 introduces the reader in the research field of this work. In a first part, we focus on 

hESCs that determine the biological relevance of this dissertation. First, the derivation and 

culture conditions of hESCs are discussed, after which we go in to more detail on their 

pluripotency. Herein we focus on the characteristics of the naïve and primed pluripotency 

states and on the different ways to achieve naïve hESCs. To end, the ethical concerns associated 

with hESCs were briefly touched. In a second part, we give a wide view of the epigenetics field, 

highlighting current topics of interest - from the influence of chromatin organization on gene 

expression to the roles of epigenetic mechanisms in hESCs and cancer. Special attention is paid 

to the different hPTM marks and their functions, as these are the subject of this dissertation. 

The last part of Chapter 1 describes the importance of MS in the analysis of hPTMs. A brief 

introduction on histone proteomics and MS instrumentation is followed by a detailed 

description of the bottom-up label-free MS workflow used in this dissertation, including 

sample preparation, acquisition modes and data analysis.  

In Chapter 2 we present a study in which we reveal the epigenetic changes in primed-to-naïve 

hESCs in terms of hPTMs. For this, an untargeted DDA-MS analysis was performed on 

propionylated tryptic histone peptides from hESCs that were converted from the primed to the 

naïve state over 12 passages (in 37 days). It showed that the conversion is a multi-staged 

process with a prominent cellular disturbance after stimulation (P3), an inter-mediate increase 

in cell proliferation (P3 to P6) and a naïve cell state stabilizing between P9 and P12. We describe 

that 23 different hPTMs significantly change over time during the conversion of primed-to-

naïve hESCs. Focusing specifically on the most important differences between primed (P0) and 

naïve (P12) state, H3K27Me3 turned out to be the most prominently increasing hPTM in naïve 

hESCs. As this is in line with what we recently described in mouse, it triggered us to make a 

comparison of all hPTM fold changes between naïve human and mouse ESCs. We had the 

unique opportunity to make this comparison, since the human and mouse conversions were 

sampled with the same MS workflow in the LabPhBT. This shows that there exists a significant 
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overlap of the hPTM marks between human and mouse, which is rather surprising, considering 

the fact that the developmental time line of both conversions was reversed, i.e. naïve mESCs 

were converted into primed mESCs over 14 days, while primed hESCs were converted to the 

naïve state over 37 days. In conclusion, this research provides (i) the first roadmap of how hPTM 

marks are (transiently) changing during the transition of the primed-to-naïve hESC state; (ii) a 

thorough hPTM characterization of the human naïve and primed state; and (iii) a hPTM 

comparison between human and mouse naïve ESCs.  

Chapter 3 describes the adaptation of SWATH-MS to accurately identify and quantify hPTMs 

in an untargeted manner. More specifically, a dedicated SWATH workflow for hPTM analysis is 

presented, in which multiple steps were optimized. First, DDA-based library building was 

optimized to ensure a maximal coverage of the histone code and a high specificity for isobaric 

and co-eluting peptides in four steps: (i) optimization of the sample load, (ii) annotation of the 

histone peptidoforms by sequential searching with PTM sets defined based on the DDA data, 

(iii) curation of the annotations based on the known-to-exist SwissProt PTMs, and (iv) filtering 

for unique transitions within each SWATH window. Second, an optimal acquisition scheme of 

SWATH data in terms of loading and window sizes was assessed. This whole workflow was 

validated with a dataset in which commercial bovine histone extracts were deacetylated over 

time using the HDAC1 enzyme. This directly links quantification to identification of specific 

known targets. Finally, to illustrate the effectiveness of our workflow, it was applied to 

hypothesize differences in the epigenetic response of breast cancer cell lines displaying 

differential responsiveness to the HDACi Panobinostat. In addition, we comment on the use of 

RA for hPTM quantification and propose to report the peptide-centric data along with RA to 

create a more complete picture of the histone code. 

In Chapter 4, the broader international context and relevance of the research performed during 

this PhD is discussed. Here we describe the importance of epigenetics and how this work 

contributes to the field. Additionally, this chapter describes the future perspectives of the field 

in general and the LabPhBT in particular.  
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In conclusion, this dissertation makes a small contribution to the large and related fields of 

hESC, epigenetics and MS-based proteomics. Throughout this dissertation, we helped to 

elucidate the epigenetic differences in naïve vs. primed hESCs and strengthened the MS-based 

technology that provides the framework to study the biology of hPTMs by adapting SWATH-

MS. This work especially contributed to the biological and technical experience of the LabPhBT 

and will be used as a basis for further development of label-free SWATH-MS to study hPTMs.  
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5. Samenvatting en algemene conclusie 

Epigenetica wordt gedefinieerd als de studie van verschijnselen en mechanismen die 

chromosoom-gebonden erfelijke veranderingen in genexpressie veroorzaken die niet 

afhankelijk zijn van veranderingen in de DNA-sequentie. Het wordt beschouwd als essentieel 

voor het begrijpen van alle aspecten van o.a. stamcellen en ziektes zoals kanker. Ondanks het 

feit dat er veel onderzoek wordt gedaan in dit gebied, is er behoefte aan complementaire 

technieken om de verschillende epigenetische kenmerken te bestuderen en een volledig beeld 

hiervan te creëren. Deze thesis richt zich op zowel de biologische als technische aspecten van 

één specifiek epigenetisch mechanisme: post-translationele modificaties op histonen (hPTMs). 

Hiervoor hebben we op massaspectrometrie (MS) gebaseerde technieken toegepast en 

geoptimaliseerd die een meer onbevooroordeeld beeld scheppen, waardevol voor het 

ontdekken, screenen en kwantificeren van hPTMs.  

Hoofdstuk 1 introduceert de lezer in het onderzoeksveld van dit proefschrift. Zowel de 

biologische context (humane embryonale stamcellen en epigenetica) als de technische 

aspecten (massa sprectrometrische analyse van histonen) worden hier besproken. Het eerste 

deel van de introductie bespreek humane embryonale stamcellen (hESCs). Deze vormen het 

belangrijkste onderdeel van de biologische relevantie van deze scriptie (hoofdstuk 4). Eerst 

worden de herkomst en cultuuromstandigheden van hESCs besproken en vervolgens hun 

pluripotentie. Hierbij wordt speciaal aandacht gegeven aan de kenmerken van de naïeve en 

primed pluripotente hESCs en de verschillende manieren om naïeve hESCs te bekomen. Als 

laatste bespreken we kort de ethische vragen die naar voor komen bij het gebruik van hESCs. 

In het tweede deel van de introductie wordt epigenetica uitvoerig besproken. Eerst wordt 

getracht de meest correcte definitie te formuleren en vervolgens worden de verschillende 

lagen van epigenetische controle uiteengezet. De kenmerken en functies van de verschillende 

hPTMs worden hierbij uitgebreid beschreven, aangezien deze het onderzoeksonderwerp van 

dit proefschrift zijn. Ten slotte wordt de functie van epigenetica in hESCs en kanker kort 

besproken. In het laatste deel van de introductie wordt het belang van massa spectrometrie in 

de analyse van hPTMs besproken. Er wordt begonnen met een korte uiteenzetting over histon 

proteomics en MS-instrumentatie. Daarna volgt een gedetailleerde beschrijving van de 
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bottom-up label-vrije MS-workflow die in dit proefschrift wordt gebruikt, inclusief 

staalvoorbereiding, acquisitiemethode en data-analyse. 

In hoofdstuk 2 presenteren we het onderzoek waarin we de epigenetische veranderingen in 

primed-to-naïeve hESCs in termen van hPTMs onthullen. Hiervoor hebben we een DDA-MS-

analyse uitgevoerd op gepropionyleerde tryptische histon peptiden van hESCs die in 12 

passages (in 37 dagen) werden omgezet van de primed naar de naïeve toestand. We tonen dat 

de conversie een meerstaps-proces is met een prominente cellulaire stoornis na stimulatie (P3), 

een intermediaire toename in cel proliferatie (P3 tot P6) en een naïeve cel status die stabiliseert 

tussen P9 en P12. Daarnaast beschrijven we dat 23 verschillende hPTMs in de loop van de tijd 

significant veranderen tijdens de conversie van primed-tot-naïef hESCs. We tonen ook hoe de 

hPTMs verschillen tussen de primed (P0) en naïeve (P12) toestand. Hierbij bleek H3K27Me3 de 

meest prominente toenemende hPTM in naïeve hESCs. Omdat dit in overeenstemming is met 

wat we recent in de muis beschreven, werden we getriggerd om een vergelijking te maken 

tussen naïeve mens- en muis-ESCs. We hadden de unieke kans om deze vergelijking te maken, 

aangezien de mens- en muisconversies werden geanalyseerd met dezelfde MS-workflow in 

ons labo. We laten zien dat er een overlap bestaat tussen de hPTM-markeringen tussen mens 

en muis, wat nogal verrassend is, aangezien de richting van beide conversies omgekeerd was, 

d.w.z. naïeve mESCs werden in 14 dagen omgezet in primed mESCs, terwijl primed hESCs 

werden geconverteerd naar de naïeve staat gedurende 37 dagen. Als conclusie biedt dit 

onderzoek (i) de eerste routekaart van hoe deze hPTM-markeringen veranderen tijdens de 

overgang van de primed naar naïeve hESC-toestand; (ii) een grondige hPTM-karakterisering 

van de menselijke naïeve en geprimede toestand; en (iii) een hPTM-vergelijking tussen naïeve 

mens- en muis-ESCs. 

Hoofdstuk 3 beschrijft de optimalisatie SWATH-MS voor het nauwkeurig identificeren en 

kwantificeren van hPTMs op een ongerichte manier. SWATH is een MS-techniek die data-

onafhankelijke acquisitie (DIA) combineert met peptide-spectrum-bibliotheek matching. We 

presenteren hier een aangepaste SWATH-workflow voor hPTM-analyse, waarin meerdere 

stappen zijn geoptimaliseerd. Ten eerste werd de op DDA-gebaseerde bibliotheek 

geoptimaliseerd om een maximale weergave van de histon-code en een hoge specificiteit voor 

isobare en co-eluerende peptiden te verzekeren. Dit gebeurde in vier stappen: (i) optimalisatie 
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van de hoeveelheid staal dat moet geladen worden voor DDA, (ii) annotatie van de 

histonpeptidovormen door sequentieel zoeken met PTM-sets gedefinieerd op basis van de 

DDA-data, (iii) curatie van de annotaties op basis van de gekende SwissProt PTMs en (iv) 

filtering voor unieke transities binnen elk SWATH-venster. Ten tweede werd er gezocht naar 

de optimale lading en venster groottes voor histon SWATH data acquisitie. Deze hele workflow 

werd gevalideerd met een technische dataset waarin commerciële runder histon extracten in 

de loop van de tijd werden gedeacetyleerd met behulp van het HDAC1-enzym. Tot slot, om de 

effectiviteit van onze workflow te illustreren, hebben we deze toegepast om verschillen na te 

gaan in de epigenetische respons van borstkankercellijnen die differentiële gevoeligheid voor 

de HDACi Panobinostat weergeven. Daarnaast bespreken we het gebruik van relatieve 

abundantie berekeningen voor hPTM-kwantificatie en stellen we voor om de peptide-

centrische gegevens samen met de relatieve abundantie te rapporteren om een vollediger 

beeld van de histon code te scheppen. 

Ten slotte wordt in hoofdstuk 4 de bredere internationale context en relevantie van het 

onderzoek tijdens dit doctoraat besproken. Hier beschrijven we het belang van epigenetica en 

hoe dit werk bijdraagt aan het veld. Bovendien beschrijft dit hoofdstuk de 

toekomstperspectieven van het veld in het algemeen en van het laboratorium voor 

farmaceutische biotechnologie in het bijzonder. 
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