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Chapter 1 

General Introduction

“The tails of lizards and of serpents, if they be cut off, will grow again”

(Aristotle, History of Animals, Book II, chap. 17, 508b 4-7)
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1.1   Stem cells and their potential applications
The main focus of this thesis is to provide a comprehensive characterization of the cell re-
programming process using mass spectrometry-based proteomics as the core technology, 
and further integrating it with state of the art techniques for nucleic acids sequencing (next 
generation sequencing). In this chapter, the basic concepts of stem cell biology and their ap-
plications, as well as the MS-based proteomics technologies are described to provide a better 
understanding of the experimental results included in the following chapters.

 The regeneration of lost body parts and injured organs is arguably among the most fasci-
nating biological phenomena known to exist. The first reported observations of lizards and 
snakes ability to regenerate part of their body already hail from Aristotle, who lived between 
384–322 BC. This fascination became a legitimate area of scientific inquiry during the eigh-
teenth century, when several prominent scientists, such as René-Antoine Ferchault de Ré-
aumur and Lazzaro Spallanzani, discovered remarkable regenerative abilities in a variety of 
organisms1. Aside from the curiosity it normally elicits, the possibility of replacing damaged 
tissues or organs is changing our view about the future practice of medicine, opening up the 
route to the so-called regenerative medicine field2. Although humans, and mammals in gen-
eral, cannot undergo the astonishing regenerative features of some distantly related species, 
the human body constantly regenerates blood, skin and other tissues. The identity of the cells 
that allow us to regenerate some tissues was first revealed in the 1960s, when experiments 
with bone marrow established the existence of the so-called stem cells and led to the develop-
ment of bone marrow transplantation3,4. Stem cells are a group of unspecialized cells sharing 
two key features: (i) the ability of renewing themselves through cell division (self-renewal), 
which maintains or expands the stem cells pool, and (ii) the capability of multi-lineage dif-
ferentiation (potency), which generates and regenerates differentiated cells and tissues. The 
different types of stem cells contributing to multicellular organisms development and main-
tenance can be classified according to their differentiation potential (Figure 1). 

Figure1. The totipotent zygote derived from 
the fusion of an oocyte and a spermatocyte di-
vides to form a blastocyst (embryo). Pluripo-
tent stem cells differentiate into the three germ 
layers: ectoderm, mesoderm and endoderm. 
The multipotent stem cells in these cell layers 
can further differentiate into somatic cells and 
persist in the adult tissues. The pluripotent 
cells in the inner cellular mass (ICM) can also 
be isolated and cultured in vitro to generate 
embryonic stem cells (ESCs) that are able to 
differentiate into progenitor cells and eventu-
ally into somatic cells. Adapted from5 
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The fertilized egg (zygote) and the blastomers deriving from its first cellular divisions are 
defined as totipotent stem cells, since they can differentiate into any cell type, including the 
extra-embryonic tissues (e.g. placenta). During embryogenesis the zygote generates the blas-
tocyst (embryo), consisting of extra-embryonic tissues and the inner cell mass (ICM) of the 
blastocyst. The ICM cells are pluripotent stem cells, so they can differentiate into the three 
embryonic germ layers: mesoderm, endoderm and ectoderm. Therefore they have the poten-
tial to generate any of the 300 cell types of the adult organism. During embryo development, 
pluripotent stem cells become increasingly restricted in their differentiation capability and 
generate tissue-specific, multipotent stem cells. These cells hold the potential to differentiate 
into a small subset of related somatic cells and have been found to persist in several tissues 
of the adult organism. Known examples of multipotent stem cells in humans are the epider-
mal stem cells that give rise to skin and hair, haematopoietic stem cells in the bone marrow, 
gastrointestinal stem cells located in the crypt of the small intestine and neural stem cells5 

(Figure1).

When isolated from the blastocyst in vitro, the pluripotent stem cells of the ICM can be main-
tained in culture as embryonic stem cell (ESC) lines. Murine (m)ESCs were first isolated 
in 19816  and represent the most extensively characterized pluripotent cell type, while the 
human (h)ESCs were isolated and characterized almost two decades later7. The finding that 
ESCs could be indefinitely expanded in culture pointed out these cells as the ideal candidate 
as primary source for tissue replacement therapies. Moreover, ESCs can be used to create 
in vitro models for certain human diseases and to screen new drugs against such conditions. 
However, the early excitement that ESCs generated in the field of regenerative medicine was 
soon mitigated by several aspects concerning these cells and their employment in therapy. 
First of all, the use of human embryos in their derivation implies an important ethical debate 
which is still far to be solved8. Furthermore, there are other issues concerning the safety of 
stem cell-based therapies such as teratoma formation by residual undifferentiated cells and 
immune rejection of foreign cells9. Nevertheless, experiments in the 1960s opened an alterna-
tive and, if possible, more exciting strategy10. For many decades, a general assumption was 
that DNA was irreversibly altered as cells become more specialized during development. 
However, this dogma was refused after the observation that nuclei obtained from differenti-
ated (somatic) cells can be reprogrammed to an embryonic-like state when transplanted into 
enucleated oocytes which are then able to generate viable and clonal embryos10. This tech-
nique, known as somatic cell nuclear transfer (SCNT), allows therapeutic cloning (hESCs 
can be obtained from cloned embryos and employed in tissue replacement) and reproductive 
cloning (Dolly the sheep was the first mammal cloned with this procedure), but still raises 
even more ethical concerns in society. Most importantly, SCNT experiments suggested the 
presence of molecular elements in the cytoplasm of oocytes capable to reprogram DNA. For 
many years, scientists have been looking for these factors until, in 2006, Shinya Yamanaka 
announced that the ectopic expression of only four genes (Sox2, Oct4, Klf-4 and c-Myc) can 
reprogram differentiated adult cells into pluripotent cells, these artificial ESCs were termed 
induced pluripotent stem cells (iPSCs, hiPSCs in humans)11. This breakthrough revolution-
ized the field and changed our view about cellular plasticity. HiPSCs solve most of the is-
sues concerning hESCs, especially because embryos are no longer needed and autologous 
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transplantation can overcome the immune barrier (Figure 2). To date, many somatic cell 
types from diverse adult tissues (i.e. endoderm, mesoderm and ectoderm origins) have been 
successfully reprogrammed to iPSCs, including fibroblasts12,13, blood14, neural progenitors15 
and fully differentiated lymphocytes16. Furthermore, multiple strategies have been proposed 
as alternatives to the potentially harmful retroviruses used in the initial experiments includ-
ing drug-inducible systems17, virus-free transposon-mediated18, recombinant proteins19, miR-
NAs20, low pH 21, small molecules22 and in vivo reprogramming23.

Figure 2. Current strategies used to obtain pluripotent stem cells for regenerative medicine. 
Human embryonic stem cells are derived from the inner cell mass of the early stage embryo 
(blastocyst) in vitro. These pluripotent stem cells can potentially be differentiated into any 
adult tissue. In cellular reprogramming, differentiated cells are obtained from the patient and 
transfected with vectors carrying the four reprogramming genes. This induces a genetic re-
modeling that ultimately lead to reprogramming of adult cells into a pluripotent state. These 
induced pluripotent stem cells can be differentiated into autologous tissues overcoming the 
immunological barrier. hESC: human embryonic stem cells. hiPSC: human induced pluripo-
tent stem cells. Figure adapted from29.
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The medical potential of hiPSCs to create patient-specific cells for autologous transplants is 
starting to be investigated and preliminary results are very promising. For instance, a recent 
study demonstrated that a1-anti Trypsin deficiency cell model could be treated by correcting 
a mutation in the A1AT gene in iPSCs mouse models24. In another study, fibroblasts were 
reprogrammed into dopaminergic neurons that alleviated several symptoms of parkinsonian 
rats25. Likewise, many other degenerative diseases, such as diabetes and myocardial infarc-
tion, could be treated with iPSCs26,27. Despite these promising results, the optimization of 
protocols for: (i) iPSCs differentiation towards specific cell lineages, (ii) reduced risk to form 
teratomas in vivo, and  (iii) develop new strategies for cell delivery in the organs of interest, 
still need to be improved28. Nevertheless, equally important to cell-based therapies is the 
application of hiPSCs for disease modeling and drug screening. For instance, it has been 
reported that the progressive loss of motor neurons during in vitro differentiation of iPSCs 
derived from a spinal muscular atrophy patient may mimic the neurodegenerative process 
characteristic of this genetically inherited disease30. This would represent a unique frame to 
study the mechanisms leading to these disorders. In addition, platforms for high-throughput 
screenings could be established in the future to test small chemical compounds and drugs 
which may improve and even reverse certain disease phenotypes. 

The potential of hiPSCs goes far beyond the clinic and basic research, and more examples of 
interesting applications of this technology will raise in the future. One of them is the deriva-
tion of iPSCs from highly endangered species. This has been successfully carried out in two 
species and may, eventually, improve reproduction upon re-introduction of genetic material 
into breeding populations31and extraordinary measures are necessary to prevent extinction. 
We report generation of induced pluripotent stem cells (iPSCs. Certainly, this approach will 
soon be expanded to many other endangered species and bio-banks of iPSCs could be created 
to preserve biodiversity.

1.2    Mass spectrometry (MS)-based proteomics
Proteomics is the branch of analytical science, which focuses on the characterization of pro-
teins32. In analogy to genomics, proteomics aims at the qualitative and quantitative character-
ization of the proteome, which is generally understood as the complete set of proteins present 
in a defined entity of living matter, for example organisms, organs, tissues or cells33. Proteins 
are the final molecular effectors of cellular processes and perturbation of their expression, 
modification state, structure and interactions are linked to almost all the pathological states. 
Moreover, it has been recently shown that measurements of mRNA levels are insufficient 
to predict the corresponding protein levels34. Differences in the gene expression levels and 
protein levels are associated to either post-transcriptional and  post-translational mecha-
nisms. Post-transcriptional mechanisms control protein translational rates and the half-lives 
of mRNAs. Instead, post-translational modifications (PTM) regulate protein degradation rate 
(e.g. ubiquitination), as well as protein activity and/or localization in cell (e.g. phosphoryla-
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tion, acetylation, methylation). Therefore, direct protein profiling is particularly relevant to 
gain insights into the biological processes, since it takes into account all these mechanisms35. 
However, performing proteomic profiling in a genome-wide manner represent a challenge, 
considering the complexity and the dynamic nature of the proteome. In fact, while a genome 
is considered constant within an organism, the protein content differs in all cell types or 
within the same cell type, in response to extracellular stimuli. Furthermore, the abundance 
distribution of proteomes is extremely large and its complexity is increased, compared to the 
genome, due to alternative splicing variants and PTMs. 

Mass spectrometry (MS)-based proteomics technique has been established as the method 
of choice to characterize the protein content of a given biological sample. During the last 
decade, the development of MS technology has been so rapid that we are now in a new era 
of MS-based proteomics36,37, in which nearly complete sequencing of the protein content in 
complex samples (e.g. cell lysates)and in-depth profiling of PTM sites, can be achieved. The 
core technology underlying protein identification is tandem mass spectrometry (MS/MS), 
where the proteins or peptides are fragmented and the masses of the resulting fragment ions 
are detected. So far, most of the proteomics studies rely on a method referred to as bottom-up 
proteomics38. This approach is based on the controlled decomposition of proteins into smaller 
peptides and their analysis by MS. The fragmentation of peptides by tandem MS is well 
understood and occurs in a more or less predictable way, yielding fragment spectra that can 
be used to identify the peptides and with this ultimately the represented protein. The main 
advantage here is that, compared to an ensemble of proteins, the ensemble of its representa-
tive peptides is much less challenging from the analytical point of view.

A general workflow for a proteomic experiment is composed of a few steps (Figure 3), start-
ing with the extraction of proteins from their biological matrix, followed by enzymatic diges-
tion. Then, one or more separation techniques are typically employed prior to the MS/MS 
analysis in order to reduce the complexity of the peptides mixture. Once the MS data have 
been acquired, several bioinformatic tools are finally used to identify and quantify the protein 
content, as well as to interpret the biological meaning of the result. 

Figure3. General workflow in proteomic experiments
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In spite of its popularity and high performances, bottom-up proteomics has some limitations. 
Clearly, identifying small segments of the protein sequence makes the unambiguous identi-
fication of specific protein isoforms largely elusive. Also in the context of PTMs of proteins, 
bottom up proteomics rarely goes far beyond a description of protein modification sites as in-
dividual entities. However, single protein molecules often hold several modified aminoacids 
and the combination of these PTMs determines changes in the protein function, localization 
and interaction. Therefore deciphering the cross-talk of PTMs occurring within the same 
protein would allow a better understanding of their synergistic effect on protein function. 
In this respect, MS-based profiling of intact proteins (referred to as top-down proteomics) 
would be preferable, since it allows to identify the specific protein isoforms, including their 
modifications. However, the analysis of intact proteins represents a much higher challenge 
from both the analytical (e.g. broader physicochemical properties)  and the preparative point 
of view (e.g. lower stability, higher absorption).  Nevertheless, recent reports demonstrated 
that thousands of intact protein isoforms below 60 kDa can be identified from a cellular 
proteome39. Given the technical challenges inherent to the analysis of intact proteins above 
a certain mass limit, an alternative proteomic approach is the so called middle-down. Such 
strategy aims to the decomposition of proteins in larger peptides (3-20 kDa) compared to the 
ones yielded by the bottom up approach (0.6-3 KDa)40. Compared to top-down, the middle-
down approach cannot provide information on the intact proteins, but has the benefit to make 
the whole proteome accessible to MS-based analysis. Furthermore, analyzing larger peptides 
increases the chances to identify unique peptides for a single protein isoforms and allows to 
decipher a higher degree of PTMs cross-talk, compared to the bottom up strategy. However, 
its use in large scale experiment is currently limited by the quest for optimal and highly 
specific proteases suitable for such purposes41.  In this part of the thesis, several of the most 
prominent aspects of proteomics-related techniques are described.

1.2.1   Ionization techniques
Biomolecules can be analyzed by mass spectrometry only if they are ionized and brought 
into the gas phase. Thus, the first crucial part of a mass spectrometer, which fulfills both the 
processes, is the ionization source. Among the existing ionization methods, two of them are 
widely used to generate ionized gas phase biomolecules without fragmentation (soft ion-
ization): the matrix-assisted laser desorption/ionization (MALDI)42–44 and the electrospray 
ionization (ESI)45.

In MALDI, ions are usually generated from a solid state, under high vacuum conditions. The 
sample is mixed with a matrix of organic molecules containing a chromophore that ideally 
absorb the laser light  and co-crystallized on a metal target plate by vaporization of the sol-
vents, which is then irradiated with a laser46. This process determines the matrix excitation 
and vaporization. This excitation energy is partially transferred to the peptides or proteins 
and induces their desolvatation and ionization, where they are predominantly converted into 
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singly protonated ion species. Being induced by a laser, MALDI ionization has a pulsed na-
ture. Nowadays MALDI is less often used in high-throughput proteomic experiments, but is 
the most common ion source in specific MS-based proteomic applications, such as imaging 
mass spectrometry (IMS)47,48.

In electrospray ionization (ESI) the analytes are ionized from aqueous solution, at atmo-
spheric pressure and the process can be operated continuously. These features make ESI 
convenient to interface to liquid chromatography (LC)-based separation techniques49.  The 
ionization is obtained by applying a strong electric field to a liquid passing through a capil-
lary tube at low flow (µL-nL). The electric field, obtained by applying a potential difference 
of 1–3 kV between the capillary opening and the orifice of the mass spectrometer, induces a 
charge accumulation at the liquid surface located at the end of the capillary, forming highly 
charged droplets. In this stage, the volatile solvent in the droplet evaporates, a processes 
supported by the use of a heated capillary and an inert nebulizing gas flow. As the solvent 
evaporates, the charge density of the droplets increases until it reaches the so-called Rayleigh 
limit, where the Coulombic repulsion is equal to the surface tension of the droplet50. Any 
further evaporation leads to droplet fission, generating charged daughter droplets followed 
by repeated cycles of evaporation and fission, ultimately forming gas phase ions. The exact 
mechanism of ionization is not fully understood, however, two models have been proposed. 
According to the charge residue model (CRM), the series of droplet fission and evaporation 
produces droplets containing a single analyte, which retains some of the charges once the last 
solvent evaporates51. Instead, the ion evaporation model (IEM), anticipates the formation of 
gas phase ions, proposing that the shrinking droplets will force the charged molecules closer 
together until repulsions of charges leads to Coulombic explosions and the formation of 
single ions in the gas phase52. In contrast to MALDI, electrospray typically produces multiply 
charged ions.

1.2.2   Mass analyzers
To be analyzed by MS, the gas phase ions generated in the ion source need to be transferred to 
the mass analyzer, where they are separated based on their mass to charge ratio (m/z). In gen-
eral terms, mass analyzers can be divided in two groups: beam-type devices (e.g. quadrupoles 
and time of flight analyzers) and trapping devices (e.g. ion trap, orbitrap and ion cyclotron 
resonance analyzers). Each mass analyzer has unique properties and offers different perfor-
mance in its speed, resolution, ion transmission, sensitivity, mass range and dynamic range. 
In addition, modern mass spectrometers are usually hybrid instruments (i.e. combinations of 
different mass analyzers) to address specific needs and extend their capabilities. Some of the 
mass analyzers most commonly used in proteomics and in the work described in this thesis 
are discussed below53.

Quadrupole (Q) ∙ Quadrupole mass analyzers consist of four metal rods of circular or hy-
perbolic section, placed in parallel. A combination of direct current (DC) and radio frequency 
(RF) voltages is applied to adjacent rods of the quadrupole assembly whereas opposite rods 
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are electrically connected54. Based on the DC and RF voltages applied, the analyzer allows 
only ions of a certain m/z to stabilize and pass through toward the detectors, while ions with 
a different m/z which are not stable at the applied voltages collide with the rods and become 
neutralized or expelled out of the quadrupole. A schematic representation of a quadrupole 
MS and ions trajectories are reported in figure 4. By changing the voltages, the mass analyzer 
can be used as a mass filter, where it is either possible to isolate ions with a specific m/z or to 
obtain an entire spectrum by scanning all m/z values. The resolution of such a mass analyzer 
is relatively low (< 10,000 FWHM). Furthermore, quadrupoles can be used as reaction cham-
bers, for instance in collision induced dissociation (CID), that is described in a dedicated 
section of the introduction. Nowadays, quadrupole analyzers are mainly used as a mass filter 
in hybrid instruments. Figure adapted from53.  

Figure4. Illustration of a quadrupole mass spectrometer

Quadrupolar and Linear Ion Trap (QIT and LIT) ∙ The quadrupolar ion trap (QIT), also 
known as 3D-trap or Paul ion trap, consists of a circular electrode (ring electrode) and two 
adjacent caps (endcaps) with a hyperbolic shape, as shown in figure 5a. An oscillating electric 
field is applied to the ring electrode while the endcap electrodes are kept at ground potential; 
this process allows to trap a wide m/z range in a 3D trajectory55. Linear ion trap (LIT), also 
referred to as 2D-trap, consists of a hyperbolic quadrupole with two electrodes placed at the 
two ends to trap the ions in an axial motion (Figure 5b)56. The main advantage of a 2D-trap 
design is that it enables to increase the ion storage volume compared to 3D-traps. Trapped 
ions are detected by mass selective axial or radial ejection, obtained by resonance excitation. 
Precise control of resonance excitation can also be used to activate the ions, which ultimately 
undergo fragmentation by collision with gas atoms, usually helium. Helium pressure is also 
applied to damp the trajectories and focus trapped ions, which otherwise would repel each 
other and tend to expand their trajectory57. 
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Figure 5. (a) Illustration of a 3D Ion Trap analyzer, adapted from53. (b) Illustration of a 2D 
Ion Trap analyzer, adapted from56

Time of flight (TOF) ∙ Time of flight (TOF) mass analyzers58 separate ions in a 
field free drift tube based on the different speed at which ions with different m/z fly 
through it. The packet of ions are accelerated toward the flight tube using an elec-
tric field and since the square of the velocity (υ) of the ion is inversely proportional to 
the mass (m) over charge (z), given a fixed potential for the initial acceleration (V):                                                                                                                                     

ions with different m/z will pass through the flight tube at different velocities and therefore 
will hit the detector at different times. TOF analyzers are particularly fast, being able to pro-
duce a full scan within a few microseconds. Moreover, they are capable of relatively high 
resolution  (>20,000FMHW) when equipped  with an ion reflectron, which compensates for 
the initial energy spread of the generated ion package by extending the flight time using an 
electrostatic mirror59.

Orbitrap ∙ The Orbitrap is the most recently introduced mass analyzer, first described by 
Makarov in 200060. This analyzer relies on the principle of orbital trapping reported earlier 
by Kingdom, where positively charged ions were trapped along a metal wire surrounded by 
a cylindrical anode61. The Orbitrap is composed of an inner spindle-shaped electrode, sur-
rounded by a barrel-shaped outer electrode (Figure 6). A DC potential is applied to the inner 
electrode to establish a quadro-logarithmic field, which in turn forces the ions to oscillate 
around the inner electrode in a harmonic orbit. Among the rotational, radial and axial ion 
motions, only the frequency  of oscillation in the axial motion is entirely dependent on the 
m/z of the ions:

This frequency is measured in the time domain as transient of the image current detected by 
the outer electrodes. After acquisition, the recorded time domain transient is converted into 
the m/z dimension using fast Fourier transformation63. The Orbitrap analyzer quickly became 
popular in proteomics, given its high analytical performances, such as the achievable high 
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resolution (>200,000 FMHW) and mass accuracy (<5 p.p.m. with external calibration, <2 
p.p.m. with internal calibration). 

Figure 6. Orbitrap mass analyzer. An outer electrode surrounding  a central spindle electrode 
consists of two halves separated by a dielectric material. The image current of ions moving 
as concentric rings along the central electrode (oscillations in axial direction denoted as z in 
the drawing) is detected by the outer electrode sections.Adapted from62 

 

Hybrid analyzers ∙ Nearly all modern mass spectrometers are hybrid instruments, in which 
of multiple mass analyzers are coupled sequentially and/or in parallel to address even more 
challenging analytical requirements. The most popular examples of hybrid instruments now-
adays used in proteomics are the triple quadrupole (QqQ), quadrupole-TOF (Q-TOF), the ion 
trap (LTQ)-Orbitrap, and the quadrupole orbitrap. The triple quadrupole is a linear series of 
three quadrupoles (Q1, q2, Q3) in which the first and third quadrupoles (Q1 and Q3) are typi-
cally used to filter specific m/z ions and q2 is used as a collisional cell64. QqQ instruments are 
widely used for targeted proteomics analysis such as selected reaction monitoring (SRM)65.   

In analogy to QqQ, a Q-TOF mass spectrometer consists of a triple quadrupole mass analyzer 
connected to a TOF mass analyzer. In MS mode, the two quadrupoles are used as ion guides 
and the TOF is the only mass analyzer. In MS/ MS mode, Q1 is used to transmit and select the 
precursor ions. The selected ions are then accelerated before they enter q2 for fragmentation. 
The fragment ions are subsequently analyzed in the TOF66.

Over the last years the Orbitrap mass analyzer has been incorporated into multiple hybrid 
configurations. The first successful hybrid instrument was achieved when the Orbitrap was 
coupled to a linear ion trap (LTQ®)67. This class of hybrid instrumentation combined the high 
resolving power and mass accuracy of the Orbitrap analyzer with the sensitivity and MSn 
capabilities of the ion trap. Both the mass analyzers can be used in parallel as a detector,  a 
feature commonly used to combine the instrument duty cycle with a high resolution full scan 
(orbitrap), followed by several MS/MS scans with LTQ readout. The LTQ is also used to 
calculate, by means of a pre-scan, the optimal number of ions to be transferred ultimately to 
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the orbitrap, a process named automatic gain control (AGC). The major technical develop-
ment that allowed the hyphenation of these two analyzers was the additional C-trap, a curved 
RF-only trap placed between them, which enables storage of defined ions packages and or-
thogonal ejection into the Orbitrap analyzer.  Further important developments were enclosed 
in the later instrument versions, such as LTQ Orbitrap XL, LTQ Orbitrap Velos and the LTQ 
Orbitrap Elite instruments68. The MS-based proteomic analyses described in the following 
chapters have been performed by using either the LTQ-Orbitrap Velos and Orbitrap Elite 
mass spectrometers and their most important features are discussed below in more ditail. The 
LTQ-Orbitrap Velos 69 schematically depicted in figure 7 includes the replacement of the LTQ 
by a dual pressure ion trap (Velos), and the implementation of beam-type higher-energy col-
lision induced dissociation (HCD)70 and electron transfer dissociation (ETD)71. Both of them 
are discussed in details in the following sections.  The dual pressure ion trap consists of two 
identical linear ion traps operated at different gas pressure regimes. The first higher pressure 
trap enables a more efficient trapping, while the second lower pressure trap improves the 
scanning performance. Above the improved scan speed and sensitivity, the Orbitrap Velos 
represented a breakthrough in terms of instrument operation versatility. The three available 
fragmentation techniques (CID, HCD, ETD) and the two mass analyzers (Orbitrap and ion 
trap) led to the development of data-dependent decision tree methods, which select the most 
appropriate fragmentation and fragment ions readout based on ion charge and m/z72,73.           

Some targeted improvements have been recently reached over the Orbitrap Velos, with the 
last release of the Orbitrap Elite in 2012, of which the most noticeable improvement was the 
compact high-field Orbitrap analyzer74. The smaller radius of the electrodes improves sensi-
tivity and, together with enhanced FT processing of the recorded transients, provides for up 
to fourfold higher resolving power at the same transient length.

Figure 7. Schematic overview of the hybrid LTQ-Orbitrap Velos/Elite. The instrument con-
sists of the dual pressure linear quadrupole trap which is coupled via a transfer multipole to 
the C-trap. From there, ions are sent in packages to the Orbitrap mass analyzer. The HCD 
collision cell is directly connected to the C-trap and allows HCD fragmentation. A negative 
chemical ionization source, enabling ETD, can be mounted at the back of the instrument. 
Figure adapted from69. 
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1.3   Methodology to identify peptides
Fragmentation techniques ∙ The accurate measurement of a peptide precursor ion m/z by 
MS is not sufficient to identify its amino acid sequence. This information can be obtained by 
fragmenting the peptide precursor ion and mass analyzing the fragment ions generated by this 
process, known as tandem mass spectrometry (MS/MS). The fragmentation process induces 
the specific cleavage of at least one of the peptide backbone bonds, depending on the method 
of fragmentation. These ions are then annotated based on the nomenclature illustrated in 
figure 8,  proposed by Roepstorff & Fohlman75  and further modified by Biemann76. Among 
the fragmentation methods available, the most commonly used in proteomics are based on 
(i) collisions with neutral gas molecules and (ii) low-energy electron capture or transfer. In 
collision induced dissociation (CID), peptide precursor ions are selected and subjected to 
collisions with inert gas molecules such as Helium, Nitrogen or Xenon77. Upon collision 
with the gas molecules, part of the kinetic energy is converted into vibrational energy which 
ultimately leads to the cleavage of peptide amide bonds (CO-NH), generating predominantly 
b- and y-type fragment ions (Figure 8). 

Figure 8. Fragmentation nomenclature of peptide ions as proposed by Roepstorff and Fohl-
man75. N-terminal fragments ions are named type an, bn and cn, while the C-terminal frag-
ments are type  xn,yn and zn, depending on the cleavage site.                                

The dissociation reaction is mainly charge-directed and can be explained by adopting the 
mobile proton model78. According to this model, the increase of internal energy induced by 
collisions leads to the translocation of the protons, that initially reside at the basic groups of 
amino acid side chains, to other chemical moieties of the peptides. Among them, protonation 
of an amide bond nitrogen atom destabilizes the C-N bond and leads to its cleavage. Next to 
the predominant b- and y-type fragment ions, ions corresponding to the loss of ammonia or 
water, internal fragments or a-ions are commonly observed in CID MS/MS spectra. 

CID can be further classified into resonant-excitation and beam-type CID. Resonant-excita-
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tion CID is used in ion trap analyzers, where due to the resonance excitation process, a lower 
amount of kinetic energy in longer time scale is transferred to the peptides.  Consequently, 
the dissociation is usually channeled through the lowest energy pathway, resulting in cleav-
age of the weakest bond. In beam-type CID, ions are typically selected in a quadrupole mass 
filter and accelerated into a collision cell that is filled with the collision gas. Compared to 
resonant-excitation CID, the energy applied is slightly higher (usually 20-100 eV), while the 
transfer of kinetic energy to peptide vibrations occurs on a shorter timescale (< 1 ms). Thus, 
dissociation is less biased towards the lowest energy pathway. This difference can be evi-
dently noticed in the fragmentation of phosphorylated peptides, where beam-type CID gives 
less pronounced observation of neutral loss of the phosphate group compared to ion trap-
CID, where the cleavage of the weakest phosphate bond dominates the MS/MS spectrum79. 

Electron capture dissociation (ECD)80 and, more recently, electron transfer dissociation 
(ETD)81 are newer techniques for peptide sequencing that generate c- and z-type fragment 
ions (Figure 8). Both of them are electron-driven dissociation techniques based on the gen-
eration of odd-electron peptide cations. In ETD, the electron is provided by the reagent (e.g. 
Fluoranthene or Azulene), a negatively charged molecule with a high electron transfer po-
tential. The electron transfer reaction is induced upon mixing of the reagent anions with 
peptide cations in a linear quadrupole trap. The electron transfer results in a charge reduced, 
odd-electron peptide cation which then fragments by radical directed dissociation of the bond 
between the α-carbon atom and the peptide amide nitrogen. The selectivity of the cleaved 
bond makes ETD a suitable fragmentation for peptides holding labile post-translational mod-
ifications81. The efficiency of peptide fragmentation by ETD largely depends on the ratio of 
amino acids per precursor charge and directly correlates with peptide charge density82. The 
low conversion rate of precursor ions into fragment ions can be partly overcome by applying 
resonant-excitation CID following an initial electron transfer step, which leads to a substan-
tial increase in the overall product ion yield83. 

Considering all these characteristics, ETD fragmentation is nowadays the method of choice 
for the analysis of labile peptide PTM84, as well as for the sequencing of highly charged pep-
tides85 and even intact proteins86. However, given the strengths and weakness of both ETD 
and CID fragmentation, several methods were developed in order to take advantage of their 
complementarity and therefore to increase the outcome of large scale proteomic studies72,73,87.

Database search ∙ The most common method to identify proteins and peptides from high-
throughput LC-MS/MS data in automated manner is based on database searching.  Several 
search engines for protein identification from MS/ MS data are available either as commercial  
software, such as Mascot88 and Sequest89 or open source90. All these software packages share 
the same core set of operations for database searching. First, they generate a candidate list of 
theoretical peptides that coincides the measured mass of the peptide precursor ion, within a 
mass window that is inversely proportional to the accuracy of the mass analyzer employed. 
The generation of the theoretical peptides is accomplished by in silico digestion of the pro-
teins included in the database. The most important parameters in determining the number of 
candidate peptides are the size of the database, the specificity and efficiency of the protease 
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employed in the enzymatic digestion and possible modifications (both in vivo and in vitro) of 
amino acids of the peptide. Once the algorithm has selected the peptide sequence candidates, 
it generates for each of them theoretical MS/MS spectra based on known fragmentation rules. 
The fragment ions of the experimental MS/MS spectrum are then compared with the frag-
ment ions in the theoretical spectra of the candidates, within an MS/MS mass error window 
that is related to the mass accuracy on the analyzer employed to detect fragment ions. For 
each of these peptide-spectrum-matches (PSM) a score is calculated. This is a measure of 
how well the experimental MS/MS spectrum resembles the theoretical spectrum of a certain 
peptide candidate. However, the probability of generating incorrect PSMs assignment when 
processing hundreds of thousands of MS/MS spectra is quite significant, especially when low 
mass accuracy instrumentation is used. Thus, additional scoring models to assess the confi-
dence of PSMs are generally applied. Typically, global approaches to compute optimized 
cut-off scores for individual datasets based on a false discovery rate (FDR) are employed91. 
In order to calculate the FDR, a second search is performed against a database with non-sense 
sequences named as decoy database. Such databases can be generated by reversing, random-
izing or scrambling the sequences of the original or ‘target’ database. The identifications in 
the decoy database are considered true negatives and are assumed to be equal to the number 
of false positives in the original search. The FDR can then be calculated for a conservative 
threshold score by dividing the number of decoy PSMs by the total number of PSMs91. 

1.4   Liquid chromatography
In proteomics, peptide separation is essential to reduce sample complexity prior to MS analy-
sis. The most commonly used separation technique is liquid chromatography. The chromato-
graphic separation of the analytes takes place exploiting their physicochemical properties, 
such as hydrophobicity (reverse phase chromatography), hydrophilicity (hydrophilic interac-
tion liquid chromatography) and charge state (ion exchange chromatography).

Reverse phase chromatography ∙ The most important type of chromatography for pro-
teomics is reversed phase (RP) high performance liquid chromatography (HPLC). RP-HPLC 
was already used for peptide separation in 197692. Following many further developments it 
is still the method of choice to be combined with ESI-MS for the analysis of peptides. RP-
HPLC has the advantage that the buffers applied for separation are compatible with mass 
spectrometry and possesses one of the best separation powers of any technique actually avail-
able93. The separation is based on interactions of the analyte with the hydrophobic stationary 
phase and the mobile phase. The mobile phase generally consists of water, an organic solvent 
and often additives to adjust the pH or influence interactions between the analyte and the 
stationary phase. Initially, peptides are dissolved in an aqueous acidic solution and are ex-
posed to the hydrophobic stationary phase, for which they generally have a high affinity. The 
concentration of the organic solvent is then gradually increased in order to elute the peptides 
according to their hydrophobocity. The hyphenation with electrospray ionization determines 
several parameters of the chromatographic system, of which one of the most important is the 
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flow rate. The introduction of nanoelectrospray allows the formation of smaller droplet sizes 
permitting a higher amount of ionized peptides to enter the mass spectrometer. During nano-
electrospray, a low flow rate (50-200 nL/min) through a narrow spray orifice is preferred94. 
This allows a higher ionization efficiency and an overall higher amount of ions to be trans-
ferred into the mass spectrometer. The low flow rates further determine the dimensions of the 
columns and capillaries used, since the separation is dependent on the linear velocity through 
the column. Common inner diameters (i.d.s) are in the range of 50-100 μm. The capillaries 
are filled with the stationary phase consisting of silica particles of a diameter size between 
1-5μm with C-18 alkyl groups attached to the surface. Usually, trap columns are integrated 
in RP HPLC systems in order to enable online desalting prior to separation in the analytical 
column and MS analysis95. This setup is required since ESI source is compromised by the 
nonvolatile salts typically employed during protein digestion.

Ion exchange chromatography ∙ Even though RP chromatography is an extremely powerful 
tool, different separation techniques can be employed either in combination with RP or as 
an alternative to it. Particularly useful in the analysis of highly complex samples is the mul-
tidimensional separation achieved coupling two or more chromatographic techniques con-
secutively. In this approach, fractions of the first separation/dimension eluent are collected 
and transferred to the second dimension to further separate components that are co-eluting 
in the first dimension. In such  two dimensional approach a high orthogonality is desired, 
which means that the analytes in the individual fractions from the first dimension should 
be evenly distributed in the second dimension, ultimately increasing the proteomic analysis 
depth96. The most common technique combined with RP in a two dimensional separation 
is strong cation exchange (SCX) chromatography. In SCX, the analytes are predominantly 
separated based on their net positive charge, due to electrostatic interactions between the 
positive charges of the molecules and the negatively charged stationary phase97,98. In SCX 
chromatography, the functional groups on the stationary phase are strong acids. Due to their 
low pKa values, these materials can be used without compromising their binding capacities 
at very low pH, a common working condition in SCX of peptides. Indeed, at a pH value of 
approximately 3, the carboxylic acid of the peptide C-terminal, aspartic and glutamic acid 
are neutralized by protonation, while the basic sites remain positively charged. This results in 
most of the tryptic peptides having a positive net charge and therefore being well retained by 
the stationary phase. The peptide elution is usually achieved by adding salts (usually K2HPO4 
or KCl) to the mobile phase. The salt’s cations population competitively displaces the pep-
tide, which are then eluted. The salt displacement elution, however, makes the hyphenation 
with ESI source problematic. Another limitation of SCX is that strongly basic peptides or 
intact proteins are hardly eluted, limiting its application spectrum to the typically employed 
bottom-up approach. For middle-down and bottom-up approaches, an alternative to SCX is 
the weak cation exchange (WCX) material99, which has functional groups characterized by 
a higher pKa and are therefore restricted to a smaller pH range (above pH5). However, this 
characteristic can be used to efficiently elute basic peptides or intact proteins by employing a 
decreasing pH gradient in order to neutralize by protonation the stationary phase charge state. 
The pH-based elution of the WCX chromatography makes easier its hyphenation with ESI 
source, as the addition of salts to the buffer is no longer needed. Moreover, when the mobile 
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phase contains over 60% of organic solvent, a mixed effect in the WCX chromatography 
occurs, where hydrophilic interactions of the analytes with the stationary phase are super-
imposed over the electrostatic interactions. Consequently, peptides that differ in polarity but 
not charge can also be resolved. The latter configuration has been reported to be suitable for 
either top-down and middle-down MS based approaches85,99,100. 

1.5.   Quantitative approaches 
Quantitative information is necessary to explore and understand the highly dynamic nature 
of the proteome. However, MS is not inherently quantitative. The main reason is that pro-
teins and peptides ionization is a rather complex process in which analytes compete to take 
the available charges. Therefore the ionization efficiency of the analytes and consequently 
their detection by MS is not constant and depends on their physicochemical properties such 
as charge, size and hydrophobicity. In spite of this technical limitation, over the past decade, 
several methods have been developed to convert MS from a technique that produces purely 
qualitative information into a versatile tool that provides accurate quantitative data on protein 
abundance. MS-based quantitative methods can be broadly classified based on their ability to 
perform a relative quantification (i.e. comparing the amount of proteins in different samples) 
or an absolute quantitation (i.e. measuring the absolute amount or concentration of a protein 
in a single sample). In this section the most commonly used methods for relative quantifi-
cation are described. These methods can be further classified in label-free and label-based 
(Figure 9). Both approaches rely on the basic principle that the physicochemical properties 
of the peptide quantified in two or more samples must be identical or, in case of label-based 
approaches, nearly identical. Label-based methods introduce different combinations of stable 
(non-radioactive) isotopes into the proteins or peptides of distinct samples. The distinct mass-
es of the labels allow each sample to be distinguishable in a simultaneous MS-based analysis. 
The most commonly used isotopes are 2H, 13C, 15N and 18O and can be incorporated into the 
proteins of a given biological sample by metabolic or chemical labeling. 

Metabolic labeling ∙ In metabolic labeling the stable isotopes are introduced into the proteins 
in living cells or organisms during protein synthesis. A popular metabolic labeling method 
is the stable isotope labeling by amino acids in cell culture (SILAC)101. In SILAC, cells are 
cultured in media supplemented with one or more amino acids enriched with heavy isotopes. 
A requisite is that the cells need to be auxotroph for the heavy amino acids, that are then in-
corporated in the newly synthesized proteins. Another key aspect in the choice of the heavy 
amino acids to employ, is the need for a corresponding protease. Being the specific target for 
several proteases (Lys-C and Lys-N), lysine is the most commonly used heavy amino acid 
in SILAC. Very often both Lysine and Arginine are added to the SILAC medium to combine 
this method with trypsin digestion. A caveat of Arginine labeling is the potential metabolic 
conversion of arginine to proline102. This conversion results in an undesired mass shift of part 
of the peptides containing Proline, which affects the quantification accuracy.  An important 
drawback of SILAC is that it cannot be applied to autotrophic cells that are able to synthesize 
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Figure 9. Common workflows in quantitative mass spectrometry. Objects in  blue and yellow 
represent two experimental conditions to be quantitatively compared. Horizontal lines indi-
cate when samples are combined. The quantification generally occurs by comparing precur-
sor ions intensities in MS1 scan, except for isobaric labeling, where the reporter ions in the 
low mass region on MS2 spectra reflect the relative peptide abundances.                   

   

all amino acids using inorganic compounds. In this case, 15N labeling represents an excel-
lent alternative, which can also be applied to complex multicellular model organisms such 
as Caenorhabditis elegans, Drososphila melanogaster105 and even plants106 and rodents107. 

In analogy to the use of heavy amino acids in SILAC, the 15N isotope is directly added to 
the cell growing medium or, in case of multicellular organisms, to the nutrient. However, 
depending on the organisms, complete incorporation of the heavy isotope can be difficult to 
achieve even after long term feeding periods. The most important benefit of SILAC or 15N 
approaches is that heavy and light samples can be combined prior to sample manipulation 
and LC-MS analysis, therefore decreasing the potential sources of variability (Figure 9). 
However, their use is mainly limited to in-vitro or in-vivo models and cannot be applied to 
clinical specimens.   
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Chemical labeling ∙ Chemical labeling strategies use the reactive groups of peptides and 
proteins to introduce heavy isotopes. In contrast to metabolic labeling, chemical labeling 
approaches are virtually applicable to all samples, including clinical specimens, because the 
stable isotope labels are introduced during the sample preparation process. The majority of 
the techniques employed in proteomics targets the amine group at the peptide n-terminus and 
at the ε-position of lysines. Labeling can be performed on either peptide or protein level (but 
in this case only the ε-position of lysines are labeled). Chemical labeling approaches can be 
classified in two groups: isotopic tags and isobaric tags. In analogy to SILAC, labeling by 
isotopic tags enriched of heavy isotopes results in a mass shift of the labeled peptides that 
can be used to perform quantification at the MS1 level. The first popular peptide isotopic 
labeling developed is the isotope-coded affinity tag (ICAT) labeling method, where cysteine 
residues react with an iodacetamide moiety that is attached to an isotopically-coded linker 
with a biotin molecule108. A limitation here is that only cysteine containing peptides will be 
labeled and therefore quantified. One of the most commonly used approaches to chemically 
label all the proteolytic peptides obtained from trypsin digestion is the dimethyl labeling109,110. 

In this method, all primary amines (the N terminus and the side chain of lysine residues) in 
a peptide mixture are converted to dimethylamines. By using combinations of several iso-
topomers of formaldehyde and cyanoborohydride (2D and 13C), peptide triplets that differ 
in mass by a minimum of 4 Da between the different samples can be obtained. The labeled 
samples are mixed and simultaneously analyzed by LC-MS whereby the mass difference of 
the dimethyl labels is used to compare the peptide abundance in up to three different samples 
(Figure 9). Dimethyl labeling is an attractive option in quantitative proteomics because of 
its low costs for the required reagents, which allow for a fast and efficient labeling reaction 
with a broad scalability, ranging from low μg to mg of sample amounts. Moreover, the label-
ing can be performed in solution, on C18 solid phase extraction columns or on-line coupled 
to HPLC and MS111. A drawback of this approach, and chemical labeling in general, is that 
different samples can be mixed only after the enzymatic digestion and labeling have been 
performed separately, ultimately leading to higher variability compared to the metabolic la-
beling strategy (Figure 9). A general limitation of the isotope labeling (either metabolic or 
chemical), is the limited multiplexing capability. Another caveat is that combining different 
isotopically labeled peptide mixtures correspond to an increase of sample complexity, since 
the same peptide in different samples has distinct m/z values. An elegant approach to increase 
the multiplexing of quantification at MS1 level takes advantage of the isotope mass defect, 
a subtle mass change in the range of a few mDa, which is specific for each isotope of every 
element112. Consequently, a quantitative method called “neutron encoding” has been shown 
to be applicable to complex peptide mixtures113  or even intact proteins114, but has the limita-
tion of very high resolution (>500,000 at m/z 400) required to distinguish such minimal m/z 
differences.  An alternative and well established method to increase multiplexing without 
increasing MS1 scans complexity is the chemical labeling by isobaric tags. This approach 
allows the simultaneous analysis of up to six samples in the “tandem mass tag” (TMT)115 

or eight samples in the “isobaric tags for relative and absolute quantification” (iTRAQ)116. 

The key feature of isobaric labeling is that it introduces labels that have the same total mass. 
Although there are different types of isobaric labels available, all of them are composed by 
three key parts: a reactive group, a reporter and a balancer group (Figure 10). The reactive 
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group is used to add the label to the peptides N termini and the side chain of lysine residues, 
and is lost after the labeling reaction occurred. The reporter and balancer group represent the 
label attached to the peptides and contain a total number of 13C and 15N atoms which is the 
same between the different tags. However, the number of heavy carbon and nitrogen atoms 
within the reporter and balancer group changes. Thus, the same peptide originating from 
samples that are differentially labeled are indistinguishable at the MS1 level. Upon fragmen-
tation, the balancer groups are lost, while the reporter groups (that in absence of the balancer 
have different masses) generate specific reporter ions in the low mass region of the MS/MS 
spectra which are used for quantification (Figure 9). The benefit of this approach is its supe-
rior multiplexing capabilities because neither LC separation nor full MS spectra suffer from 
increased complexity. These feature makes isobaric tagging a favorable technique for clinical 
samples or time-course experiments. Moreover, the combination of metabolic and isobaric 
labeling has been shown to allow the quantitation of up to 18 samples simultaneously117. 
One limitation of isobaric tagging approaches is that not all mass spectrometers are suitable 
for the analysis because of the reporter ion masses being in the low mass region (<150 m/z). 
Ion trap mass analyzers suffer from an inherent low mass cut-off that ultimately depends on 
the amplitude of the applied RF voltage during CID. Instrument configurations that support 
the analysis of isobaric labeled peptides are Orbitraps in combination with HCD fragmen-
tation or Q-TOFs. A common problem in isobaric tagging-based quantification is interfer-
ence from near-isobaric peptides that are within the isolation window of the peptide which 
is selected for fragmentation. This co-isolation issue leads to ratio distortion and hampers 
quantification accuracy118. Reporter ion interference by co-isolated contaminant ions skew 
the observed ratios towards unity as in most experiments the majority of the proteins remain 
unchanged between the samples. Several strategies have been shown to partially solve the co-
isolation issue, such as enhanced fractionation and LC separation119, delayed fragmentation 
and optimized precursor ion isolation width120. Moreover, the reporter ion interference can 
be completely overcome by MS3-based methods, where peptides are first fragmented by ion 
trap-CID, followed by the selection and fragmentation by HCD of one of the fragment ions 
to obtain the reporter ion intensities121. An alternative method relying on proton-transfer ion/
ion reactions followed by isolation of the charge reduced precursor and HCD fragmentation 
was also proposed to eliminate co-isolation122. The principle of both methods aims to increase 
the mass-to-charge difference between the peptide of interest and contaminating ions prior 
to the ultimate fragmentation event which yields the reporter ions. Although their ability 
to increase isobaric labeling quantification accuracy, these methods come at the cost of a 
substantial reduction in duty cycle speed and sensitivity, resulting in a decrease of quantified 
peptides of up to 40-50%.
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Figure 10. Example of an isobaric label structure (tandem mass tag). (a) The tandem mass 
tag is composed of three main groups, tha amine reactive group, the balancer and the re-
porter group. Upon fragmentation, the cleavage between the reporter group and balancer 
group occurs (dashed lines for both ETD and HCD). (b) Description of the tandem mass tag 
6-plex reagents. The six intact tags possess the same mass, however, the different positions 
of the heavy isotopes (asterisks) in each of the six reagents determines a mass shift of 1Da 
in the reporter group detected in MS/MS spectra upon HCD fragmentation (126-131 Da).   
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Label free ∙ In label free quantification, the relative protein abundances can be determined 
based on the peptides precursor ion intensities or spectral counting. The spectral counting 
method relies on the straightforward assumption that the number of PSMs of a particular 
protein correlates with its abundance in a given sample123. Besides its simplicity in the data 
analysis, spectral counting quantification accuracy is affected by either instrument specific 
settings (sequencing speed, dynamic exclusion etc.) as well as by the proteins physicochemi-
cal properties123–126. Precursor ion based label-free method, instead, is performed by calcu-
lating the extracted ion chromatograms (XICs) for all peptides over the whole LC-MS/MS 
run127,128. In order to match peaks from the same peptides, the chromatograms need to be 
aligned. In this alignment process, fluctuations in chromatographic retention time need to be 
addressed by specific algorithms129–131. After the alignment, peptide intensities are calculated 
and compared between the two or more LC-MS/MS runs. In general, label-free quantifica-
tion strategies enclose significant advantages: (i) each sample is analyzed by LC-MS/MS 
separately, therefore there is no limitation in the number of samples included in the analysis, 
(ii) less sample handling is needed, and (iii) the method can be applied to a broad spectrum 
of samples, regardless of its biological source or protease employed. Conversely, since the 
sample preparations and LC-MS/MS analyses are carried out separately, label free approach-
es suffer for poor accuracy and precision124. This issue require the analysis of more replicate/
samples in order to increase the statistical power of the analysis, further extending the total 
analysis time.

Absolute quantification ∙ Several MS-based methods can accurately detect expression 
changes of thousands of proteins, however, the estimation of their absolute abundance (e.g. 
expressed in copies per cell, molarity or weight/volume) remains a much more challenging 
task. The most commonly used approach relies on reference peptides that contain heavy 
isotope labels and are further chemically identical to the original peptides (so-called AQUA 
peptides132). Relying on a subset of specific peptides, absolute protein quantification can be 
best approached by targeted proteomics strategies. Selected reaction monitoring (SRM) has 
emerged as a method to quantitatively assess the abundance of not only small molecules, but 
also a targeted set of proteins. SRM assays are typically performed by LC-MS/MS employ-
ing triple quadrupole (QqQ) mass spectrometers. In this approach, the selectivity of two mass 
filters is applied to target a specific peptide via the combination of its precursor ion m/z and 
multiple diagnostic CID fragment ions (named as peptide transitions), along with the spe-
cific peptide retention time. This setup allows targeting of specific peptides even in complex 
samples and removes most of the background chemical noise, increasing both sensitivity and 
dynamic range65. However, issues such as incomplete digestion of the target protein, partial 
artifactual modification of the target peptide or partial loss of the synthetic peptide before 
addition can affect the accuracy of this approach. An alternative to the use of AQUA peptides 
is the heterologous expression and metabolic labeling of proteins composed of concatenated 
tryptic peptides (QconCATs133) that collectively act as internal standards for different pro-
teins. A pitfall of using such expressed proteins is that the efficiency of tryptic digestion 
might depend on the sequence context and thus vary between QconCATs and endogenous 
proteins. 
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Several startegies to perform label free absolute quantification have also been proposed. Very 
often these methods attempt to estimate the absolut protein amount starting from the pep-
tide precursor ions area. The most common startegies are the so called top 3 method134,135 
(in which the protein abundance is calculated  the average of the 3 most abundant peptide 
precursor ions identified) or the intensity based absolute quantification, also called iBAQ34 
(in which the protein abundace is calculated as the sum of all the peptide precursor ions 
identified, normalized by the number of theoretical peptides). These methods are broadly 
used to estimate the proteome dynamic range within a given sample, but they are generally 
considered less accurate compared to SRM assays.  

Scope and outline of the thesis 
In 2006, Yamanaka and co-workers announced a milestone finding that somatic cells can be 
reprogrammed into a pluripotent, embryonic-like state. These “artificial” pluripotent cells, 
called “induced pluripotent stem cells” (iPSCs), have a tremendous impact on the stem cell 
biology field, revolutionizing our view about cellular plasticity and regenerative medicine 
practice. Human iPSCs hold the potential of solving most of the issues concerning hESCs, 
especially because embryos are no longer needed and autologous transplantation could over-
come the immune barrier. Therefore in the last few years an intensive research activity fo-
cused on the characterization of iPSCs in comparison to their natural ESCs counterparts at 
the functional, morphological and molecular levels. 

The most significant findings on the molecular characterization of iPSCs are reviewed in 
chapter 2. A detailed overview is provided for iPSCs analyses at the genomic, epigenomic, 
transcriptomic and, with particular emphasis, proteomic level. In the context of MS-based 
proteomics technology, its potential spectrum of applications to further characterize iPSCs 
and to decipher the reprogramming process are also considered. Indeed, although all these 
efforts have allowed to reach a general agreement that iPSCs are very similar to ESCs, the 
reprogramming process is still rather enigmatic. A better understanding of the mechanisms 
governing reprogramming would ultimately improve its efficiency and clarify the molecular 
basis of cellular plasticity. An in-depth molecular investigation of the reprogramming process 
of mouse embryonic fibroblasts (mEFs) into miPSCs is the focus of chapter 3, 4 and 5.                                                

In chapter 3, a multi-omics approach to characterize reprogramming at different molecular 
level is presented. This includes the profiling of mRNA, miRNA, lincRNA, histone marks, 
5-methyl cytosine and protein levels. The integration of the proteomics data with all the other 
molecular layers, such as mRNA and lincRNA is discussed in detail.  

A comprehensive description of proteome adaptation during reprogramming is provided in 
chapter 4, where state of the art quantitative MS-based analysis is used to perform an in-
depth time course protein profiling of such process. The main results deriving from all these 
analyses indicate that multiple routes can lead the reprogramming cell to a pluripotent state 
exist. The main features of these reprogramming cell populations are a marked divergence 
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at the proteome level and the persistence of fibroblast epigenetic memory. One of the best 
known epigenetic mechanism that cells use to control gene expression and chromatin status 
is represented by the ensemble of post-translational modification that decorate histones. Fur-
ther investigations concerning the MS-based study of the epigenetic state in reprogramming 
cells are provided in chapter 5, which is focused on the quantitative time course profiling of 
histone H4 PTM states.  
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Abstract

The generation of human induced pluripotent stem cells (hiPSCs) from differentiated cells 
holds important clinical implications. hiPSCs represent the most promising resource for re-
generative medicine by enabling the use of patient-specific cells of any lineage without the 
need for embryonic material. However, before therapeutic applications using hiPSCs are 
carried out, extensive analyses are needed to assess molecular differences and similarities 
between hiPSCs and their natural counterparts, human embryonic stem cells (hESCs). The 
pluralism of mechanisms acting in a biological system can be better approached by studying 
several elements simultaneously in an unbiased manner. In this review, we discuss recent 
genome-wide analyses of iPSCs (e.g. transcripts, epigenetics) and will introduce the huge 
potential of mass spectrometry (MS)-based proteomics to contribute in decoding the unique 
mechanisms underlying the reprogramming process and the molecular nature of cellular 

identity.

Expert Review of Proteomics. 2012 9:379-99
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Introduction:
Embryonic stem cells (ESCs) are characterized by two unique properties: the ability to di-
vide indefinitely while remaining in an undifferentiated state (i.e. self-renewal) but also to 
differentiate into all kind of specialized cells of the adult organism (i.e. pluripotency)1–3. 
Because of these attributes, ESCs have an enormous potential in clinical applications as a 
primary source for tissue replacement therapies in many human pathologies (e.g. Parkinson’s 
disease, diabetes). However, ESCs can only be derived from early embryos (inner cell mass 
of the blastocyst), which implies multiple ethical issues in humans while adult stem cells are 
extremely low abundant and difficult to obtain4,5.

In 2006, Shinya Yamanaka demonstrated that the ectopic expression of only 4 genes (Sox2, 
Oct4, Klf-4 and c-Myc) successfully reprogrammed differentiated adult cells into pluripotent 
cells6. iPSCs solve most of the issues inherent to hESCs, especially because embryos are 
no longer needed and autologous transplant could possibly overcome the immune barrier. 
However, these potential applications demand for a careful evaluation of iPSCs propertise 
both at the functional, morphological and molecular level. Upon derivation of a new iPS cell 
line, pluripotency must be confirmed. Currently, this is tested by several functional assays 
such as in-vitro differentiation, teratoma formation, chimera formation and germline contri-
bution7. However, the gold standard test for pluripotency, the tetraploid complementation 
assay, cannot be conducted in human cell lines and is restricted to murine cell lines7. The 
qualitative nature of these assays demands, in addition, extensive and rigorous molecular 
analyses that allow for more quantitative comparisons of iPSCs and ESCs. For instance, hu-
man iPSCs have been shown to differentiate in a less efficient manner than hESCs8,9. Numer-
ous groups have attempted to address how similar hESCs and hiPSCs are at the molecular 
level. Nevertheless, the definite answer to this fundamental question is still the subject of 
active debate 10–13. This chapter will include a comprehensive overview of all the efforts that 
are being carried out to characterize the reprogramming process and the similarity between 
ESCs and iPSCs at the molecular level. The results concerning genomic-based approaches 
(e.g. transcriptomics), are discussed in the initial part of the chapter. Next, two recently pub-
lished large scale proteomics are discussed in details, together with an overview focused on  
the possible approaches by which MS-based proteomics could complement genomic for the 
study of iPSCs and reprogramming.  

Genomic based characterization of iPSCs and cellular 
reprogramming:

Gene expression profiling and transcriptional memory ∙ The transcription factors Sox2, 
Oct4 and Nanog maintain the pluripotency of ESCs by inhibiting genes related to differentia-
tion while activating genes necessary for self-renewal14. As a consequence, a transcriptional 
signature characteristic of pluripotent ESCs has been reported15. Therefore, many researchers 
have used gene expression tools such as microarrays or next generation sequencing to com-
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pare iPSCs with their natural counterparts ESCs. Among these studies, Chin et al. reported 
that while iPSCs and ESCs exhibit nearly identical transcriptomic profiles, a recurrent gene 
expression signature arises in iPSCs regardless of their parental origin or the reprogramming 
method10. Interestingly, the authors also observed that late passage hiPSCs adopt a gene ex-
pression profile more similar to hESC. These findings led them to suggest that iPSCs should 
be considered a subtype of pluripotent cells. However, these results were questioned later by 
two other groups. In Guenther et al, very few consistent differential transcripts were found 
and these variations did not serve to distinguish iPSC from ESCs12. At the same time, an 
important insight was revealed when a several published microarray data sets from different 
laboratories were re-analyzed using unsupervised clustering algorithms13. This meta-analysis 
revealed strong evidences for lab-specific signatures, probably explained by in-vitro micro-
environmental conditions (Figure 1). These findings demand the urgent need for establishing 
standardized cell culture conditions as well as the unification of statistical analyses in such 
comparative analyses11. It is worth noting that there is a better consensus within the stem 
cell community regarding the presence of residual levels of transcriptional memory of the 
parental cell line in the reprogrammed iPSCs 16,17. The reprogramming process induces a dra-
matic change in the gene expression programs of somatic cells where highly expressed genes 
related to committed cell-lineages are repressed while genes associated with pluripotency 
are expressed. This raises an interesting question with respect to how much determinant the 
cell of origin is in the molecular and functional properties of the reprogrammed iPSCs. Clear 
evidence has shown that iPSCs derived from endoderm, mesoderm and ectoderm tissues 
retain a transcriptional hallmark from their donor cells that cannot be erased during the repro-
gramming process17. Interestingly, these incompletely silenced genes tend to disappear upon 
extended culture, in agreement with previous reports10. However, the mRNAs profiles are the 
result of complex regulatory mechanisms of gene expression, and these studies went further 
in their observations and indicated that the explanation for this transcriptional memory in 
hiPSCs resided at the epigenetic level 16,17.

The epigenetic landscape: DNA methylation and histone marks ∙ The regulation of chro-
matin status has emerged as a crucial mechanism to finely tune gene expression programs19. 
This epigenetic regulation is mainly controlled by DNA methylation and histone modifica-
tions which will work by recruiting specific chromatin readers and members of the transcrip-
tion machinery. The transfer of methyl groups to cytosines at the promoter regions is believed 
to correlate with repressed genes20. DNA methylation is already an essential process in the 
very early development, in which an extensive loss of methylation patterns is well docu-
mented 21. During embryo implantation, de novo methyltransferases imprint DNA; this could 
correlate with increasing cell lineage specification and decreasing developmental potential21. 
Indeed, Stadler et al. have shown that pluripotent ESCs possess a unique methylome22,23. 
Therefore, DNA methylation patterns between hiPSCs and hESCs have been compared16,24–29. 
Doi et al.24 reported differentially methylated regions in iPSCs, which were significantly 
enriched in tissue-specific genes. A closer examination of this phenomenon showed a correla-
tion with differentially expressed transcripts. Thus, it was concluded that the transcriptional 
memory of hiPSCs could be partially explained by the incomplete DNA methylation at the 
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Figure 1. Lab-Specific Differences Rendered as a Fuzzy Cluster Network Whole-transcrip-
tome clustering of hiPSC lines, hESC lines, and fibroblast cell lines from eight reprogram-
ming experiments data sets showing distinct laboratory-specific gene expression patterns of 
pluripotent stem cells. The fuzzy cluster network of AutoSOME 18 clustering results contains 
seven pluripotent stem cell clusters (hiPSCs = circular nodes; hESCs = square nodes) and 
one fibroblast cluster (fibroblasts = diamond nodes). All nodes are numbered by cluster label 
and are colored by distinct data set. The corresponding authors for each publication and 
data set are listed in the key. Edges between nodes (cell lines) are weighted by the pairwise 
similarity of cell lines as determined by AutoSOME transcriptome clustering, ranging from 
low similarity (thin, red edge) to high similarity (thick, blue edge). Figure reproduced from 
Newmann et al13  

promotor regions of somatic genes17. In addition to DNA methylation, post-translational 
modifications at the N-termini of histone tails comprise another level of gene expression 
regulation. Those histone modifications for which a function is well-known have been exten-
sively profiled in ESCs30. Among them, trimethylation on lysine 4 of histone 3 (H3K4me3) 
is associated with active genes while trimethylation on lysine 27 of histone 3 (H3K27me3) 
marks repressed genes31,32. Interestingly, several studies performed on mammalian ES cells 
identified domains carrying both active and repressive marks in genes coding transcription 
factors needed for cell fate specification33,34. The absence of these bivalent domains in somat-
ic cells suggested that in ESCs, they may silence developmental genes, although remain in a 
standby state poised for rapid activation upon induction of differentiation. Surprisingly, biva-
lent domains have not been found in-vivo in experiments performed on Xenopus blastomers 
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and Drosophila embryos35,36. Those findings highlight the requirement of in-vivo experiments 
across different species to confirm whether the bivalency marks represent a widespread 
mechanism of gene expression regulation.  Recently, genome-wide maps of H3K4me3 and 
H3K27me3 have been compared between iPSCs and ESCs10,12,16,28,37. Minor differences were 
found which did not serve to distinguish iPSCs from ESCs. Furthermore, these differences 
did not correlate with the observed gene expression changes identified in the same study.

Non-coding RNAs: a new role for microRNAs in pluripotency ∙ Non-coding RNAs 
(ncRNAs) are functional RNA molecules that are not translated into protein products. Some 
of the most studied are microRNAs (miRNAs) which are short RNA molecules (around 22 
nucleotides) that bind complementary messenger RNA sequences and result in repression 
of protein synthesis. Importantly, several miRNAs such as miR-371, miR372, miR-302a, 
miR-302b, miR-302c and miR-302d are only found in ESCs38,39. Moreover, miRNAs have 
important roles in the transcriptional circuitry that maintains pluripotency in ESCs as well 
as the regulation of the differentiation process22. Key roles in the underlying mechanisms 
of reprogramming have been described for several miRNAs40,41. MiRNAs can replace the 
ectopic expression of transcription factors to generate iPSCs with even higher efficiency42. 
Consequently, miRNA profiles between hESCs and hiPSCs were compared43. These analy-
ses showed a high degree of similarity between these two pluripotent cell types although a 
signature in the expression of the miR-371/372/373 cluster was found significantly different. 
However, the lack of knowledge about the target genes of these miRNAs makes it difficult 
to determine the biological significance of these findings in the context of iPSCs and repro-
gramming.

Alterations in the genomic DNA: CNVs and SNPs ∙ The long-term culture of the un-
differentiated ESCs can induce chromosomal instability and karyotypic aberrations44. This 
adaptation to the cell culture may have important similarities with the genetic changes that 
increase the proliferative capacity of cells during malignant transformation45. Likewise, the 
severe changes that the reprogramming process induces in nearly all cellular aspects impose 
a need for careful examination of DNA abnormalities of newly derived iPSCs. Indeed, two 
independent studies found that hiPSCs carry a substantial number of copy number varia-
tions (CNVs) (duplications and deletions)46,47. Furthermore, single nucleotide polymorphysm 
(SNP) arrays estimated an average of six protein-coding point mutations per exomes in hiP-
SCs reprogrammed through five different methods48. Although some of these abnormalities 
were caused by long-term culture or pre-existed in the parental cells, some others may have 
arisen de novo during the reprogramming process.

Concluding remarks ∙ The derivation of iPSCs allows creating patient-specific cells for 
therapy and provides a unique frame to model and study human diseases. However, the lack 
of a true pluripotency assay for newly derived human iPS cell lines imposes a necessity for 
molecular characterization. This is essential with view of recent reports in which hiPSCs 
seem to have different differentiation kinetics than hESCs. The tissue of origin appears to 
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influence the resulting iPSCs, as an epigenetic/transcriptional memory has been described. 
Whether these residual differences might impact the functional properties of iPSCs remains 
unknown although extensive culturing seems to favor a selection towards an ES-like state. 
The low reproducibility in the list of genes differentially expressed between hESCs and hiP-
SCs can be probably explained by the differences in the reprogramming strategies (e.g. viral 
vs non-viral, integrative vs non-integrative) and lab-specific culture conditions. Therefore, 
unification and standardization of experimental conditions and computational methods seems 
to be of paramount importance to address this issue

Proteomics: a new approach for understanding cellular 
reprogramming
Gene expression is basically controlled by the synthesis/degradation rates of the transcription 
and translation processes. However, all the aforementioned levels of gene expression regula-
tion, i.e. genomic DNA, epigenetic marks, mRNA expression and non-coding RNAs do not 
accurately reflect the final levels of the molecular effectors of cells, the proteins49. In addition, 
the fate, location and function of proteins are usually regulated at the post-translational level 
through modification of specific amino acids (e.g. phosphorylation), proteolysis (e.g. remov-
al of signal sequences) and proteasomal degradation. As a result, the study of the proteome 
(understood as all the proteins, including post-translational modifications, present in a given 
cell under defined conditions) is extremely challenging mainly due to its high complexity and 
dynamic nature. Such scenarios can be best approached, in a genome-wide scale, by mass 
spectrometry (MS)-based proteomics50,51. MS allows the identification and quantification of 
proteins and post-translational modifications in a biological sample52. A typical “shotgun” 
proteomic experiment consists of enzymatic digestion of proteins into peptides followed by 
mass spectrometric analysis. The resulting peptide spectra (i.e. collections of masses of the 
peptides and their fragments) are identified by comparison to theoretical spectra derived from 
an in silico digest of a protein sequence database. Since even the fastest mass spectrometers 
can only detect a limited number of peptides in a given time, chromatographic separation 
prior to MS analysis is necessary. In addition, due to the huge complexity of the result-
ing peptide mixtures, specific strategies can be adopted to improve the dynamic range (e.g. 
multi-dimensional chromatography) or target other aspects of the proteome (e.g. methods to 
enrich phosphorylated peptides). Finally, to increase the biological relevance of the analyses, 
several strategies can also be introduced into the workflow in order to perform highly precise 
and accurate quantitative proteomic measurements51.

The complex nature of stem cell behavior as well as the reprogramming process requires 
examination of their molecular mechanisms in an integrative systems-biology approach that 
incorporates proteome analyses to the current “–omics” toolbox. This necessity has resulted 
in a new multi-disciplinary field named “stem cell proteomics”. Some initiatives have been 
carried out to strengthen links between both fields53 and several groups, that include stem cell 
biologists, mass spectrometrists and bioinformaticians, have started to chart the proteome of, 
mainly, embryonic stem cells with promising results. Until now, most of these efforts have 
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been focused on the characterization of the ESC proteome54–57 and the related processes of 
self-renewal58,59 and differentiation60–62. These studies have been extensively reviewed el-
sewhere63,64. The recent discovery that somatic cells can be reprogrammed to a pluripotent 
state has opened up a new avenue for proteomics-based analyses. Motivated by this goal, two 
groups have recently reported in-depth proteome analyses of hiPSCs, their precursor somatic 
cell lines and hESCs65,66. Another study conducted similar comparisons using an approach 
based on 2D gel electrophoresis67. Although this is a well-established workflow in proteomics 
and has the advantage of being able to perform the quantification step directly at the protein 
level, it suffers from poor reproducibility and low sensitivity, thus excluding many mid-low 
abundant proteins from the analysis. More recently, Huang et al. described a direct MS-based 
proteomic comparison of fibroblasts and their reprogrammed iPSCs68.

Phanstiel et al. performed a quantitative comparison between four hES and four hiPS cell 
lines at the proteome and phosphoproteome level66. Due to the multiplex nature of the anal-
ysis, isobaric tagging (iTRAQ) was chosen for relative quantification69. A combination of 
strong cation exchange (SCX) and IMAC was used to fractionate the sample and to enrich 
the phosphopeptides followed by high resolution LC-MS/MS analysis. Around 4,700 pro-
teins and 14,000 phosphosites were quantified in a single replicate comparison. Of these, 
only 5 proteins and 4 phosphorylation sites were statistically differentially abundant between 
hiPSCs and hESCs. An interesting observation was that the inclusion of two more biologi-
cal replicates allowed the authors to detect subtle differences due to a boost in the statistical 
power of the analysis. In this way, from the 2,234 proteins and 4,564 phosphosites quantified 
in all the experiments, 293 and 292, respectively, were found to change significantly between 
these pluripotent cell lines. Simultaneously, Munoz et al. performed a quantitative proteomic 
analysis of two hiPSCs, their precursor cell lines (IMR90 and foreskin fibroblasts) and one 
hES cell line (HES-3)65. Triplex dimethyl labeling was used for relative quantification70 while 
extensive peptide fractionation was carried out by means of two SCX systems with slightly 
different configurations71,72. Finally, dedicated fragmentation schemes were used to maxi-
mize peptide identification rates. Basically, one data set (hESCs/iPSC/IMR90) was analyzed 
on a LTQ Orbitrap XL using CID-IT. Alternatively, ETD was used for the late SCX fractions 
which mainly contained peptides of a higher charge sate (>3+). The other data set (hESCs/
iPSC/4Skin) was analyzed on a LTQ Orbitrap Velos using a data dependent decision tree 
which uses either HCD-FT, ETD-IT and ETD-FT depending on the mass and charge of the 
peptide as described elsewhere73. A total of 3,994 and 5,516 were quantified in common in 
two biological replicas for each experiment (in total, 10,628 proteins were identified). Sta-
tistical analyses were performed on the 2,683 proteins that were confidently quantified in 
all four experiments. These analyses revealed a high degree of similarity between hiPSCs 
and hESCs (97.8% of proteins showed no significant variations). However, 58 proteins were 
found significantly changing between hiPSCs and hESCs. An exaple of data distribution as 
well as proteins differentially expressed is provided in figure 2. A first conclusion can be 
drawn from these two independents studies, that hiPSCs and hESCs are almost identical at 
the proteome level. Nevertheless, subtle differences can be detected if multiple biological 
replicas are included in the experimental design. Accordingly, a question arises concerning 
the identity of the differentially expressed proteins reported by the two groups. 
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Figure 2. Quantitative proteomic comparisons of hESCs, two hiPSCs and their precur-
sor fibroblast cell lines. Protein abundances are plotted against protein ratios for the 
hESCs/IMR90_iPS (A), hESCs/4Skin_iPS (B), IMR90_Fibro/IMR90_iPS (C) and 4Skin_
Fibro/4Skin_iPS (D) comparisons. The size of the spot reflects the number of unique peptides 
used to calculate the protein ratio. The color code reflects the variability (i.e., relative stan-
dard deviation) of the peptide ratios for each protein. On top, the histograms of frequencies 
show the density of proteins in each analysis using a bin size of 0.25 (log2).Figure repro-
duced from Munoz et al65. 

  

For this purpose both data sets have been compared. Taking into account the directionality 
of the change (i.e. over-expressed in hiPSCs or in hESCs), only 3 proteins (CRABP1, AK3 
and SLC2A1) appear to be in common in hESCs>hiPSCs, while no intersection was found in 
the proteins hESCs<hiPSCs. This overlap is not statistically significant (p=0.07, Fisher Exact 
Test) and suggests the presence of lab-specific differences rather than a recurrent molecular 
signature 13. This hypothesis is further supported by the absence of overlap in the functional 
analyses performed by each group on these proteins. Though Phanstiel et al. showed GO 
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enrichment of terms related to muscle system process, muscle contraction and wound heal-
ing, the proteins found in Munoz et al. belonged to cell communication and immune system. 
Then, could these proteins be a consequence of an epigenetic/transcriptomic memory from 
the parental cell lines used in the reprogramming? This point was also discussed by the 
authors. Munoz et al found that among the 12 proteins up-regulated in iPSCs>hESCs, only 
transferrin receptor 1 showed even higher levels in both IMR90 and 4Skin fibroblasts when 
compared to hiPSCs. On the other hand, the functional categories found to be enriched in 
the differential proteins by Phanstiel et al. may be explained by the mesodermal origin of the 
fibroblasts used in the reprogramming. As highlighted by the authors, the fold change of the 
majority of these differential proteins in this study was minor and did not appear to apprecia-
bly alter cellular function in the pluripotent state. 

A direct comparison of hiPSCs and the fibroblasts with multiple replicates to increase statisti-
cal power would be necessary to further confirm this hypothesis. Despite the fact that both 
studies found a high similarity between hiPSCs and hESCs, and that stochastic differences 
could explain the low overlap found in the lists of proteins, a careful examination of the 
proteomic approaches used by each lab can also provide us with some interesting findings. 
For instance, both studies relied on stable isotope-based quantification methods using chemi-
cal labeling. This choice is dictated by contrasting reports concerning the SILAC labeling 
of hESCs74–76 which could also be the case for hiPSCs. While Phanstiel et al employed a 
reporter ion-based approach (iTRAQ 8-plex), Munoz et al used a precursor ion-based quan-
tification method (dimethyl labeling). Both strategies have some advantages and drawbacks, 
potentially leading to differences in the results. Reporter ion-based methods allow the simul-
taneous analysis of up to 8 samples, speeding up the analysis time and making the inclusion 
of several biological replicates in the study easier. However, some biases are known for 
iTRAQ, such as a decrease in protein identifications77  and ratio compression issue due to co-
isolation effects78,79. Another possible source of bias between the two studies might reside in 
the different algorithms employed for database search (i.e. OMSSA and Mascot)80. Indeed, a 
comparison of the identified proteins reported by each lab revealed a strikingly low overlap 
(3,180 proteins were identified in both data sets while 3,581 and 7,578 proteins were unique 
in Phanstiel et al. and Munoz et al. respectively). Interestingly, re-analysis of Phanstiel’s raw 
data using the same parameters as in Munoz et al. (i.e. Mascot) dramatically increased the 
overlap of the identifications: 96% of the proteins identified in Phanstiel et al. were present 
in Munoz et al. which added 3,646 extra proteins. We also found that an important source 
of error in this comparison was related to the different versions of the IPI database used in 
each case and the issue of protein grouping 81. Ultimately, differences in the statistical criteria 
used, Student’s t-test with Benjamini-Hochberg correction versus Significance Analysis of 
Microarrays (SAM), could also impact the results as it has been recently reported for some 
transcriptomic comparisons of hiPSCs and hESCs 11.

Remarkably, both proteomic studies were complemented with transcriptomic approaches: 
RNA sequencing in Phanstiel et al. and microarrays in Munoz et al. The integrative analysis 
of two related planes of measurements such as mRNAs and proteins allows the investigation 
of mechanisms of gene expression regulation. Phanstiel et al. observed that the differences 
at each level often did not correspond to the same genes. On the other hand, most of the dif-
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ferential proteins in Munoz et al. between hESC/hiPSC were accompanied by a change in the 
mRNA levels in the same direction, implying a high degree of control at the transcriptional 
level. Nevertheless, numerous genes were found not to correlate, highlighting the necessity 
of complementing transcriptomic-based approaches with proteomics.

Conclusions and discussion

MS-based proteomics has matured immensely. In the last decade, we have witnessed great 
achievements in many areas of cell biology in which the potential of MS has contributed 
with invaluable information about protein-driven mechanisms50,51. Keeping in mind these 
developments, in this section we will attempt to give some perspectives, trends and future 
directions on the applicability of proteomic approaches to increase our knowledge on somatic 
reprogramming and iPSCs biology (Figure 3). Identification and quantification of proteins in 
a genome-wide scale can now be done with enough sensitivity and in a relative short time-
frame. Recently, two groups have independently showed, in mammalian cell lines, that the 
identification of proteins with current MS-technologies saturated at around 10,000-11,000 
proteins82,83. In Nagaraj et al., next-generation RNA sequencing was employed and a simi-
lar number of transcripts was observed, suggesting that nearly full proteome coverage had 
been achieved83. Although the data sets reported by Phanstiel et al. and Munoz et al. did not 
achieve such depth (in the case of Munoz et al. it should be noted that part of the 10,628 iden-
tifications come from the inclusion of fibroblasts in the experimental design), these analyses 
represent by far the largest proteome catalogues of pluripotent cells to date. The combination 
of shotgun proteomics with other –omics would have a huge potential to confirm results or 
even decipher new aspects of iPSCs. For instance, the combination of RNAseq with shotgun 
proteomics could provide conclusive evidence (by looking at the protein level) for many of 
the SNPs that have been described to arise during the reprogramming process (average of six 
protein-coding point mutations)48 or as a consequence of long-term culture44. Using the same 
principle (e.g. multi-disciplinary analyses using RNAseq and MS), new alternative splicing 
variants could be discovered84 and protein products of rare transcripts confirmed85. Another 
important strategy could combine the use of quantitative proteomics as a way to measure the 
impact of miRNAs in the protein output86,87. This would have the potential to discover new 
targets for iPSC/ESC-specific miRNAs and thus, understand their role in pluripotency and 
reprogramming. However, proteins are not separate entities and rather interact dynamically 
with each other to form complexes. 

Information on these protein networks is highly valuable, and the “interactomes” of the plu-
ripotent transcription factors SOX288, OCT455,56 and NANOG89 have been reported for ESCs. 
In addition, some tools are now available90 that will allow these links to be reconstructed in 
more detail. Similar studies should be conducted in the future to explore whether the pluripo-
tent state of iPSCs reproduces the characteristic protein networks of ESCs with high-fidelity. 
Numerous evidences indicate the importance of signaling pathways in pluripotency as re-
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Figure 3. Potential applications of proteomics in iPSC research. Mass spectrometry-based 
proteomics can be used to study multiple aspects of iPSC biology by looking at the protein 
composition of these cells. Proteome comparisons can be conducted against other cell lines 
such as ESCs and dynamic changes can be monitored, for instance, upon molecular treat-
ment with growth factors or miRNAs. In addition, the role of PTMs in the signaling path-
ways involved in pluripotency and somatic reprogramming can be investigated by MS when 
combined with enrichment techniques. The regulation of gene expression programs depends 
on the activation/deactivation of specific DNA binding proteins (DNAbp) through complex 
mechanisms (e.g. crosstalk of PTMs). These proteins interact with epigenetic mechanisms 
like DNA methylation and histone modifications in which MS can also provide highly valu-
able information. Moreover, affinity purification methods can target the key modulators of 
such pathways to identify the interacting proteins present in these complexes, revealing char-
acteristic protein networks. MS is also complementary to other emerging techniques, such 
as next-generation sequencing, in which deep characterization of genomic (e.g. SNPs) and 
transcriptomic variations (e.g. rare transcripts and alternative splicing) can be confirmed 
at the protein level. Finally, the creation of specific repositories (e.g. SCOR) in which the 
data sets derived from different system-wide experiments are collected will be an invaluable 
source of information, leading to  better understand cellular reprograming, test the quality 
of new cell lines and rationally plan functional and targeted experiments (e.g. PluriTest).  

viewed in91. In murine ESCs, BMP and LIF signaling promote self-renewal 92 while human 
ESCs require bFGF93,94 and TGF-B/activin signaling 93. In fact, BMPs rapidly induce differ-
entiation of hESCs95,96. The apparent divergent role for growth factors requirements between 
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mESCs and hESCs may reside in the different existing states of pluripotency where hESCs 
would appear to closely resemble mEpiSCs97. Likewise, during early stages of somatic re-
programming, a BMP-driven mesenchymal-to-epithelial transition has been documented40. 
Moreover, manipulation of signaling pathways through certain chemical compounds can sig-
nificantly enhance the efficiency of the reprogramming process. For instance, inhibition of 
TFG-B and MEK-ERK pathways98,99 and activation of Wnt pathway100 promote reprogram-
ming of differentiated cells to pluripotency. Activation or deactivation of signaling pathways 
is usually regulated through rapid post-translational modifications of proteins. When coupled 
to specific fractionation and enrichment techniques101, MS represents a unique tool with which 
to quantitatively capture these very early events that regulate activity, cellular localization, 
synthesis/degradation rates and interactions of proteins. Indeed, in the last years, we have 
seen an explosion in data sets describing large-scale analyses of PTMs in which thousands of 
novel phosphorylations102, acetylations103, ubiquitinations104 and glycosilations105 sites were 
identified. This information is not encoded in the genetic material and therefore represents 
a highly valuable resource for the scientific community. Some groups have already applied 
these strategies to hESCs and the global phosphorylation cascades that take place during 
the initial stages of differentiation were described60–62. Using similar proteomic approaches, 
information of paramount importance could be obtained regarding the signaling pathways 
governing somatic reprogramming. Phanstiel et al laid the foundations for such studies by 
describing the phosphoproteome (19,122 unique phosphosites) of hESCs and hiPSCs.

Elucidation of the primordial molecular aspects (e.g. signaling pathways) that are triggered 
by the ectopic expression of the reprogramming factors would lead to the generation of iP-
SCs with even higher efficiencies and ultimately improve our knowledge on development. 
However, studies that attempt to identify crucial events occurring during reprogramming face 
important challenges mainly related to the low efficiency of the reprogramming process and 
the heterogeneity of the cell populations7,106. These issues can be partially alleviated by the 
use of secondary reprogramming systems in mice107–109. In such systems, somatic cells (e.g. 
mouse embryonic fibroblasts, MEFs) are first reprogrammed to iPSCs by the expression of 
the reprogramming factors under control of inducible promoters (e.g. DOX-inducible). These 
“primary” iPSCs are then injected into blastocysts to subsequently generate chimeric mice. 
Secondary MEFs are then obtained and reprogrammed to “secondary” iPSCs upon DOX 
induction with very high efficiencies (1-20%). Wrana and co-workers took advantage of such 
systems by analyzing temporal gene expression changes during the course of the reprogram-
ming process40. Using this approach, a BMP-driven mesenchymal-to-epitheilal transition was 
found in the initiation of the reprogramming. This study also showed that high-throughput 
approaches can be used to identify key molecular events throughout the reprogramming, even 
in the presence of background cells which do not become iPSCs. Likewise, we expect that 
MS-based approaches will exploit these secondary systems to get further insights into the dy-
namics of proteomic changes (e.g. protein levels, phosphorylation changes, surface markers) 
arising during somatic cell reprogramming. Nevertheless, many questions remain unknown: 
why do most of the cells not become iPSCs? What actually happens to these cells? Is repro-
gramming more efficient in certain cells? The answer to some of these issues may reside in 
the cellular heterogeneity. The use of average cell populations is very popular in biology but 
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it is becoming very evident that individual cells process information and respond to pertur-
bations in a different manner110 which could be explained as a way to generate diversity111. 
Taking this into consideration, Hanna et al. proposed four different models of progressing to 
a pluripotent state: “deterministic” models in which “all” or an “elite” of cells within a popu-
lation (i.e. stem-like) have the potential to generate iPSCs with similar kinetics (i.e. latency) 
and “stochastic” models in which “all” or an “elite” have the potential to generate iPSCs with 
different kinetics112. The authors designed an approach that used clonal cell populations (B 
cells) carrying Nanog-GFP reporter gene to study how this cell-to-cell variability impact the 
reprogramming dynamics. Their results supported the notion that somatic reprogramming 
is a stochastic process (“all; stochastic” model) amenable to acceleration (e.g. by inhibition 
of p53/p21 pathway or overexpression of Lin28). Although the negligible amount of sample 
available in these approaches imposes a significant analytical barrier for MS analyses, some 
recent reports (reviewed in Altelaar et al. 2012113) have shown remarkable results identifying 
3,775 proteins  using only 5,000 cells114 . This suggests that MS analyses of iPSCs using small 
populations of homogeneous cells will be possible in the near future.

Another level of complexity in biological processes is imposed by the intricate communi-
cation between PTMs in which inducible, cooperative, sequential, mutually exclusive or 
antagonistic mechanisms seem to regulate protein functions115. As opposed to large-scale 
studies, focused MS analyses allow a close-up view to capture all the information needed 
to understand these events. One example of this cross-talk is the transcription factor SOX2 
which is SUMOylated as a result of phosphorylation, ultimately leading to its release from 
the DNA61. However, the most fascinating model of this “PTM language” is the histone 
code which regulates the chromatin status and therefore the expression levels of genes116. 
As discussed above, several groups have reported genome-wide epigenetic analyses of his-
tone marks (mainly acetylation and trimethylation at conserved lysines) in iPSCs and ESCs 
(Table 1). However, MS has revealed that histone tails are heavily modified by more than 
20 different modifications116. These include some commonly observed modifications such as 
phosphorylation, mono-, di- tri-methylation, biotinylation and ubiquitination and others less 
studied like crotonylation117 and O-Glc-NAcylation118. Theoretically, all possible combina-
tions of all the modifiable residues would result in a number larger than the human genome 
itself. Recent advances in MS such as the fragmentation of peptides by electron transfer dis-
sociation (ETD)119 and peptide separations (e.g. WCX-HILIC) have made the identification 
of up to 200 unique forms in H3.2120 and quantification of 74 forms in H4 during differentia-
tion of hESCs possible121. As an alternative, top-down methods can provide richer informa-
tion while keeping the combinatorial codes within a protein isoform122. One of the roles of 
histone modifications is the recruitment of regulatory proteins such as transcription factors 
that in turn exert their function by modifying chromatin structure and thus gene expression 
regulation. Vermuleen and colleagues exploited this notion by using histone peptides to cap-
ture chromatin readers specific for certain modifications123. Using the same principle, pull-
downs can be carried-out against methylated DNA, in order to get insights into the proteins 
bound to this epigenetic mark, the methyl-CpG binding proteins124. Given the primary role 
of epigenetics and chromatin structure in somatic reprogramming, we anticipate that many 
of the current MS-based approaches discussed above will provide new insights into the mo-
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lecular basis of these processes.

True pluripotency, as determined by the tetraploid complementation assay, cannot be con-
firmed in human iPSCs. This implies that newly derived hiPSCs must be characterized by 
alternative methods, both molecular and functional, that enable robust and rigorous assess-
ments of pluripotency. Aiming towards this goal, some groups have analyzed hundreds of 
pluripotent cell lines and reported reference maps for methylation and transcripts levels27,125. 
Using this information, a bioinformatic tool was developed that is capable of reporting 
whether a cell line is pluripotent125. Moreover, it was also shown that the differentiation 
tendencies of a given cell line could be assessed by measuring the expression profiles of 500 
genes selected for the three germ layers27. Likewise, targeted proteomic assays, in the form 
of Single Reaction Monitoring (SRM)126, could provide accurate and precise measurements 
of protein levels for pluripotent-associated genes in multiple samples and conditions. To 
this end, the identified peptides and associated MS spectra derived from massive shotgun 
sequencing experiments represent invaluable information for designing the corresponding 
SRM transitions127. Finally, it is now evident that the availability and development of new 
high-throughput techniques is providing us with a global and unbiased view of the molecular 
entities (e.g. DNA alterations, epigenetic marks, transcripts and proteins) that dictate the 
unique properties of pluripotency and cellular reprogramming. However, this systems-level 
approach demands the development of new computational methods that can organize and 
classify these data sets. This bioinformatic effort should be directed first to create tools that 
integrate and compare these layers of molecular information128 and second, to make all this 
knowledge accessible for the scientific community129. One of these initiatives is the Stem Cell 
Omics Repository (SCOR)66 from the University of Wisconsin. Although SCOR is mainly 
designed to allocate proteomic data, it also contains transcript data. Information from mul-
tiple studies can easily be retrieved and genes and proteins of interest can be queried.

MS-based proteomics approaches might go beyond the investigation of reprogramming and 
differentiation mechanisms. As discussed above, patient specific iPS-derived cells can be 
used as models to replicate, in-vitro, several human disease phenotypes 130. These cellular 
systems would be highly valuable for mechanistic studies to understand the origin and pro-
gression of these conditions but also as platform to screen therapeutical drugs. Such plat-
forms offer several advantages over classical systems as they account for genetic differences 
in each patient’s cell type and allow the generation of different cell types to understand selec-
tive vulnerability. Ultimately, this would lead to the possibility of personalized medicine. For 
instance, in Rashid et al., the effect of proteasome inhibitors was measured in hiPSCs derived 
from patients with various metabolic disorders of the liver131. Blockage of this important pro-
tein degradation pathway showed a disease-specific intracellular increase in α1-antitrypsin 
polymers. In another study, secretase inhibitors were tested in iPSCs-derived neurons132. 
Different susceptibilities, as measured by amyloid β peptide secretion, were found for the 
various drugs assayed. However, these assays were only possible due to a prior knowledge 
which allowed the use of ELISA as a way to measure a particular cellular response (i.e. α1-
antitrypsin polymers and amyloid β peptide). Furthermore, these immunoassays are usually 
expensive and highly depending on the availability of specific antibodies. In this regard, MS-
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based proteomics represents an excellent alternative in drug discovery platforms as most of 
the drugs act on the protein level133. Several proteomic workflows could therefore be imple-
mented to test drug efficiency in hiPSCs-derived disease models133. In fact, immunoassays 
could be replaced by targeted MS in the form of MRM enabling rapid drafting of new assays 
at relatively low cost while retaining the ability to produce accurate quantification, facile 
detection of interferences, and ease of multiplexing 134. Another MS-based approaches aim at 
characterizing drug-protein interactions. This information is highly relevant as compounds 
probably bind to more than one protein target which could have implications on undesired 
toxicity. To this end, the specificity of drugs is evaluated by immobilizing the compound on 
some resins (e.g. sepharose) and incubated with cellular extracts followed by MS detection. 
Several modifications, such as the addition of an excess of the free drug, can be introduced in 
the workflow to discriminate unspecific, weak and strong interactions.

In summary, the systematic comparison of both molecular and functional properties of hu-
man pluripotent stem cell lines will hopefully lead to a more precise definition not only of 
what a pluripotent cell is but of which deviations from this state matter and which do not. We 
therefore anticipate that proteomics will soon be incorporated into these integrative analyses 
to decipher the complexity of the mechanisms underlying the reprogramming process and the 
molecular nature of cellular identity.
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This chapter describes an overview of a multi-omics, systems-wide analysis of cellular re-
programming performed by a global consortium. My contribution focused on the global 
quantitative proteomics analysis, and the integration of my data with the transcriptomic and 
epigenomic analyses, performed by the partners.

Manuscript under review 

Abstract
The recent discovery that somatic cells can be reprogrammed to a pluripotent state was para-
digm shifting for both biology and medical research. Reprogramming continues to challenge 
many of our assumptions about the specification of cellular phenotypes and yet, despite ma-
jor efforts, we still lack a complete molecular characterization of the reprogramming process. 
To address this gap we generated a comprehensive molecular description of the reprogram-
ming cascade toward two distinct pluripotent states. Here, we define temporal relationships 
of chromatin state and gene regulation during reprogramming using next generation sequenc-
ing (NGS) to profile the transcriptome (miRNA, lncRNA and mRNA), CpG methylation, 
ChIP-sequencing (for chromatin marks: H3K4me3, H3K27me3 and H3K36me3), in addi-
tion to quantitative mass spectrometry profiling of the global proteome. This dataset enables 
cross-referencing between “omic” platforms and is available through the Project Grandiose 
portal at http://stemformatics.org/.
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Introduction
As a consequence of the forced expression of four transcription factors; Oct4, Sox2, Klf4 
and c-Myc (OSKM)1 somatic cells undergo a cascade of molecular changes, which can even-
tually lead to pluripotency. The exogenous expression of these potent transcription factors 
perturbs the stable transcriptional network of the initial somatic cell. In response, the cells 
acquire a new steady state by processing intrinsic and extrinsic cues to remodel chromatin 
and reach a new epigenetic state. The newly established molecular profile confers the cells 
with novel properties, typically akin to embryonic stem cells, an ESC like pluripotent state2,3. 
We demonstrated that this is not the only pluripotent outcome of the reprogramming process4. 
We have identified a new category of pluripotent cells (F-class), which can arise when the 
reprogramming factor transgene expression is maintained at an elevated level. The F-class 
cells rapidly proliferate in a transgene dependent manner. Their genome wide expression 
profile is distinct from ESCs although they display characteristics of pluripotency, including 
teratoma formation and expression of a subset of pluripotency marker genes such as Nanog 
and the endogenous Oct44. Upon shut down of the exogenous reprogramming factors, these 
cells differentiate even in ESC culture conditions.

Despite rapid progression of our understanding of the reprogramming process, the cascade 
of molecular events defining the cellular outcomes are not yet well understood. This may 
in part be attributed to the low frequency of obtaining fully reprogrammed ESC-like iPSC-
lines from a population of somatic cells. Without a significant increase in efficiency, the 
early, seemingly stochastic events of reprogramming are difficult to study. To overcome this 
limitation, secondary systems have been used to sample the process with sufficient number 
of cells for characterization of changes5–9. These secondary systems exploit either transgenic 
mice expressing the reprogramming factors from a doxycycline (dox) inducible polycistronic 
transgene placed into a defined locus2,10–12 or iPSC–derived differentiated cells containing dox 
inducible reprogramming transgenes5,8,13 (for review see9). These studies provide evidence 
that reprogramming is a multistep process in which iPSCs are reached via transitions through 
defined transcriptional and chromatin states5,7,14. Moreover, many of the genes described as 
critical to reprogramming are modulated during the later stages of the process1,7. However the 
gene expression networks and their epigenetic basis in intermediate reprogramming states 
have not been defined in detail, and much is still not known about the outcomes and the bar-
riers to efficient reprogramming to pluripotency. A recent publication revealed that the sup-
pression of the critical chromatin repressor complex Mbd3/NuRD15 increased the efficiency 
of generating ESC-like iPSCs to almost 100% from single somatic cells. Here we describe 
the deep characterization of a similarly efficient secondary reprogramming system identified 
earlier13 and report the generation and integration of a unique “multi-omic” dataset derived 
from the parallel profiling of samples taken from the reprogramming process. The same cell 
collections were subjected to NGS to determine the methylome (genome wide CpG methyla-
tion), the transcriptome (short and long RNAs) and the chromatin marks (ChIP-sequencing 
for H3K4me3, H3K27me3 and H3K36me3). In addition, we performed quantitative mass 
spectrometry to establish global and cell surface proteomes. The experimental design and 
molecular resolution that this combined omics approach provided, helped us to characterize 
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the routes to two distinct pluripotency states (F-class4 and ESC-like). The dataset provides 
insight into the intricate interactions between cell state-defining regulatory networks, driving 
the process toward pluripotency from a somatic cell.

We discovered that the dynamics of H3K27me3 drives early events during reprogramming 
and is indicative of a transient open/primed chromatin state near key developmental regula-
tors. The re-acquisition of H3K27me3 and/or absence of demethylation suggest that main-
taining high transgene levels stabilizes the cells towards a distinct pluripotent cell state. The 
gain of H3K4me3 chromatin marks is biphasic with the early phase partially activating a sub-
set of ESC associated genes (e.g. Oct4 and Nanog). In the later phase of the route to ESC-like 
pluripotency, the gain of H3K4me3 is accompanied by demethylation leading to gene activa-
tion and stabilization of exogenous factor-independent self-renewal at a pluripotent cell state.

Experimental methods
Cell culture and Secondary Reprogramming ∙ ESCs and iPSCs were cultured in 5% CO2 
at 37°C on irradiated MEFs in DMEM containing 15% FCS, leukemia-inhibiting factor, pen-
icillin/streptomycin, l-glutamine, nonessential amino acids, sodium pyruvate, and 2-mercap-
toethanol. 1B 1° iPS cells were aggregated with tetraploid host CD-1 embryos as described16 
(in compliance with Protocol # 009 at the Toronto Centre for Phenogenomics) and MEFs 
were established from E13.5 embryos. Fibroblasts were expanded to passage three with one 
billion fibroblasts forming the basis of the reprogramming system. Cell reprogramming was 
induced by exposure to 1500ng/mL doxycycline (high dox). High dox cell samples were 
collected at days 0, 2, 5, 8, 11, 16 and 18 (D2H, D5H, D8H, D11H, D16H, D18H). A subcul-
ture of the reprogramming cells was established from day 19 and cultured in the absence of 
dox, to develop a factor independent 2° iPS cell line by day 30 (2°iPSC). Low dox samples 
were maintained from day 8 to day 14 cells in 5ng dox. At day 14 the culture diverged to 
two groups, with one group of the cells being cultured until day 21 in the absence of dox 
(D21Ø) and the other cultured in 5ng/mL of dox and collected at day 16 (D16L) and (D21L). 
ROSA26- rtTA-IRES-GFP mouse ES cells2, and 1B 1o iPSCs3 were collected as controls. 
All cell lines have been tested for mycoplasma and other pathogens. 

All omic data were derived from the same biological samples allowing direct comparisons 
between all analytical platforms. All DNA based sequence analysis was performed against 
the mm9 genome (NCBI build 37). 

Chip-seq ∙ To identify H3K27me3, H3K4me3 and H3K36me3 histone modifications, we 
performed chromatin immunoprecipitation (ChiP) with DNA sequenced on Illumina HiSeq 
2000. Histone modification enrichment was determined by Model Based analysis for Chip-
seq (MACs)17.

RNA-seq ∙ Long and short fractions of RNA were differentially isolated with respective 
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DNA libraries generated and sequenced using SOLiD sequencing. Long RNA sequence reads 
were aligned to the genome using Lifescope. Short RNA was aligned using SOCS.

CpG methylome ∙ To identify 5-methylcytosine residues, genomic DNA was isolated and 
bisulphite treated. MethylC-Seq DNA libraries were sequenced using the Illumina HiSeq 
2000 and aligned to the genome using Bismark/Bowtie alignment.

Global proteome ∙ Whole cell protein lysate was Tandem Mass Tag (TMT) chemically la-
beled and interrogated by nanoflow LC-MS/MS using an LTQ-Orbitrap Velos mass spec-
trometer coupled to an Agilent 1200 HPLC system. Peptide identification performed with 
Mascot 2.3 (Matrix Science) against a concatenated forward-decoy UniPROT database

Results
Experimental design and “omics” ∙ We took advantage of our piggyBac transposon-me-
diated, doxycycline (dox) inducible secondary reprogramming system (1B4,13) and modelled 
the routes leading to F-class and ESC-like iPSCs. 2ºMEFs were obtained from 1ºiPSC-de-
rived embryos made by tetraploid embryo complementation4 and used at passage 3 for a large 
scale reprogramming experiment. We determined that culturing 2ºMEFs in high concentra-
tion dox (“high-dox”, 1500ng/mL) for just 8 days did not produce dox-independent colonies. 
However, not withdrawing but applying lower concentration dox after this point led to ESC-
like, dox-independent colonies upon plating of single cells at day 15. Thus we branched the 
doxycycline concentration in the media at day 8 (D8H, where H stands for high-dox); either 
maintaining it at the original high level to produce F-class cells4 or decreasing it 300 fold 
(“low-dox”, 5 ng/mL) as shown in figure 1(a) for D16L and D21L. In addition, to obtain an 
early dox-independent transient state, cells were cultured in low-dox from D8H to day 14 
and thereafter in the absence of dox until day 21 (D21∅). The primary and secondary iPSCs 
(1ºiPSCs and 2ºiPSCs, respectively) and a genetically related Rosa26-rtTA knock-in ESCs18 
represent the ESC-like group. The contribution of 2ºiPSCs to all embryonic germ layers 
was confirmed by chimaeras. We sampled the reprogramming process for “multiple-omic” 
analyses at the time points indicated in figure 1a. This approach allowed obtaining a compre-
hensive set of information concerning the expression level steps for each identified gene, as 
well as its epigenetic control (an example is provided for the DNA methyl transferase 3L in 
figure 1b). Normalized and curated data are accessible through the Stemformatics platform 
(http://stemformatics.org/), which also provides numerous easy-to-use analysis tools and al-
lows a locus-centric visualization of every “omic” platforms on the UCSC genome browser 
(Figure 1b). 
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Figure 1. Multiple omics analysis of secondary reprogramming a, Experimental outline of 
secondary reprogramming and designation of collected cell samples. b, Schematic represen-
tation of obtained omic data. Omic data tracks hosted by www.stemformatics.org were up-
loaded to UCSC genome browser and data projected for the Dnmt3l locus, Chr10;77,519,500-
77,526,500. For proteomics, 13 Dnmt3L-related peptides were detected and represented as 
scaled bar according to their corresponding exon position.   

Multi-platform characterization of cell states ∙ Our first aim was to characterize and visu-
alize the molecular changes taking place in each phase of the reprogramming process on the 
basis of the transcriptomic19, proteomic20 and epigenomic21 (CpG methylation and histone 
marks) analyses. Given the complexity of our dataset, this goal can be best approached by 
multivariate statistical analysis22–24. Regularized canonical correlation analysis is a useful 
approach to highlight significant relationships between mRNA data and other variables (epi-
genetic marks and protein level) 25,26. We employed this approach to segregate the whole set 
of samples that we analyzed in parallel (Figure 2). It was evident that, with the exception 
of the methylome, there was an immediate and dramatic profile-change within each “omic” 
when dox was added to the 2ºMEF (transition to D2H). This was especially relevant at the 
proteomic level, while the transcriptome and histone marks (not showed) displayed a slower 
transition. In all the –omics data, the reprogramming cell in high-dox conditions turned into 
a stable state at D16H/D18H, corresponding to the F-class state. These cells display common 
traits with the ESC-like state (component 1, Figure 2), as well as distinct features (component 
2, figure 2). Therefore this analysis suggests that under the influence of elevated transgene 
expression (high-dox), the 2ºMEFs reprogram to a cell type that is divergent from the ESC-
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like state (Figure 2). 

Figure 2. Molecular characterization of cell states during secondary reprogramming. Regu-
larized canonical correlation analysis was employed to extract the common  information be-
tween the different data sets and cellular levels, displayed as a superimposed PCA-like chart. 
This analysis revealed that transgene expression had remarkable early impact particularly at 
the proteomic level, while it provokes little changes in the cellular DNA methylome. All the 
omics converged into a stable state until they were exposed to high transgene expression level 
(F-class state), possessing distinct feature from the ESC-like state. Modulation of transgene 
expression by decreasing the doxocyclin concentration in the growing medium resulted  in 
the further maturation of these cells towards an ESC-like state.  

In contrast, the low-dox samples D21L and D21∅ display “omics” profiles that more closely 
resemble those of ESC-like pluripotent cells. More in detail, the complete removal of doxocy-
cline from day 14 allowed to obtain reprogramming cells (D21∅) that acquired closer ESC-
like features compared to cells reprogrammed in low-dox conditions (D21L). Despite this 
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general description applies to all the omics analyzed, the CpG methylome reprogramming 
is the slowest process, in agreement to the previous report that fibroblast epigenetic memory 
may not be erased.27 To further define the gene expression response to the reprogramming 
factor activation/expression (upregulation and downregulation) we performed pairwise com-
parisons of the measured mRNA levels. When the exogenous reprogramming factors were 
activated (2ºMEF to D2H), the number of downregulated genes exceeded that of upregulated 
genes (Figure 3a). Furthermore, between D2H and D5H a small set of genes became upregu-
lated, but between D5H and D18H the gene expression changes were minimal (Figure 3a). 
Pair-wise comparison also emphasized the significant difference of transcriptional programs 
between the ESC-like and the F-class states (2ºiPSC/D18H in figure 3a). These analyses also 
showed that D21L or D21∅ and the dox independent 2o iPSCs have similar transcriptome 
profiles (Figure 3a, lower panel). Finally, we observed a considerable difference in gene ex-
pression between the low-dox D16L and D21L or D21∅. To rule out effects resulting from an 
early response to the ectopic expression of OSKM, we focused our analysis on gene expres-
sion changes relative to D2H (Figure 3b). We observed a small but continuous upregulation 
of gene expression during the first phase of high-dox reprogramming, and a slight but detect-
able steady downregulation beginning mainly after D11H (Figure 3b), reflecting increased 
transcriptional activity between D5H and D11H.

Figure 3. mRNA expression changes during reprogramming. a, Number of differentially ex-
pressed genes at successive time points during high-dox reprogramming  (upper panel) and 
during low dox reprogramming (lower panel). b, Number of differentially expressed genes 
relative to D2H. For differential gene expression, the exact test for negative binomial distri-
bution was used for statistics.  

Global chromatin remodeling ∙ To investigate whether the observed gene expression dy-
namics could be explained by specific chromatin mark changes, we tracked the presence of 
H3K4me3 (activating) and H3K27me3 (repressing) histone modifications28, as well as H3K-
36me3 (marking the transcriptional elongation29) at annotated loci. At a global level there 
was no change in the H3K4me3 enrichment and read density distribution profiles between 
the samples (Figure 4, upper panel). In contrast, H3K27me3 enrichment displayed a rapid 
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decline from the highly occupied 2ºMEFs loci until D8H, followed by a gradual increase in 
later phases of the process toward both F-class and ESC-like states (Figure 4, lower panel). 
The global reduction of H3K27me3 suggested that there was a steady loss of heterochroma-
tin, which would indicate a transient open chromatin state at D8H. 

   

Figure 4. Dynamic features of chromatin remodeling in re-
programming cell states. Profiles of H3K4me3 and H3K-
27me3 in +/-10kb of annotated transcriptional start sites 
(TSS), as examined by ChiP-Seq.                                                                                                                             

Trimethylation of H3K27 is catalyzed by the Polycomb Repressive Complex 2 (PRC2) 
(reviewed in30). Analysis of the proteome and transcriptome profiles for members of the 
PRC2 complex (Rbbp4, Eed, Ezh2, Suz12, Jarid2) in our data sets is consistent with the 
observed changes of H3K27me3 enrichment. These factors are down-regulated rela-
tive to ESC/iPSCs during early reprogramming, but steadily increase in expression 
during the process (Figure 5). Furthermore, we observed that, while the H3K27me3 
demethylase Kdm6a (Utx) is expressed throughout reprogramming, its expression is up-
regulated steadily starting at D2H. In summary, expression of OSKM induced the at-
tenuation of H3K27 trimethylation, at both H3K27me3 monovalent and H3K4me3+/
H3K27me3+ double positive loci, coinciding with low levels of members of the PRC2 com-
plex.                                                                                                                                         

Figure 5. Polycomb Repressive 
Complex 2 (PRC2) expression dy-
namics. Heatmap representation of 
expression of PRC2 components 
and histone demethylases at the 
RNA (RNA-Seq) and protein level.
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Gene specific chromatin remodeling ∙ Given the depletion of H3K27me3 during the early 
phase of reprogramming, we investigated the dynamic changes in chromatin status of these 
genes. We grouped genes on the basis of 2ºMEF chromatin status into four bins: H3K4me3+ 
monovalent, H3K27me3+ monovalent, double positive (H3K4me3+/H3K27me3+) and no-
mark (as shown in figure 6). We found that, of the 11430 genes that were H3K4me3+ at 
2ºMEF, the majority retained this status during reprogramming. However, a subset of loci (n 
= 2798) exhibited either a gain or loss of the H3K4me3 mark during reprogramming (Figure 
6), demonstrating active chromatin remodelling of these loci during the process. To address 
the effect of this H3K4me3 modulation on gene regulation, we examined genes that demon-
strated differential H3K4me3 occupancy between 2ºMEFs and the ESC-like group, as this 
group demonstrated the largest change in the H3K4me3 mark from 2ºMEFs among all the 
samples (Figure 6). 2°MEF H3K4me3+ genes rapidly lost H3K4me3+ within the first 5 days 
to reach a ESC-like chromatin status (H3K4me3-/H3K27me3-). This rapid loss of H3K4me3 
is coordinated with the wave of gene downregulation observed during initial transgene ex-
pression. Within this cohort of genes we observed a gradual accumulation of DNA methyla-
tion during high-dox reprogramming, however, F-class cells failed to reach the methylation 
levels observed in ESC-like cells.21

Figure 6. Dynamic changes of 2ºMEF histone marks . Tracking of gene status with respect to 
histone mark content, relative to 2ºMEF.  

We next focused on loci that acquired H3K4me3+ in the ESC-like state, but shown no as-
sociation with the repressive H3K27me3 mark (n=144). We found that the majority of these 
loci (72 %) only acquired H3K4me3+ in low-dox and ESC-like groups. Furthermore, this list 
included several genes involved in the pluripotency network (Dppa4, Dppa2, Zfp42, Cbx7). 
A subgroup of genes (n = 13) acquired an ESC-like specific H3K4me3+ mark in the F-class 
state, of which 12 exhibited transcriptional upregulation. Notably, Nanog possessed the high-
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est gene upregulation in this select cohort and demonstrated loss of methylation within 8 
days, in line with its mRNA and protein measurements. 

To assess whether H3K27me3 may also behave as a barrier in the absence of DNA meth-
ylation control, we examined loci that switched from H3K27me3 monovalency in 2°MEF 
to H3K4me3 monovalency in ESC-like cells. We found several ESC-like pluripotency re-
lated genes that lost the H3K27me3 mark and instead gained an H3K4me3+ mark early dur-
ing reprogramming (Figure 6). Nonetheless, several of these loci regained an H3K27me3+ 
mark and lacked transcriptional activity in the F-class state. Among these genes were some 
regulators of pluripotency (Sall1, endogenous Sox2) and cell adhesion (Cdhr1, Cdh1). This 
also further highlights a primed cellular state between D5H and D11H, which could indicate 
enhanced developmental potential during this period of reprogramming. This switch from 
an H3K27me3+ repressive mark to an H3K4me3+ active mark at these loci defines another 
mechanism of transcriptional control during reprogramming. Taken together these results 
demonstrate that there are two barriers to achieving an ESC-like pluripotent state:  the first 
one is pre-existing and is dependent on DNA methylation and the second is an acquired bar-
rier which is maintained during transgene expression, that is driven mainly by a gain in the 
H3K27me3+ mark.

Differential gene expression determined by chromatin remodeling ∙ To further determine 
the impact of epigenetic marks dynamics on mRNA level changes, we first tracked gene 
expression relative to D8H, as day 8 was the branching point for both reprogramming paths 
and represented the highest level of cellular homogeneity and open chromatin state. We sub-
divided these genes according to whether they were upregulated, maintained or downregu-
lated from 2ºMEF to D8H. We then restricted the gene list to those that were differentially 
expressed from D8H between F-class and ESC-like states (Figure 7).  These subdivisions 
were then grouped according to whether their expression increased or decreased from D8H 
towards F-class or ESC-like state. 

In general, differential gene regulation from 2°MEF to D8H was associated more frequently 
with chromatin changes rather than DNA methylation suggesting that chromatin structure 
drives early reprogramming events (Figure 7). Genes that were downregulated in F-class 
cells relative to D8H, were enriched for cell adhesion components, consisting of cell-cell 
junctions, extracellular matrix proteins and cell surface adhesion receptors, a finding cor-
roborated by the proteomic analysis. Moreover, this observation could account for the mor-
phological differences between F-class and ESC-like cells4.  We also found that this set of 
downregulated genes, specific to F-class cells, was associated mainly with chromatin modu-
lation. These changes included either a loss of H3K4me3, gain of H3K27me3, or acquisition 
of a bivalent status as a result of acquired H3K27me3 (Figure 7). F-class specific upregulated 
genes (Group 4a) included replication dependent histone genes, consistent with a require-
ment for increased nucleosome assembly in conditions of rapid proliferation4. These genes 
had lower expression in the ESC-like state, which proliferate at a lower rate to F-class cells. 
The global proteome analysis strengthens this finding with the demonstration that F-class 
cells are highly enriched for proteins associated with metabolism and cellular proliferation20. 
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In contrast, a subset of pluripotency and early developmental patterning genes were signifi-
cantly upregulated in the ESC-like state (Group 4b) relative to D8H. These genes remained 
unchanged within the F-class (Group 5). Among these, we found primed genes that were 
transiently activated (D5H-D11H) and subsequently repressed in F-class, yet active in low-
dox and ESC-like state. This indicates the acquisition of a chromatin-driven expression bar-
rier in this set of genes in F-class. Additionally, several loci in F-class cells showed a lack 
of enrichment of the H3K4me3 mark relative to the ESC-like state, in combination with an 
absence of ESC-like state-specific DNA demethylation, suggesting another mechanism of 
blocking transcriptional activity in F-class cells (Figure 7). Overall, these findings indicate 
that the epigenetic state of reprogramming cells deviates in two directions from D8H to yield 
the F-class and ESC-like phenotypes. Transgene driven chromatin-remodeling events hold 
F-class cells in a state of low cell adhesion, whilst DNA methylation maintains quiescence of 
many ESC associated genes.  

Figure 7. Paths to F-class and ESC-like pluripotency. Global summary of chromatin mark 
and DNA methylation changes for the three transitions of differentially expressed genes in 
the key transitions of reprogramming. Net percent change is the difference in the number of 
genes associated with a gain or loss of an epigenetic mark over the total number within each 
category (n). For differential gene expression, the exact test for negative binomial distribu-
tion was used for statistics.  

Post-transcriptional regulation ∙ The systems-level nature of our analyses allowed us to 
investigate whether the reprogramming process is to a certain extent regulated post-tran-
scriptionally. To this aim, we compared our protein and paired mRNA-seq data sets (Figure 
8a). Throughout all time-points we observed a reasonable, albeit not impeccable, correlation 
between mRNA and protein changes (Pearson correlation = ~0.5). These results are in agree-
ment with recent evaluation of protein and mRNA turnover rates in cells31. Moreover, several 
of the most important changes that we observed during reprogramming in the transcriptomic 
analysis was also confirmed at the protein level. This includes, for example, the perturbed 
expression of cell and matrix-adhesion related genes and limited activation of pluripotency 
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network in F-class cells. Although in general terms there is a strong  transcriptional control 
on the levels of these class of proteins, our proteomic data allow us to examine whether these 
proteins are regulated post-transcriptionally. An example is given by one of the adhesion 
proteins, Beta-Catenin (Ctnnb). Ctnnb abundance is tightly regulated at the post-translational 
level through ubiquitin-mediated degradation. Noteworthy, we found down-regulation of 
Ctnnb protein in F-class cells, while the corresponding mRNA did not exhibit significant 
changes over the whole reprogramming process. Ctnnb is also known to be a key regulator 
of the Wnt pathway, where its stabilization affects Tcf3 repressor activity and maintains self-
renewal of mouse ESCs32–34. Besides mRNA/protein discrepancies on individual genes, we 
noticed that the low-dox samples (i.e. D16L, D21L and D21Ø) exhibited a substantial lower 
correlation (Pearson ~0,25) in the protein-mRNA levels, compared to the average correlation 
(Figure 8a). Intrigued by this finding, we then selected the uppermost 1,275 genes for which 
protein and mRNA showed poor correlation in F-class, ESC-like and low-dox cells where 
the poor correlation was particularly evident for the latter (Figure 8b).We next categorized 
these 1,275 genes in four subsets based on whether protein levels displayed up- or down-
regulation, but no change in mRNA, and vice versa and probed if the genes in any of these 
subset were enriched in particular GO terms. The data suggest that, particularly in low-dox 
cells, post-transcriptional regulatory mechanisms control the expression at the protein level 
of genes involved in cellular adhesion (e.g. remodeling of epithelial adherens junctions, Inte-
grin and Paxillin signaling), estrogen and androgen signaling and mitochondrial function. We 
speculate that the observed down-regulation of these proteins may be controlled by specific 
ubiquitin-dependent degradation rather than translational control31.

Figure 8. Global proteomic-mRNA correlation. a, Pearson correlation between protein and 
mRNA measurements is reported as heatmap and revealed a lower agreement in the late 
phase of the reprogramming process (low dox cells, purple dashed line), compared to the 
other samples (green dashed line). b, Focus on the 1275 proteins which do not correlate to 
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the mRNA levels for the samples D16H, D18H, D16L, D21L, D21Ø and 2ºiPSC, in their 
expression level compared to ESC. Protein and mRNA expression levels are reported in the 
heatmap as a Log2 ratio .

Evidence of long intergenic nonconding (linc) RNA translation ∙ lincRNAs have emerged 
as a class of regulatory molecules with intrinsic biological functions35,36. Recently, ribosome 
profiling experiments in mouse cells indicate the presence of translated sORFs on nearly half 
of the lincRNAs analyzed37, which is much higher than expected 35,38,39. We therefore applied 
a lincRNA discovery pipeline to our RNA-seq data to identify 11,708 transcribed lincRNAs 
at least in one of the cellular populations analyzed during reprogramming. Subsequently, 
we combined this info into the genomic database to search our MS data to determine what 
percentage of these lincRNAs are translated into polypeptides. Using this strategy we identi-
fied 28 protein-encoding lincRNAs, which represent 0.25% of the lincRNAs detected in our 
RNA-seq analysis. Notably, the finding that only a minor fraction of translated lincRNAs  
were identified by LC-MS/MS is in agreement with a similar analysis recently performed in 
human cell lines40. Eight of them were identified on the basis of two or more unique peptides, 
being indicative of very confident identifications (table 1). 

Table1. List of the lincRNAs detected at the protein level on the basis of multiple unique 
peptides identification

Accession Unique Peptides PSMs

XLOC_064766 3 27
XLOC_047827 7 14
XLOC_064607 2 3
XLOC_047825 10 52
XLOC_055736 5 14
XLOC_019847 2 7
XLOC_046786 3 29
XLOC_046789 2 14

Most importantly, we could retrieve quantitative information about their expression level 
among the whole set of samples analyzed and six of them changed by more than 2-fold when 
compared to the fibroblast expression level (Figure 9). These might indicate a potential role 
of these translated lincRNAs in pluripotent cells but additional validation is required to con-
firm these results. A puzzling point which still needs to be addressed concerns the disparity 
between the rather high percentage of translated lincRNA identified by ribosome profiling 
(nearly 50%) in contrast to the low percentage detected by LC-MS/MS analyses (<1%). This 
differences might arise from a number of factors, including false positive identifications by 
ribosome profiling techniques41. Additionally, ribosome profiling may identify rare transla-
tional events that do not generate enough protein to be detected by LC-MS/MS. Future work 
coupling ribosome profiling with MS should help in resolving these questions and provide a 
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better understanding of the factors governing lincRNA translation.

Figure 9. Examples of lincRNAs differentially exressed during cell reprogramming.  Bar 
charts showing the relative abundance of two lincRNAs detected by LC-MS/MS.   

Conclusions
Our data demonstrate that reprogramming of somatic cells to pluripotency entails the execu-
tion of a complex sequence of transcriptional and epigenetic events that results in an altera-
tion of the developmental state of the cell. We characterized two paths of reprogramming: 
one that gives rise to ESC-like cells and a second path to transgene dependent F-class cells 
which represent an alternative pluripotent state4. We used parallel transcriptome, proteome 
and epigenetic marks to characterize early, intermediate and late stages of reprogramming. 
The early stage is characterized by a widespread depletion of the repressing histone mark 
H3K27me3 during the first 8 days (D2H-D8H), coinciding with net upregulation of gene 
expression during this period. The amplitude of these changes is even more evident at the 
protein level, reflecting the early up-regulation of the cellular machinery for protein synthe-
sis. In contrast, the CpG methylation status of 2°MEF exhibited only little changes. Beyond 
day 8, global H3K27me3 enrichment was gradually restored to levels observed in 2°MEFs 
and the ESC-like group. This is consistent with mass-spectrometry based analysis, that previ-
ously showed no global difference of H3K27me3 levels between these two cell types42. The 
observed low level expression of PRC2 complex components together with increasing ex-
pression of the H3K27me3 demethylase Utx (Kdm6a) supports the notion that loss of H3K27 
trimethylation is favoured during the early phase of reprogramming. This is in keeping with 
a recent report demonstrating the requirement for the H3K27me3 demethylase Utx (Kdm6a) 
during early reprogramming44. The re-acquisition of H3K27me3 marks follows a different 
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trajectory in F-class vs. ESC-like cells. In F-class the restoration of this mark also occurs at 
subset loci associated with ESC-like cells (pluripotency and cell adhesion related), emphasiz-
ing the divergence between the two pluripotent states. This divergence, however, does not 
represent a unbreakable barrier as shown by the transition of F-class cells to an ESC-like 
state upon exposure to histone modifiers4. The CpG methylation analysis also highlighted 
that a large number of ESC-associated genes remain hypermethylated in the F-class state, in 
combination with a lack of H3K4me3 at the TSS, suggesting that CpG demethylation is one 
of the final events during epigenetic remodeling. The epigenetic barriers identified in F-class 
and low dox cells are reflected by the transcriptomic and proteomic analysis, where these 
two cell states exhibited unique features, and low dox cells were more similar to ESC-like 
state. The integration of RNA and protein measurements allowed us to: (i) identify in general 
a prominent transcriptional control of the processes involved in reprogramming, with the 
exception of low dox cells, where post-transcriptional control may play an important role 
and (ii) define a small subset of lincRNA undergoing translation which experienced dynamic 
regulation over the reprogramming process.

In summary, our multiple “omic” characterizations of cellular reprogramming trajectories en-
able the analysis of gene expression dynamics with respect to the epigenome, transcriptome 
and proteome, within distinct cell states. We present this valuable dataset as a resource to the 
research community hosted by http://www.stemformatics.org/ 44. This open-access resource 
allows collating, visualizing and analyzing this dataset along with other datasets related to 
pluripotency.
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Abstract
Somatic cell reprogramming into induced pluripotent stem cells (iPSCs) is a process in which 
a complex network of molecular events generates a wide spectrum of either transient and 
stable cell states. Understanding the molecular mechanisms underlying the reprogramming 
phases is essential to increase its efficiency and will have important implications for improv-
ing our knowledge of cellular plasticity. Here we applied an in-depth high-resolution quan-
titative mass spectrometry-based analysis to probe dynamic proteome changes during repro-
gramming. Comparing 13 different states over the reprogramming time-window, our data 
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reveal a proteome resetting step taking place already 48 hours after transgene expression, 
which involved specific biological processes linked to the c-Myc transcriptional network. A 
second wave of major proteome reorganization occurred in a later stage of reprogramming, 
where we could distinguish and characterize two distinct pluripotent cellular populations. 
One of them represented a stable transgene-dependent cell type, which showed an altered 
pattern of adhesion proteins and a partial activation of pluripotency markers. The other popu-
lation represented embryonic stem cell (ESCs)-like cellular precursors, which, although hav-
ing their own proteome imprint, showed higher levels of proteins involved in cell adhesion, 
epigenetic machinery and pluripotency. Our proteome resource can be used to identify key 
steps in reprogramming and unique features of the two different states occurring during the 
process.

Introduction
The ectopic expression of defined transcription factors is a well-designed strategy to repro-
gram somatic mammalian cells to induced pluripotent cells (iPSCs)1. Many studies have 
demonstrated that iPSCs are similar to their embryo-derived counterparts, embryonic stem 
cells (ESCs), both at the functional and molecular levels2–14. Owing to their properties, the 
invention of iPSCs has a huge impact both in basic research and clinical applications. How-
ever, the overall frequency in which the transition to pluripotency occurs is typically low 
(less than 1%) and requires 1-3 weeks of factors expression. Nevertheless, as shown by 
several reports, the kinetics and efficiency of this process can be drastically affected either 
modulating the expression of specific molecular mediators15–18 or through the use of chemical 
compounds19,20. Evidently, understanding the molecular mechanisms involved in cellular re-
programming may enable the improvement of the efficiency of the process and shed light on 
key processes governing cellular plasticity. The molecular characterization of intermediate 
cellular states occurring during the reprogramming process has so far been poorly addressed 
largely due to (i) extended latency, (ii) small subset of the starting cells becoming pluripotent,  
(iii) cellular heterogeneity. However, newer developed technologies such as single cell imag-
ing21,22 and secondary expression systems employing inducible polycistronic constructs23–25 
allow to overcome those issues and suggest that reprogramming follows a stepwise transition 
through key intermediate states26. These involve the early induction of cellular proliferation 
and down-regulation of fibroblast markers, followed by a mesenchymal to epithelial transi-
tion27,28. Although these reports represent an invaluable source of knowledge to decipher the 
molecular mechanisms governing the different phases of reprogramming, the study of the 
dynamic changes at the proteome level is not fully explored yet. This is particularly relevant, 
since mRNA levels are insufficient to predict the corresponding protein levels due to post-
transcriptional and post-translational regulation29. Nowadays, genome-wide profiling of the 
proteome can be best approached by mass spectrometry (MS)-based techniques, which allow 
the identification and quantification of several thousands of proteins in a given biological 
sample30,31. As far as iPSC are concerned, MS-based profiling has been successfully used to 
confirm the similarity between human iPSC and ESC cells at the protein level32,33. However, 
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to the best of our knowledge, only one report has addressed the time course analysis of 
proteome changes during cellular reprogramming34. In that study, a retroviral based second-
ary system was used and proteomic analyses were performed on selected populations of 
cells, FACS-sorted using known iPSC markers such as SSEA1, Thy-1 and Oct4. The authors 
analyzed five time-points at different stages of reprogramming and found the occurrence of 
highly coordinated proteomic changes during this process. However, such analysis possessed 
a biased towards cells that were “on route” to pluripotency and the existence of alternatives 
mechanisms either enhancing or promoting reprogramming efficiency was not considered.

We have previously described two secondary reprogramming cell lines (named 6C and 1B) 
that permit efficient induction of the reprogramming factors in somatic cells25,28. To study 
proteome changes occurring during somatic cell reprogramming, we employed our second-
ary mouse embryonic fibroblast (2ºMEF) cell line (1B), generated by a doxycycline (dox) 
inducible piggyBac transposon-based transgene delivery system25. A modulated transgene 
expression scheme was employed to model cell reprogramming towards the fuzzy colony 
forming state (F-class) 35 and the ESC-like state. Briefly, after 16 days of transgene expres-
sion induced by high-dox (1500 ng/mL), the cellular population is dominated by cells rep-
resenting the F-class state. Attenuated transgene expression obtained by decreasing the dox 
concentration to 5 ng/mL at day 8, facilitated the transition of reprogramming cells to the 
ESC-like state 36. Although the Nanog+ F-class cells share some properties with the ESC-like 
state (immortality, self-renewal, teratoma formation and in vitro differentiation capability), 
they differ with respect to cell morphology, transgene dependence and ability to integrate into 
pre-implantation embryos and to form chimaeras35.

Here we present an in-depth proteome profiling of reprogramming 1B cell line which, in 
combination with transgene expression modulation, allowed us to (i) characterize the protein 
changes involved in the transition from fibroblast to F-class cells, (ii) identify the difference 
between F-class cells and low-dox cells, and (iii) monitor protein changes occurring during 
the maturation of the latter cell type to secondary iPSCs. This in-depth proteome profiling 
enabled the identification of distinct pluripotent cellular populations during somatic cell re-
programming into iPSCs and extends the knowledge of the molecular mechanisms involved 
in cellular reprogramming. 

Experimental Methods
Cell culture and secondary reprogramming ∙ ESCs and iPSCs were cultured in 5% CO2 
at 37°C on irradiated MEFs in DMEM containing 15% FCS, leukemia-inhibiting factor, 
penicillin/streptomycin, l-glutamine, nonessential amino acids, sodium pyruvate, and 2-mer-
captoethanol. 1B 1° iPS cells were aggregated with tetraploid host embryos as described 
elsewhere25 and MEFs established from E13.5 embryos. High-dox cell samples were col-
lected at days 0, 2, 5, 8, 11, 16 and 18 (D2H, D5H, D8H, D11H, D16H, D18H). A subculture 
of the reprogramming cells was established from day 19 and cultured in the absence of dox, 
to develop a factor independent 2° iPS cell line by day 30 (2°iPSC). Low-dox samples were 
maintained from day 8 to day 14 cells in 5 ng of dox. At day 14 the culture was diverged 
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in two with some of the cells being cultured until day 21 in the absence of dox (D21Ø) and 
the remainder were cultured in 5 ng/mL of dox and collected at day 16 (D16L) and (D21L). 
Rosa26rtTA ESCs, and 1B 1o iPSCs were collected as controls. 

Sample preparation for MS analysis ∙ Secondary MEFs, 1º and 2º iPSCs, ESCs, six inter-
mediate reprogramming time points in high-dox conditions (D2H, D5H, D8H, D11H, D16H 
and D18H) and 3 intermediate reprogramming time points in low-dox conditions (D16L, 
D21L, D21∅) were harvested by centrifugation at 2500 g for 10 min at 4 °C. Cell lysis was 
performed in a buffer containing 8 M urea in a solution of 100 mM triethyl ammonium bicar-
bonate (TEAB) (Fluka), pH 8.2, with protease and phosphatase inhibitors (Roche). Proteins 
(~1 mg) were first reduced/alkylated and digested for 4 h with Lys-C. The mixture was then 
diluted 4-fold to 2 M urea and digested overnight with trypsin (Promega) in a substrate/
enzyme ratio of 50:1 (w/w). Digestion was quenched by acidification with formic acid (FA) 
(final concentration 10%). Resulting peptides were subsequently desalted by solid phase 
extraction (Sep-pack Vac C18 cartridges, Waters), vacuum dried and then re-suspended in 
TEAB buffer 100 mM to a final concentration of ~1 mg/ml. An aliquot of 100 µg of each 
sample was chemically labeled with Tandem Mass Tag (TMT) reagents (Thermo Fisher) 
according to the manufacturer instructions. To accommodate all the thirteen samples in the 
analysis, three TMT mixtures were created. Basically, “mix1” contained a set of five differ-
ent samples mixed in a 1:1 ratio (secondary MEFs and D2H, D5H, D8H, D11H). “Mix2” 
contained the other set of samples mixed in a 1:1 ratio (D16H, D18H, ESC, 1ºiPSCs and 
2ºiPSCs). “Mix3” contained the low-dox samples mixed in a 1:1 ratio (D16L, D21L, D21∅). 
An internal standard consisting of a mixture in a 1:1 ratio of all the samples was also included 
in all three analyses. This internal standard was used for data normalization and integration 
of all three data sets (Figure 1).  Before the mass spectrometric analysis, the TMT labeled 
peptides mixtures were fractionated as described elsewhere37. The SCX system consisted of 
an Agilent 1200 HPLC system (Agilent Technologies, Waldbronn, Germany) with one C18 
Opti-Lynx (Optimized Technologies, OR) trapping cartridges and a Zorbax BioSCX-Series 
II column (0.8-mm inner diameter 50- mm length, 3.5 mm). The labeled peptides were dis-
solved in 10% FA and loaded onto the trap columns at 100 µL/min and subsequently eluted 
onto the SCX column with 80% acetonitrile (ACN; Biosolve, The Netherlands) and 0.05% 
FA. SCX solvent A consisted of 0.05% formic acid in 20% ACN, while solvent B was 0.05% 
formic acid, 0.5M NaCl in 20% ACN. The SCX salt gradient was as follows: 0–0.01 min 
(0–2% B); 0.01– 8.01 min (2–3% B); 8.01–14.01 min (3–8% B); 14.01–28 min (8–20% B); 
28–38 min (20–40% B); 38–48 min (40–90% B); 48–54 min (90% B); 54–60 min (0% B). A 
total of 50 SCX fractions (1 min each, i.e. 40 µL elution volume) were collected and used for 
subsequent LC-MS/MS analysis.

Mass spectrometric analysis ∙ We performed nanoflow LC-MS/MS using an LTQ-Orbitrap 
Velos mass spectrometer (Thermo Electron, Bremen, Germany) coupled to an Agilent 1200 
HPLC system (Agilent Technologies). SCX fractions were dried, reconstituted in 10% FA 
and delivered to a trap column (ReproSil C18, (Dr Maisch GmbH, Ammerbuch, Germany); 
20 mm x 100 µm inner diameter, packed in-house) at 5 µl/min in 100% solvent A (0.1 M 
acetic acid in water). Next, peptides eluted from the trap column onto an analytical column 
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(ReproSil-Pur C18-AQ (Dr Maisch GmbH, Ammerbuch, Germany); 40 cm length, 50 µm 
inner diameter, packed in-house) at approximately 100 nl/min in a 90 min or 3 h gradient 
from 0 to 40% solvent B (0.1 M acetic acid in 8:2 (v/v) ACN/water). The eluent was sprayed 
via distal coated emitter tips butt-connected to the analytical column. The mass spectrometer 
was operated in data-dependent mode, automatically switching between MS and MS/MS. 
Full-scan MS spectra (from m/z 350 to 1500) were acquired in the Orbitrap with a resolu-
tion of 30,000 FHMW at 400 m/z  after accumulation to target value of 500,000 in the linear 
ion trap (maximum injection time was 250 ms). After the survey scans, the ten most intense 
precursor ions at a threshold above 5,000 were selected for MS/MS with an isolation width of 
1.2 Da after accumulation to a target value of 30,000 (maximum injection time was 50 ms). 
Peptide fragmentation was carried out by using higher-energy collisional dissociation (HCD) 
with an activation time of 0.1 ms and a normalized collision energy of 45%. Fragment ions 
analysis was performed in the Orbitrap with a resolution of 7,500 FHMW  and a low mass 
cut-off setting of 100 m/z. 

Data processing ∙ MS raw data were processed with Proteome Discoverer (version 1.3, 
Thermo Electron). Basically, peptide identification was performed with Mascot 2.3 (Matrix 
Science) against a concatenated forward-decoy UniPROT database supplemented with all 
the frequently observed contaminants in MS (version 5.62). The following parameters were 
used: 50 p.p.m. precursor mass tolerance, 0.02 Da fragment ion tolerance, up to 2 missed 
cleavages, carbamidomethyl cysteine as fixed modification and oxidized methionine and 
TMT modification on N-Term and Lysines as variable modifications. Finally, we performed 
a deconvolution of the high resolution MS2 spectra, by which all the fragment ions isoto-
pic distributions were converted to an m/z value corresponding to the monoisotopic single 
charge. Reporter ion based quantification method was chosen in Proteome Discoverer, with 
the following requirements for reporter ion integration in the MS2 spectra; mass accuracy 
of maximum 20 p.p.m. and peptide ratio maximum limit of 100. In order to minimize ratio 
distortion due to the presence of more than one peptide species within the precursor ion isola-
tion width, we also rejected the quantification of MS/MS spectra having a co-isolation values 
higher than 30%. Finally, results were filtered using the following criteria: (i) mass deviations 
of ±5 p.p.m., (ii) Mascot Ion Score of at least 25, (iii) a minimum of 7 amino-acid residues 
per peptide and (iv) rank 1 in Mascot. As a result, we obtained peptide FDRs below 1% for 
all of the three peptide mixtures analyzed. Finally, peptide ratios were Log2 transformed and 
normalized by median subtraction. 

Bioinformatic analysis ∙ Pearson correlation heatmaps and hierarchical clustering were gen-
erated using the MeV software. Protein profiles were grouped through a soft clustering ap-
proach (figure 5), implemented in the GProx open source software package27. To this end, 
only proteins showing at least a fold change higher +/- 1 (in Log2 scale) compared to the 
2ºMEF in at least one time point were used. Protein expression values were then standard-
ized to have a mean value of zero and a standard deviation of one, ensuring that vectors of 
proteins with similar expression changes are close in Euclidean space. Clustering parameters 
such as Fuzzification, membership threshold and number of clusters were set at 1.45, 0.5 
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and 9, respectively. The protein members of each cluster were then subjected for functional 
analyses (i.e. enrichment of GO terms, transcription factor binding and miRNAs prediciton) 
using X2K software38. Statistical tests combining p-value and z-score were used to detect 
over representation of the annotations included in either GO, KEGG and CheA database. 
Transcription factor networks were created through the software TVNviewer39. 

Results:
Overview of the high resolution MS-based proteomic analysis results ∙ A total of thirteen 
samples, representing the temporal course of reprogramming, were subjected to in-depth 
quantitative proteomic analysis36 (Figure 1). 

Figure 1. Schematic overview of the experimental proteomics workflow. Treatment of 1B 
2ºMEF with doxycycline (1500ng/mL) induced OKMS expression and initiated reprogram-
ming, which was monitored at 5 consecutive timepoints (D2H, D5H, D8H, D11H, D16H and 
D18H). Modulation of transgene expression was induced by dropping the dox concentration 
to 5 ng/ml after eight days, where after 3 samples were profiled: D16L, D21L and D21∅ (in 
the latter doxycycline was completely removed on day 14). Additionally the original 2ºMEFs, 
a Rosa rtTA ESC line as well as the primary and secondary iPSCs (1ºiPSC and 2ºiPSC) were 
included in our quantitative proteome analysis. All the 13 collected samples were processed 
for proteomic analysis (lysis, proteolysis, TMT-based isotope labeling) and grouped in three 
mixtures prior to SCX fractionation and LC MS/MS analysis, whereby each mixture included 
a common internal standard (ISTD). Temporal expression profiles were obtained using dif-
ferential quantification versus this common ISTD.  
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We analyzed the precursor 2ºMEF, six intermediate time points (day 2, 5, 8, 11, 16 and 18) at 
high-dox concentrations (termed D2H, D5H, D8H, D11H, D16H and D18H) and three inter-
mediate time points (day 16 and 21) collected after reducing the dox concentration (low-dox) 
starting from day 8 (termed D16L, D21L, D21∅). In addition, we included the secondary iP-
SCs (termed 2ºiPSC), primary iPSCs (termed 1ºiPSC) and Rosa26-rtTA transgenic ESCs rep-
resenting ESC-like pluripotency (termed ESC). For each sample, proteins were extracted and 
digested enzymatically into peptides. Metabolic labeling presents some caveats in ESCs40 
and, so far, has not been applied to iPSCs; whereas label-free approaches are less suitable for 
large multidimensional separation-based strategies. Therefore, we employed isobaric TMT 
reagents41 to label peptides originating from the different cell states. 

 This approach allows us to multiplex our proteomic measurements, as six samples can be 
analyzed simultaneously, thereby reducing potential variability that arises during sample 
preparation. Three mixtures, each of them containing a different set of samples plus a com-
mon internal standard were analyzed (see Methods). To ensure maximal protein identifica-
tion, we pre-fractionated the samples by strong cation exchange (SCX) chromatography42. 
Subsequently, the SCX fractions were analyzed by high-resolution LC-MS/MS using HCD 
for both peptide identification and quantification. The reporter ion intensities present in each 
MS2 spectrum reflect the relative abundance of the peptides in each of the corresponding 
samples. Through this approach, we were able to identify a total of 7,250 protein groups with 
a peptide FDR below 1% 43 (Figure 2). 

Figure 2. Overview of protein identified and quantified along the three TMT mixtures. Venn 
diagrams showing the identification of 7,250 protein groups in total, which corresponded  to 
5,026 of proteins commonly identified from the three TMT mixtutures (left).The total of pro-
teins for which quantitative values could be retrieved in at least one sample were 6,864;while 
the subset of proteins quantified in all the samples included in the analysis were 4,466.                                                                                                                                          

Typically, proteomic studies are biased toward the detection of highly expressed genes. Nev-
ertheless, our data set includes numerous proteins known to be of low abundance in mam-
malian cells and, according to the protein abundance calculated as in Grossman et al44, we 
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probed the proteome with six orders of magnitude.  We then classified, by protein class, the 
7,250 identified proteins and found 342 transcription factors, 247 kinases as examples of low 
abundant protein classes. We also identified the protein product of the genes that control plu-
ripotency (Oct4, Nanog and Sox2) as well as several other well-known mESC markers, such 
as Dnmt3b, Utf1, Lin28a and Sall4. Overall, 4,454 protein groups were quantified in all the 
samples and allowed us to obtain their temporal expression profiles (Figure 2). Protein ratios 
in all the samples showed a normal distribution and 92% of the proteins could be quantified 
with less than 35% of relative standard deviation, being indicative of high precision (Figure 
3).

Figure 3. Distribution of protein quantification 
variability. Protein variability (%) was calculated 
as the relative standard deviation and binned in in-
creasing  intervals of 10%. The number of proteins 
belonging to each variability interval is reported 
as bar chart.

 

Reprogramming occurs via different cellular states distinguishable at the proteome 
level ∙ The first evident observation that could be retrieved from our analysis is that re-
programming induces widespread adaptation at the proteomic level: 55% of the proteins 
(n=2,452) changed their abundance more than 2-fold in at least one of the samples (when 
compared to the 2ºMEF). Using this subset of 2,452 differential proteins, we first exam-
ined the global correlation over all the samples (Figure 4a). This analysis revealed at least 
6 distinct groups, a) the precursor 2ºMEF, b) the first high-dox sample (D2H), c) the further 
transient high-dox cells (D5H-D11H), d) F-class state (represented by D16H and D18H), e) 
the low-dox (D16L, D21L, D21∅) samples and f) 1ºiPSC, 2ºiPSC and ESC. Upon two days 
following dox-induced  transgene expression, the proteome was already very distinct from 
the original fibroblast proteome. After that, a distinctive step-wise temporal progression of 
the reprogramming process was evident in the high-dox samples, where D5H cells displayed 
a high similarity with the subsequent time points D8H and partially with D11H. Notably, 
the dynamic changes observed from D2H until D11H turned into a stable proteome state at 
D16H and D18H. Cells at these latter two time points were almost indistinguishable at the 
proteome level and represent the aforementioned F-class cells (Figure 4a). Notably, these 
F-class cells represent a stable state and do not turn into an ESC-like state even after two 
additional weeks of high-dox treatment35. However, following the reduction of transgene 
expression, the population of reprogramming cells morphologically resembled ESCs36. In 
agreement with these findings, our proteomic data show that the low-dox cells (D16L, D21L 
and D21∅) share not only a high proteome correlation between each other, but also with the 
ESC-like state samples (Figure 4a). 

Next, we investigated the proteomic behavior of genes related to pluripotency and self-re 
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Figure 4. Proteome adaptation occurs in waves during somatic cellular reprogramming. 
Pearson correlations values were calculated for all 13 samples analyzed based on (a) all 
proteins showing >2-fold change relative to 2ºMEF levels (n=2445) and (b), all proteins 
belonging to the Plurinet core-proteome (n=129). (c) Bar chart of the calculated Pearson 
correlation values relative to ESCs for each of the samples analyzed. Global proteome and 
Plurinet core-proteome Pearson values are shown in blue and red, respectively. (d) Differ-
ential expression of specific Plurinet core-proteome proteins, relative to ESCs, in F-class, 
low-dox and ESC-like samples.      

newal as reported in the Plurinet resource45. From the 282 Plurinet genes, our data contained 
quantitative measurements for 129 proteins that we used to assess the correlation between 
the different cell states. Compared to the global proteome analysis, this “targeted” approach 
revealed a lower correlation between all the reprogramming cells and the ESC-like group 
(Figure 4b), meaning that none of these cells undergo a full activation of the pluripotency net-
work. Moreover, weak Plurinet-based correlation changes between the 2ºMEF and the cells 
exposed to high-dox conditions was evident, while low-dox cells are clearly distinct (Figure 
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4b). When compared to ESC, the correlation of 2ºMEF and high-dox samples was constantly 
low (Figure 4c). In contrast, attenuated transgene expression led to a substantial increase in 
similarity with the ESC-like state (Figure 4c). 

Intrigued by these findings, we investigated which Plurinet proteins exhibited differential 
expression between F-class, low-dox and ESC-like cells. This analysis revealed that proteins 
involved in nuclear processes (e.g. Ncl, Lyar, Parp1, Kpna2), chromatin architecture estab-
lishment (e.g. Uhfr1, Kdm6a, Eed, Suz12, Smarca5, Smarcad1, Smarcc1) and Nanog were 
up-regulated within both pluripotent cell populations (Figure 4d). However, in F-class cells 
several pluripotency markers (e.g. Sall4, Utf1, Dppa4, Lefty and Esrrb) were less abundant 
than both the low-dox and ESC-like cells (Figure 4d).

Recently, it has been proposed that iPSCs may retain an epigenetic memory of their parental 
cells46,47. Using our reprogramming system, we have observed in F-class that the low expres-
sion of many pluripotency genes is associated with 5-methylcytosine and H3K27me3 inhibi-
tory marks35,36,48. In the current data set, we found reduced levels of proteins involved in DNA 
methylation (e.g. Dnmt3b, Dnmt3l, Zfp57, Tet1), telomeres binding (e.g. Rif1, Terf1) and 
other epigenetic-based transcriptional regulators (e.g. Pml, Phf17, Jarid2 and Yy1) in F-class 
cells. Notably, Tet1 has been shown to replace Oct4 and initiate somatic cell reprogramming 
in conjunction with Sox2, Klf4, and c-Myc49. Moreover, despite some proteins involved in 
epigenetic control of gene expression (i.e. Suz12 and Eed subunits of the Polycomb complex 
2) were highly express in F-class, low-dox and ESC-like cells, there were two important 
modulators of this complex, Jarid2 and Yy150,51, present at a lower level specifically in F-
class cells (Figure 4d). 

In-depth analysis of proteome adaptation during reprogramming ∙ To draw an unbiased 
picture of the dynamic proteomic changes occurring at different phases of reprogramming, 
we next clustered the 2,452 differential proteins on the basis of their time course expression 
(from 2ºMEF to 2ºiPSC) into nine distinct profiles (Figure 5). For figure legibility and to 
better show the temporal sequence of the reprogramming process, we did not include 1ºiPSC 
and ESC samples in such analysis, as these samples show similar proteome profiles with 
2ºiPSC. 

We subsequently investigated whether the proteins within a cluster shared functionality. 
These analyses revealed the involvement of specific molecular processes in certain phases 
of the reprogramming process. The most enriched terms from GO, KEGG and ChEA (which 
contains curated ChIP datasets for over 180 transcription factors) for each protein cluster 
are summarized in Figure 6. For instance, early proteomic changes showed a highly coor-
dinated activation (clusters 1 and 7, figure 5) of the cellular machinery necessary to sustain 
an increased cellular kinetics (proteins involved in cell cycle control, cellular proliferation, 
metabolism and energy production) and the refined tuning of expression programs (RNA 
processing, gene expression, nucleolar proteins) (Figure 6). 

We also found that fibroblasts rapidly lose their cellular identity by down-regulating mes-
enchymal markers (clusters 3 and 8, figure 5) as well as proteins related to glycosylation, 
vesicle transport, extracellular matrix and energy reserve metabolism (Figure 6). Interest 
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Figure 5. Clustering of proteome expression profiles during reprogramming. Proteins quanti-
fied across the whole sample set and showing a fold change higher than two were subjected 
to unsupervised clustering with the Fuzzy c-means algorithm. Nine distinct patterns of dy-
namic changes could be classified, whereby the number of proteins included in each cluster 
is indicated. Color-coded membership represents how well a single protein pattern fits with 
the general profile of the cluster.  

 

ingly, interrogation of available ChIP-seq data52 revealed that the first wave of proteome 
resetting is strongly enriched for target genes of c-Myc, Kdm5b and Jarid2a pointing out 
these transcription factors as key players in these early events (Figure 6). These findings 
are in agreement with recent gene expression and proteomic analyses in a different second-
ary reprogramming design restricted toward ESC-like pluripotency26,34, confirming that they 
represent well-defined features of the early step of reprogramming regardless of the system 
employed to generate iPSCs or the cellular subpopulation selected for the analysis.
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Figure 6. Model describing the observed proteome dynamics during key steps in the repro-
gramming. Summary of the most relevant cellular states occurring during the reprogram-
ming process depicted by (i) main proteomic features concerning the enriched GO terms 
and KEGG pathways and (ii) TFs predicted to control a set of protein targets differentially 
expressed in the different steps of reprogramming. GO terms, KEGG pathways and TFs rela-
tive to upregulated and downregulated proteins are shown in red and blue, respectively.  

 

To further investigate causative or descriptive markers in the co-occurring pluripotency routes, 
we focused on proteome adaptation observed at the intermediate phase. Subtle changes occur 
from D5H until D11H, whereby cells exhibit an increased level of epithelial proteins, retinoic 
acid signaling and ESC-specific adhesion molecules. The early and transient up-regulation 
of epithelial proteins (Figure 7) is consistent with the mesenchymal to epithelial transition 
(MET), that is required as one of the key processes during fibroblast reprogramming27,28.  

Figure 7. Epithelial proteins expression trends. 
Expression profiles of individual epithelial pro-
teins showing the highest expression level in the 
early phase of reprogramming.

In the late reprogramming phase, more prominent proteome changes are observed in both 
F-class and low-dox cells. F-class cells are uniquely characterized by a coordinated loss of 
epithelial and ESC-specific adhesion proteins (with the exception of Epcam) compared to 
D5H-D11H, low-dox and ESC-like samples (Figure 8). Instead, proteins exhibiting their 
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maximum expression in F-class cells are associated with metabolism and cellular prolif-
eration (cluster 1, figure 5) and are mainly regulated by the c-Myc transcriptional network 
(Figure 6). The fact that high-dox conditions lead to a reprogramming path characterized 
by an early MET, followed by an EMT transition and an increase in cellular metabolism is 
further reflected by miRNAs analysis53, where an altered expression of pro-MET, pro-EMT 
and mitochondrial RNA is observed in the same set of samples. It is intriguing that F-class 
state may be linked to the activation of specific expression programs occurring when the cells 
have acquired epithelial traits. 

Figure 8. Expression of ESCs adhesion proteins,  
as relative expression compared to ESC.

 

Coincidently with this phase of reprogramming, we noticed an early and transient up-regula-
tion of proteins involved in retinoic acid (RA) signaling (some examples are shown in figure 
9). Notably, opposing effects of RA on cell proliferation correlate with the levels of two RA 
binding proteins, Crabp2 and Fabp554. In cells characterized by a high Crabp2/Fabp5 ratio, 
RA signaling results in the activation of RAR nuclear receptors and exhibit a proapoptotic 
activity, while high level of Fabp5 protein results in the activation of the nuclear receptors 
Pparβ/δ, promoting cell survival. In reprogramming cells, these two RA binding proteins 
showed a sequential upregulation, with Crabp2 being up-regulated only in D8H and D11H 
and Fabp5 in F-class cells (Figure 9b), possibly representing one of the mechanisms involved 
in the establishment of the F-class cell type17.  

Figure 9. Retinoic acid (RA) related proteins expression profiles. Expression profiles of 
CRABP2 and FABP2 reveal sequential activation, potentially leading to a switch in the cel-
lular response to d, increased Retinoic Acid (RA) levels.  
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Cluster 8 (Figure 5) contains proteins that demonstrate the highest expression in the 2ºiPSC, 
with limited activation in F-class cells. Several well-known ES cells markers belong to this 
cluster. Functional analysis revealed a strong enrichment for proteins involved in DNA rep-
lication, transcription regulation as well as chromatin modification (Figure 6). These results 
confirmed, at the global proteome level, our finding that low-dox cells closely resemble the 
expression level of proteins up-regulated in ESC-like cells (see Plurinet analysis in figure 
4d). Of note, we also found that the significant proportion of proteins highly expressed in 
ESC-like cells are transcriptionally controlled by Sox2, Oct4, Nanog and Chd1 (Figure 6).

To define the common molecular imprint between F-class and ESC-like cells controlled by 
these key transcription factors, we first selected the known target proteins of Nanog, Oct4 
and Sox252 found to be up-regulated in 2ºiPSC and ESC. Next, we defined the specific subset 
of protein targets, which remain silent or partially active (upregulated compared to 2ºMEF 
and downregulated compared to ESC-like)  in F-class cells (Figure 10). Notably, the partial 
activation of the ESC-like pluripotency network in F-class cells seems to be sufficient to 
confer them pluripotent traits, whereby all three germ layers can be generated in a teratoma 
forming assay35. 

Figure 10. The pluripotency protein network is more extensive in ESCs and iPSCs than in 
F-class (high-dox) cells. Nanog, Oct4 and Sox2 (red dots) transcriptional network active in 
ESC-like cells. Blue dots represents protein targets upregulated in ESC-like cells. The subset 
of protein targets which are either active  (blue highlights) or partially active (red highlights) 
in F-class cells are distinguished by the subset of protein targets which are silent in this cell 
type (no highlights).  
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Although the low-dox cells closely resemble the ESC-like state in general terms, they also 
exhibit a set of proteins with abundances significantly different from the 2ºiPSC (cluster 4 
and 6, figure 5). These proteins may point to mechanisms involved in the stabilization of 
these cells toward a mature ESC-like phenotype (Figure 6). Numerous proteins involved in 
post-transcriptional (mRNA splicing) and post-translational (ubiquitin-mediated proteolysis) 
regulation were grouped in cluster 4. Also, several proteins known to activate either the 
canonical and non-canonical Wnt pathway were present in the same cluster, which is in 
agreement with the upregulation of beta-catenin in low-dox cells compared to F-class (Fig-
ure 8). Predicted upstream transcription factors for the members of this cluster included the 
chromatin modifier enzyme Crem and Erg, as well as Zfx, known to control self-renewal55.

Conclusions:
Our proteomics data, in conjunction with the in parallel-generated complementary omics 
data36 represents a unique resource to further study the molecular mechanisms of the re-
programming process (Chapter 3). To the best of our knowledge, this analysis represents 
the most comprehensive proteomic profiling of the reprogramming process both in terms 
of its temporal resolution and its cellular outcomes characterization. We confirmed the pro-
cesses involved in the early transition recently published in gene expression and proteomic 
analyses26,34, suggesting that they represent well defined features of the early step of repro-
gramming regardless of the system employed to generate iPSCs or the cellular subpopula-
tion selected for the analysis. Additionally, we were able to define and isolate two different 
reprogramming routes leading to the F-class35 and ESC-like state through a dual transgene 
expression scheme (Figure 1).  Our analyses revealed a second wave of global proteome ad-
aptation occurring in two distinct pluripotent cellular populations both of which involved the 
activation of Nanog but showed differences in adhesion properties, cell metabolism and gene 
expression control. Therefore, our experimental design and dataset represent an ideal system 
to capture and characterize multiple routes leading to pluripotency. 
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Abstract
Cellular reprogramming proceeds through a drastic gene expression change by re-setting the 
epigenetic landscape of somatic cells into an embryonic-like state. The post-translational 
modifications (PTMs) on histone N-terminal tails are main determinants in this epigenetic 
remodeling. We previously found by ChIP-seq that the distribution of histone H3 marks over 
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the genome was significantly different in cellular states in the late phase of reprogramming 
into induced pluripotent stem cells (iPSCs)1. Our data suggested that specific modifications 
of histones are an important molecular barrier that reprogramming cells need to overcome 
to reach pluripotency. Here, we use a mass spectrometry (MS)-based approach to perform a 
deep global characterization of modifications present on H4 during the course of the repro-
gramming process. Using a middle-down proteomics strategy we quantified changes at the 
individual PTM levels and analyzed their potential cross-talk within the same N-terminal 
tail. In total, we monitored global changes for than 74 H4 isoforms in nine stages of cellular 
reprogramming. We found significant differences in the PTM pattern of H4 between the 
precursor somatic cell line (2ºMEF) and late reprogramming cells, indicating a chromatin 
resetting taking place prior to the final transition into iPSCs. However, the H4 PTM pattern 
of reprogramming cells was also different compared to the embryonic stem cells (ESCs) and 
iPSCs. Both the iPSCs and ESCs are characterized by a globally higher level of H4 acetyla-
tion and tri-methylation as well as a lower level of mono- and di-methylation. These results 
suggest that a final resetting wave in the chromatin state of reprogramming cells takes place 
during the final transition to iPSCs. Our data, in conjunction with the in-parallel generated 
multi-omics data of cellular reprogramming1 form a strong basis to further investigate the 
mechanisms underlying chromatin reorganization during cellular reprogramming.

Introduction

Reprogramming of somatic cells into induced pluripotent stem cells (iPSCs) by overexpres-
sion of the transcription factors Oct4, Sox2, Klf4 and c-Myc is driven by a drastic change 
in the cellular gene expression programme of the precursor specialized cells2–5. In this re-
gard, re-setting the epigenetic landscape of the parental somatic cell into an embryonic-state 
has been postulated as a key event in the reprogramming process4,6–14. Two main molecular 
mechanisms are responsible for the epigenetic regulation of gene expression: (i) the post 
translational modifications (PTMs) of histone proteins15–17, and (ii) the methylation of cyto-
sine nucleotides in the genomic DNA18. While it is generally assumed that DNA methylation 
is a mark of repressed genes, the consequences of specific modifications of histones on gene 
expression are poorly understood. Core histones (H2A, H2B, H3 and H4) are DNA binding 
proteins, assembled in octamers (tetramers of dimers) to form the elemental structural unit of 
chromatin, the nucleosome. Histones are globular proteins, with a hydrophobic core domain 
and an unstructured domain particularly rich in basic and polar amino acids at the protein N-
termini. These N-terminal tails are modified by an array of enzymes, that dynamically add or 
remove several type of modifications on the side chains of specific residues19–21. Some of the 
modifications most commonly found on histone tails include phosphorylation, acetylation, 
mono-, di- and tri- methylation and ubiquitination. This list of PTMs might not be complete 
yet as new histone PTMs are being discovered (e.g. crotonylation22), further highlighting 
the complexity of the PTM state of these proteins. The histone PTMs have been proposed to 
control gene expression primarily by two main mechanisms: (i) by determining the compact-
ness of the chromatin structure, therefore changing the DNA accessibility to transcription 
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factors and (ii) by promoting or inhibiting the binding of the regulatory proteins to DNA 
template23,24. To investigate the role of specific histone PTMs, present-day approaches make 
use of immuno-staining and, most importantly, chromatin immuno-precipitation (ChIP) tech-
niques coupled to DNA sequencing (ChIP-seq) or DNA microarray (ChIP-chip)25. Such strat-
egies have been very useful in order to identify the enrichment of specific histone PTMs in 
genomic loci associated with repressed genes (e.g H3K27me3), active genes (H3K4me3), as 
well as transcription elongation markers (H3K36me3)26,27. Although very insightful, these 
methods are restricted on the availability of highly specific and selective cognate antibodies 
and epitope recognition can be affected by modifications on neighboring residues or inter-
acting factors28. Moreover, ChIP approaches can only monitor the genomic distribution of a 
single histone PTM per experiment. This is an important limitation, as it has been proposed 
that histone modifications may function in concert rather than as individual signals, a con-
cept known as the “histone code”16. According to this concept, for example, a single histone 
modification that is enriched in active genes promoter would have different binding affinity 
to specific transcription factors, depending on the co-occurrence of surrounding PTMs. Al-
though the histone code relevance and its complexity in vivo is still heavily debated29, several 
biochemical studies proved that proteins or complexes with multiple modification-specific 
domains bind to specific combinatorial histone marks30–34. 

Each histone can be reversibly modified at multiple sites by specific histone-modifying en-
zymes and permutations of all the individual sites and types of modifications previously 
observed on a site-by-site basis result in millions of distinct multiply modified histone forms. 
Obviously not all the theoretical PTM combinations occur in cells. More and more mass 
spectrometry has emerged as the method of choice to study the post-translational modifica-
tions of proteins35 and several MS-based reports already highlighted the high complexity of 
histones modification states, with numerous isoforms identified36–40. In the context of histone 
PTMs analysis, mass spectrometers have significantly improved over the last decade allow-
ing the following analysis: (i) distinguishing common histone PTMs of same nominal mass 
(i.e. acetylation and tri-methylation)41, (ii) obtaining efficient sequencing while preserving 
labile PTMs (i.e. ETD)42,43, and (iii) performing comprehensive analysis in spite of the sig-
nificant sample complexity and huge dynamic range (i.e. speed and sensitivity)44. To preserve 
the combinatorial information on histone PTMs, bottom-up approaches should be avoided, 
since protease-mediated cleavage into small peptides would make it impossible to identify 
co-occurring PTMs in distant positions45. In this regard, analysis of intact proteins, defined 
as top-down proteomics, allows a full characterization of the complete reportoire of PTMs 
on a specific protein36,37,46,47. However, these approaches often suffer of low sensitivity on 
highly modified species, highly mixed mass spectra, ionization suppression and incomplete 
fragmentation. A compromise between both strategies seems to be the so-called middle-down 
approach. Such approaches involve limited enzymatic digestion of histones by specific pro-
teases that produce large N-terminal peptides39. The sizes of such peptides (23-54 Aa) are 
manageable (i.e. facilitating chromatographic separation and MS measurements). In addition 
most of the combinatorial information is preserved as almost all the PTMs on histones reside 
at the N-termini tails.



101

C
ha

pt
er

 5

We have previously applied ChIP-seq to monitor changes on specific histone H3 marks (H3K-
27me3, H3K4me3 andH3K36me3) during reprogramming of mouse embryonic fibroblasts 
(MEFs) into induced pluripotent stem cells (iPSCs)48. This analysis allowed us to identify 
chromatin resetting as a key molecular barrier that reprogramming cells need to overcome 
to reach the ESC-like state1. Main differences were found between 2ºMEFs, the two distinct 
cellular populations formed in the late phase of reprogramming and the embryonic stem cells 
(ESC)-like cells. Here, to further extend and complement these analyses, we profiled by MS 
the histone H4 PTM “code” at different stages and cellular states over the course of exactly 
the same reprogramming process (i.e. using the identical cell populations). By employing a 
combination of H4 purification, middle-down MS and label-free quantification we achieved 
a comprehensive characterization of all detectable H4 isoforms and determined changes in 
PTMs and cross-talk during cellular reprogramming.

Experimental Methods
Cell culture and secondary reprogramming ∙ ESCs and iPSCs were cultured in 5% CO2 
at 37°C on irradiated MEFs in DMEM containing 15% FCS, leukemia-inhibiting factor, 
penicillin/streptomycin, l-glutamine, nonessential amino acids, sodium pyruvate, and 2-mer-
captoethanol. 1B 1° iPS cells were aggregated with tetraploid host embryos as described 
elsewhere 50 and MEFs established from E13.5 embryos. F-class cell samples were collected 
after 16 and 18 days under high doxycycline (dox) conditions (D16H, D18H). A subculture 
of the reprogramming cells was established from day 19 and cultured in the absence of dox, 
to develop a factor independent 2° iPS cell line by day 30 (2°iPSC). Low-dox samples were 
maintained from day 8 to day 14 cells in 5 ng/ml of dox. At day 14 the culture was diverged 
in two with some of the cells being cultured until day 21 in the absence of dox (D21Ø) and 
the remainder were cultured in 5 ng/ml of dox and collected at day 16 (D16L) and (D21L). 
Rosa26rtTA ESCs, and 1B 1o iPSCs were collected as controls. 

Sample preparation for MS analysis ∙ MEF, 1º and 2º iPSCs, ESCs, F-class cells (D16H 
and D18H) and 3 intermediate reprogramming time points in low-dox conditions (D16L, 
D21L, D21Ø) were harvested by centrifugation at 2500 g for 10 min at 4 °C. Cell lysis and 
extraction of histones was performed as described elsewhere51. Briefly, cell pellets were re-
suspended in a H2SO4 0.2 M solution and incubating samples overnight at 5°. After centrifu-
gation for 15 min at 20,000g, the soluble fraction was recovered, concentrated by trichloro-
acetic acid precipitation and subjected to off-line HPLC fractionation. Histone extracts (~250 
mg), were separated on a C8 column (4.6 mm internal diameter and 22 cm length) (Perkin-
Elmer Acquapore, RP-300), using a 160 min gradient at a flow rate of 0.8 mL/min. Solvent 
A consisted of 0.1% trifluoracetic acid in 5% ACN, while solvent B was 0.1% trifluoracetic 
acid, in 90% ACN. The gradient was as follows: 0.0–5.0 min (0% B); 5.0–15 min (0–32.5% 
B); 15–25 min (32.5–32.5% B); 25–100 min (32.5–52.5% B); 100–118 min (52.5–58% B); 
118–135 min (100% B); 135–140 min (100% B); 140–145 min (0% B); 145–160 min (0% 
B). A total of 40 fractions (1 min each, i.e. 0.8 mL elution volume) were collected and dried in 
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a speedvac. An aliquot of 80 µL for each fraction (i.e. 10% of the total volume) was dried sep-
arately and used to visualize the protein content by sodium dodecyl sulfate poly acrylamide 
gel electrophoresis (SDS-PAGE, 12% polyacrylamide). Gels were stained with Coomassie 
Blue and used to inspect the fractions containing the histone H4. Once selected, the dried 
fractions containing histone H4 (~10 mg) were resuspended in ammonium bicarbonate buffer 
50 mM, 20% ACN and digested for 6 hours with AspN protease (Roche Applied Science) in 
a substrate/enzyme ratio of 10:1 (w/w). Digestion was quenched by acidification with formic 
acid (FA) (final concentration 10%). Resulting peptides were subsequently desalted by solid 
phase extraction (Sep-pack Vac C18 cartridges, Waters), and eluted with 75% ACN, 20 mM 
propionic acid (Fluka puriss. pro analysis, 99.5% (gas chromatography); Sigma-Aldrich), 
adjusted to pH 6.0 using ammonium hydroxide (ACS reagent grade, Sigma-Aldrich). The 
experimental design is described in Figure 1.

Figure 1. Schematic overview of the experimental workflow. Treatment of 1B 2ºMEF with 
doxycycline (1500ng/mL) induced OKMS expression and initiated reprogramming. Keeping 
this dox level result in the establishment of F-class cells which were monitored at 2 consecu-
tive timepoints (D16H and D18H). Modulation of transgene expression allowed to select a 
distinct cell population by dropping the dox concentration to 5 ng/ml after eight days, where 
3 samples were profiled: D16L, D21L and D21Ø (in the latter doxycycline was completely 
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removed on day 14). Additionally the original 2ºMEFs, a Rosa rtTA ESC line as well as the 
primary and secondary iPSCs (1ºiPSC and 2ºiPSC) were included in our quantitative pro-
teome analysis. Histone H4 was purified from the nine samples included in the analysis by a 
combination of H2SO4 precipitation and off-line C8 HPLC fractionation. Purified H4 was 
digested with the AspN protease, which result in the cleavage of the N-terminal 23aa. Sample 
digests were then subjected to label free quantitative LC-MS/MS analysis.

Mass spectrometric analysis ∙ We performed nanoflow LC-MS/MS using an Orbitrap Elite 
mass spectrometer (Thermo Electron, Bremen, Germany) coupled to a EASY nLC 1000 
system (Thermo Fisher Scientific). Sample digests (~1 mg) were delivered to a WCX-HILIC 
trap column (PolyCAT A resin, PolyLC, Columbia, MD); 20 mm x 100 µm inner diameter, 
packed in-house) at 5 µL/min in 100% solvent A (75% ACN, 20 mM propionic acid (Fluka 
puriss. pro analysis, 99.5% (gas chromatography); Sigma-Aldrich), adjusted to pH 6.0 using 
ammonium hydroxide (ACS reagent grade, Sigma-Aldrich). Next, peptides were eluted from 
the trap column onto an analytical column (PolyCAT A resin, PolyLC, Columbia, MD; 40 
cm length, 75 µm inner diameter, packed in-house) at 250 nL/min in a 90 min gradient from 
10 to 85% solvent B (25% ACN adjusted to pH 2 with formic acid). The eluent was sprayed 
via distal coated emitter tips butt-connected to the analytical column. The mass spectrometer 
was operated in data-dependent mode, automatically switching between MS and MS/MS. 
Full-scan MS spectra (from m/z 350 to 1500) were acquired in the Orbitrap with a resolution 
of 120,000 FHMW at 400 m/z after accumulation to target value of 500,000 in the linear ion 
trap (maximum injection time was 250 ms). After the survey scans, the five most intense 
precursor ions at a threshold above 5,000 were selected for MS/MS with an isolation width 
of 2 Da after accumulation to a target value of 100,000 (maximum injection time was 500 
ms). Peptide fragmentation was carried out by using electron transfer dissociation (ETD) 
with charge state dependent activation time and 200,000 reagent ions (maximum injection 
time was 100 ms). Fragment ions analysis was performed in the Orbitrap with a resolution of 
30,000 FHMW and a low mass cut-off setting of 100 m/z. 

Data processing ∙ MS raw data were processed with Proteome Discoverer (version 1.3, 
Thermo Electron). Basically, peptide identification was performed with Mascot 2.3 (Matrix 
Science) against a concatenated forward-decoy database containing all the histones protein 
variants and supplemented with all the frequently observed protein contaminants in MS (ver-
sion 5.62). The following parameters were used: 15 ppm. precursor mass tolerance, 0.02 Da 
fragment ion tolerance; variable modifications used were acetylation, methylation, dimeth-
ylation and trimethylation of lysines, protein N-terminal acetylation and serine phosphoryla-
tion. MS/MS spectra were first deconvoluted. Finally, results were filtered using the follow-
ing criteria: (i) mass deviation of ±5 ppm., (ii) Mascot Ion Score of at least 20 and (iii) rank 1 
in Mascot. As a result, we obtained peptide FDRs below 1% for all the LC-MS/MS analyses. 
Label free relative quantification was performed using Progenesis software (Nonlinear Dy-
namics), by comparing the area of each identified precursor ion in all the different samples 
analyzed. Peak integration and alignment were manually validated. Finally, peptide ratios 
were Log2 transformed and normalized based on the two non-modified H4 peptides ratios and 
median subtraction. Pearson correlation heatmaps and hierarchical clustering were generated 
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using the MeV software52.

Results
Histone H4 purification and mass spectrometric analysis ∙ To perform a comprehensive 
analysis of the histone H4 combinatorial code by MS we used a middle-down approach and 
optimized several aspects mainly related to: (i) establish a reliable strategy for histone H4 pu-
rification enabling the identification of even low abundant isoforms, (ii) rationally choose an 
enzyme which results in the cleavage of the intact N-terminal tail (i.e. AspN, N-term 1-23aa), 
and (iii) establish an optimal chromatographic method to separate peptides which share the 
same amino acids sequence, but differ in their PTMs state (both in terms of PTMs types or 
position). An efficient method to purify histone proteins combines acid precipitation (e.g. 
H2SO4 0.2M) with off-line fractionation by reverse phase chromatography44. As shown on 
the SDS-gel in figure 2a, cellular histone extraction by H2SO4 resulted in a moderate enrich-
ment of the core histones. Nevertheless this procedure still co-purifies a significant amount of 
non-histone proteins (~1000 proteins identified by LC-MS/MS, data not shown). To further 
separate the different core histones and eliminate most of the co-purified unwanted proteins, 
we performed an off-line reverse phase HPLC fractionation (Figure 2b and 2c). 

Figure 2. Histone H4 purification procedure. (a) Cellular histone extract by H2SO4 pre-
cipitation allows to pre-enrich core histones together with approximately 1,000 background 
proteins. (b) Single histone proteins were further purified by C8 reverse phase HPLC, which 
allowed to eliminate the background proteins and purify histone H4 with the only partial 
contamination from H2A, as confirmed by Coomassie blue stained SDS-PAGE of the col-
lected fractions (c)   
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In the case of histone H4, its elution was complete in ~3 minutes and partially overlapped 
with histone H2A. Then we digested H4-containing fractions with Asp-N generating in this 
way an N-terminal peptide of 23 amino acids. Depending on the number and type of PTMs, 
two main classes of N-terminal H4 peptides are obtained. The first class includes isoforms 
holding a different set of PTMs, which makes these peptides distinguishable by their mass, 
net charge state (due to acetylation and phosphorylation) and hydrophobicity (due to mono-, 
di- and tri-methylation). The second class is represented by isoforms holding the same set 
of PTMs in different positions, hereafter referred to as “positional isomers”. Positional iso-
mers posses the same mass and therefore impose an analytical challenge in their mass spec-
trometric analysis. This can be partially solved by WCX-HILIC chromatography as shown 
for instance by Garcia and collegues39. Indeed, the WCX-HILIC setup outperformed typical 
reverse phase in our analysis of N-terminal H4 peptides as illustrated by the efficient chro-
matographic separation of four double acetylated isoforms (Figure 3). 

Interestingly, we noticed that the separation of positional acetylated isoforms appeared to 
follow a defined rule: the closer the acetylated lysine is to the N-terminus, the stronger the 
retention with the stationary phase is. This elution profile was in agreement with the one 
reported in a similar analysis39 and may reflect the impact of charge position on the peptide 
orientation in SCX separation mode 53. Additionally, this defined elution profile can also be 
used to increase the confidence of the localization of the PTM, which is one of the highest 
hurdles in the interpretation of MS/MS spectra.

Profiling of H4 PTMs during cellular reprogramming ∙ We next used our previously de-
scribed 1,49,54 piggyBac transposon-mediated, doxycycline (dox) inducible secondary repro-
gramming system (1B48 ) and evaluated the routes leading to F-class and ESC-like iPSCs. We 
purified histone H4 from the precursor 2ºMEF, the F-class cells established under high-dox 
conditions (D16H and D18H) and three intermediate time points (day 16 and 21) collected 
after reducing the dox concentration (low-dox) starting from day 8 (termed D16L, D21L, 
D21Ø, see figure 1). In addition, we included the secondary iPSCs (termed 2ºiPSC), primary 
iPSCs (termed 1ºiPSC) and Rosa26-rtTA transgenic ESCs, representing ESC-like pluripo-
tency (termed ESC). N-terminal H4 peptides were purified for all nine samples and subjected 
to LC-MS/MS analysis. Samples were analyzed in duplicate. In total we identified 72 dis-
tinct isoforms (Supplementary Table 1), which is in the same range as reported in previous 
analyses of H438,39. We found that H4 is heavily acetylated, with isoforms containing from 
one up to five acetyl groups present on the protein N-terminus and several lysine side chains. 
Lysine methylation (either mono-, di-, and tri-methylation) was found to be present almost 
exclusively on K20 and for a smaller part on K5, while low abundant phosphorylation was 
identified on S1 (Supplementary Table 1).

We then differentially quantified by means of label-free analysis each H4 isoform across all 
nine samples, representing different time-points in the reprogramming. The global abun-
dance of different H4 isoforms spanned five orders of magnitude, indicating the broad dy-
namic range of the histone code and further highlighting the depth of our measurements 
(Figure 4). The comparison between 2ºiPSC and ESC revealed a very high similarity in their 
H4 isoform profiles (Figure 4). 
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Figure 3. Histone H4 N-terminal 23 aa peptide isoforms separation. Comparison of resolv-
ing power between reverse phase C18 chromatography (upper chromatogram) and WCX-
HILIC (lower chromatogram). The retention time and positional isoforms resolution is pro-
vided for the 23 aa peptide holding 2 acetylations. The C18 showed weak peptides retention 
and no resolution of positional isomers, which co-elute and ultimately lead to chimeric MS/
MS spectra. The WCX-HILIC system instead displayed strong retention of the peptides and 
allowed the separation of the positional isomers, which are confirmed by full coverage of the 
frgment ions in ETD MS/MS spectra.  
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Figure 4. Examples of quantitative data distribution. Quantitative proteomic comparison of 
2ºMEF, 2ºiPSC and ESC according to their H4 isoforms relative abundances. The peptide ra-
tios (log2) were plotted against their intensity (log10). The spot size is directly proportional 
to the number of acetyl groups.   

This finding is further supporting the general concept that iPSCs and ESCs are nearly identi-
cal at the molecular level (for further details see chapter 2). In sharp contrast, 2ºMEF and 
ESC showed widespread differences in H4 profiles, with several isoforms found to be up- or 
down-regulated more than 5-fold (Figure 4).  Interestingly, 2ºMEF H4 histones are charac-
terized by a higher level of hypo-acetylation, while in ESC the hyper-acetylated isoforms 
were more abundant (Figure 4). Since acetylation of lysines has been associated with active 
chromatin states and transcription55, our findings further substantiate the hypothesis that plu-
ripotent cells are more euchromatic than differentiated cells56–58 

Distinct cell states in reprogramming possess distinct H4 PTM “codes” ∙ To determine 
global changes occurring in the histone H4 isoforms during the reprogramming process, 
we performed unsupervised hierarchical clustering using the quantitative data as input. This 
cluster analysis revealed three main distinctive groups of cellular states: a) the precursor 
2ºMEF, b) the F-class state cells (represented by D16H and D18H) clustering together with 
the cells from two low-dox time points (D16L, D21L) and c) the last low-dox cells time point 
(D21Ø) clustering together with the 1ºiPSC, 2ºiPSC and ESC cells (Figure 5). This observa-
tion is in agreement with the reported early wave of histone H3 marks resetting, identified 
by ChIP-seq, in the identical reprogramming system1. However, our data also showed clear 
differences on H4 profiles in the late phase of reprogramming. F-class cells and some of the 
low-dox cells (D16L, D21L) indeed exhibited a distinct H4 PTMs profile compared to ESC-
like cells and D21Ø, that were in turn very similar (Figure 5). This observation confirms the 
existence of a second wave of chromatin remodeling that reprogramming cells need to over-
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Figure 5. Unsupervised hierarchical clustering according to H4 isoforms abundances. The 
clustering was performed by calculating sample pearson correlation on normalized peptide 
ratios (log2). The heatmap reflect the relative abundance of each isoforms in the correspond-
ing sample. All the ratios are relative to 2ºMEF replicate 1.
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come to reach the ESC-like state1,58. In general, cellular reprogramming induced an increase 
in H4 acetylation, which is already noticeable already at the intermediate time points. H4 iso-
forms bearing four or five acetyl groups, however, were still more abundant in ESC-like cells            
than in the late reprogramming cells (except for D21Ø). Some doubly or triply acetylated 
isoforms were only transiently up-regulated in F-class and low-dox cells (D16L, D21L), and 
probably reflect a still incomplete switch from the hypo-acetylated H4 state characteristic of 
2ºMEF, to a hyper-acetylated H4 state observed in ESC-like cells (Figure 5 and 6). These 
transiently up-regulated isoforms often include K16 acetylation. Interestingly, combinato-
rial mutations on H4 in yeast revealed a unique effect of K16 on gene expression, compared 
to the other sites59. Another subset of doubly and triply acetylated isoforms, however, were 
seemingly specific for ESC-like cells and mainly involved acetylation of K8 and K12. 

Regarding other type of modifications we found global levels of serine phosphorylation to 
be low, mostly co-occurring with hypo-acetylated, di-methylated or unmodified isoforms 
(Supplementary Table 1). We also identified a cell state specific association of differently 
acetylated isoforms with mono-, di- or tri-methylation on K20, an emerging chromatin mark 
proposed to play a role in DNA repair, genomic integrity and gene silencing60. The increase 
of hyper-acetylated H4 isoforms upon reprogramming was indeed evident only when K20 
was not modified or tri-methylated (Figure 5 and 6). K20 tri-methylation (K20me3) was 
found to be globally low abundant (Supplementary table 1) and exhibited a strong down-
regulation in all its isoforms in 2ºMEF (Figure 5). Notably, the isoforms holding three or 
more acetyl groups in combination with K20me3 exhibited a comparable abundance between 
2ºMEF, F-class cells and D16L, to further increase in D21L and reach their highest level in 
D21Ø and ESC-like cells (Figure 5). In contrast, K20me2 and K20me1 were found to be 
among the most abundant H4 PTMs across the genome, in agreement with previous reports61. 
These PTMs were particularly abundant in 2ºMEF and showed a lower level in all the other 
cell states analyzed, especially in hypo-acetylated isoforms (Figure 5). This observation sug-
gested that resetting of K20me2 and K20me1 takes already place early during the cellular 
reprogramming. 

Figure 6. Schematic representation of the most abundant H4 PTMs in 2ºMEF and 2ºiPSC. 
H4 N-terminal tails in 2ºMEF are enriched for K20me1, K20me2, K5me2 and hypo-acety-
lated isoforms (of which K16 and N-Termini were the most abundant). H4 N-terminal tails 
in 2ºiPSC are instead enriched for K20me3 and hyper-acetylated isoforms. Whether these 
two features are functionally linked and which would be the consequence of the other (as 
reported in the figure just as an illustration) is currently unknown.



110

Deciphering the Molecular Basis of Cellular Reprogramming by Mass Spectrometry-based Proteomics 

Conclusions
In summary, our data demonstrates that reprogramming of somatic cells to pluripotency en-
tails the resetting of the H4 PTM state in two distinct waves. The differences observed in H4 
PTMs isoforms between 2ºMEF and late reprogramming cells (F-class and low-dox cells), 
suggested that the early wave of chromatin reprogramming is characterized by a widespread 
depletion of isoforms holding K20me1 and K20me2 and in parallel a partial increase in 
acetylated isoforms. The concept of an early and incomplete wave of chromatin remodeling 
was also identified by ChIP-seq analysis performed on histone H3 marks in the same set of 
samples1. However, the H4 PTMs changes in most of the late reprogramming cells (with 
the exception of D21Ø) did not appear to be fully comparable to ESC and iPSCs, which are 
characterized by a further increase in the global H4 acetylation. This is consistent with the 
more open chromatin state reported for ESC62 as lysine acetylation neutralizes its positive 
charge, weakening the interaction between the histone tail and the negatively charged local 
DNA63,64. This facilitates the binding of transcription factors and significantly increase gene 
expression23. Consistent with all these considerations is the enhanced reprogramming ef-
ficiency induced by histone deacetylase (HDAC) inhibitors14, while nearly 100% efficiency 
was reached by suppressing the critical chromatin repressor complex Mbd3/NuRD65.

Another distinct trait of H4 PTMs in ESC-like cells is the co-occurrence of K20me3 in hyper-
acetylated isoforms and a marked down-regulation of K20me1 and K20me2. The synchro-
nized switch between me/me2 and me3 is intriguing but the biological meaning of H4K20 
methylation is still poorly understood and further investigation of their genomic distribution 
by ChIP-seq is certainly desirable. K20 methylation is regulated by specific enzymes66–69, 
with only one known mono-methyltransferase  (SET8)  and several di- and tri-methyltrans-
ferases of which the SUV4-20H1 and SUV4-20H2 enzymes mediate the vast majority of 
these two modifications. In mouse embryonic fibroblast (MEFs), SUV4-20H1 seems to have 
a preference to induce H4K20me2, whereas SUV4-20H2 mainly is responsible for H4K-
20me3. In vitro histone methyltransferase (HMT) assays indicate that both enzymes prefer 
H4K20me1 as substrate and SUV4-20H enzymes can, in vivo, indeed convert SET8-mediat-
ed H4K20me1 to H4K20me2 and me3. 
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Supplementary Table 1. List of the identified H4 N-terminal tail peptides (aa 1-23) including 
their PTMs (type and site), monoisotopic mass, retention time and estimated absolute abun-
dance (%) in embryonic stem cells.  

Peptide Estimated Retention Mass

Isoforms Abundance (%) Time (min)  (Da+H)

Ac(N-Term) DiMe(K20) 15.7601 59.7 2429.46

Ac(N-Term) Ac(K16) DiMe(K20) 14.2167 51.0 2471.48

Ac(N-Term) Ac(K12) Ac(K16) DiMe(K20) 6.6770 44.7 2513.48

Ac(N-Term) Ac(K12) DiMe(K20) 4.9367 52.4 2471.47

Ac(N-Term) Ac(K8) Ac(K12) Ac(K16) DiMe(K20) 4.1430 39.3 2555.49

Ac(N-Term) Me(K20) 3.4726 59.9 2415.45

Ac(N-Term) Ac(K8) Ac(K16) DiMe(K20) 3.3890 45.2 2513.48

Ac(N-Term) Ac(K5) Ac(K12) 2.7995 48.1 2485.45

Ac(N-Term) 2.7752 60.9 2401.43

Ac(N-Term) Ac(K5) Ac(K8) Ac(K12) Ac(K16) DiMe(K20) 2.7305 34.7 2597.51

Ac(N-Term) Ac(K8) DiMe(K20) 2.5458 53.3 2471.47

Ac(N-Term) Ac(K16) 2.1991 52.2 2443.44

Ac(N-Term) Ac(K12) 2.0972 53.3 2443.44

Ac(N-Term) Ac(K16) Me(K20) 2.0171 51.3 2457.46

Ac(N-Term) Ac(K8) Ac(K12) DiMe(K20) 1.8052 46.8 2513.48

Ac(N-Term) Ac(K5) DiMe(K20) 1.7970 54.3 2471.47

Ac(N-Term) TriMe(K20) 1.5943 59.9 2443.48

Ac(N-Term) Ac(K12) Ac(K16) Me(K20) 1.5570 44.9 2499.47

Ac(N-Term) Ac(K12) Me(K20) 1.4242 52.7 2457.46

Ac(N-Term) Ac(K5) 1.3422 55.2 2443.44

Ac(N-Term) Ac(K5) Ac(K16) DiMe(K20) 1.1151 46.0 2513.48

Ac(N-Term) Ac(K5) Ac(K8) Ac(K12) Ac(K16) 1.1003 35.5 2569.47

Ac(N-Term) Ac(K5) Ac(K8) Ac(K16) DiMe(K20) 1.0862 40.3 2555.49

Ac(N-Term) Ac(K12) Ac(K16) 1.0817 45.7 2485.45

Ac(N-Term) Ac(K5) Ac(K12) Ac(K16) 0.9366 40.6 2527.46

Ac(N-Term) Ac(K5) Ac(K8) Ac(K12) DiMe(K20) 0.9072 42.2 2555.50

Ac(N-Term) Ac(K8) Ac(K12) Ac(K16) Me(K20) 0.8402 39.6 2541.48

Ac(N-Term) Ac(K8) Ac(K12) 0.8344 47.6 2485.45

Ac(N-Term) Ac(K16) TriMe(K20) 0.8217 51.0 2485.49

Ac(N-Term) Ac(K5) Ac(K12) DiMe(K20) 0.7750 47.4 2513.48

Ac(N-Term) Ac(K8) 0.7561 54.2 2443.44

Ac(N-Term) Ac(K8) Me(K20) 0.7090 53.6 2457.46

Ac(N-Term) Ac(K8) Ac(K12) Me(K20) 0.6720 46.5 2499.47
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Ac(N-Term) Ac(K5) Ac(K8) Ac(K12) 0.6698 43.0 2527.46

Ac(N-Term) Ac(K12) Ac(K16) TriMe(K20) 0.6075 44.7 2527.50

Ac(N-Term) Ac(K8) Ac(K12) Ac(K16) 0.6015 40.1 2527.46

Ac(N-Term) Ac(K5) Ac(K8) DiMe(K20) 0.5833 48.6 2513.48

Ac(N-Term) Ac(K5) Me(K20) 0.5598 54.5 2457.46

Ac(N-Term) Ac(K5) Ac(K16) 0.5446 46.7 2485.45

Ac(N-Term) Ac(K5) Ac(K8) Ac(K12) Ac(K16) Me(K20) 0.5299 34.9 2583.49

Ac(N-Term) Ac(K5) Ac(K8) 0.5008 49.5 2485.45

Ac(N-Term) Ac(K12) TriMe(K20) 0.4838 52.7 2485.49

Ac(N-Term) Ac(K8) Ac(K16) 0.4097 46.1 2485.45

Ac(N-Term) Ac(K5) Ac(K12) Me(K20) 0.3699 46.9 2499.47

Ac(N-Term) Ac(K5) Ac(K12) Ac(K16) DiMe(K20) 0.3590 39.9 2555.49

Ac(N-Term) Ac(K5) Ac(K8) Ac(K12) Me(K20) 0.3462 42.4 2541.48

Ac(N-Term) Ac(K5) Ac(K8) Ac(K16) 0.2863 41.4 2527.46

Ac(N-Term) Ac(K5) Ac(K12) Ac(K16) Me(K20) 0.2650 40.0 2541.48

Ac(N-Term) Ac(K8) Ac(K12) Ac(K16) TriMe(K20) 0.2189 39.2 2569.51

Ac(N-Term) Ac(K5) Ac(K8) Me(K20) 0.2153 48.8 2499.47

Ac(N-Term) Ac(K5) Ac(K16) Me(K20) 0.2137 46.1 2499.47

Ac(N-Term) Ac(K8) Ac(K12) TriMe(K20) 0.1771 46.9 2527.50

Ac(N-Term) Ac(K5) Ac(K8) Ac(K16) Me(K20) 0.1614 40.5 2541.48

Ac(N-Term) Ac(K8) TriMe(K20) 0.1601 53.4 2485.49

Ac(N-Term) Ac(K5) Ac(K8) Ac(K12) Ac(K16) TriMe(K20) 0.1427 35.3 2611.52

Ac(N-Term) Ac(K8) Ac(K16) Me(K20) 0.1260 45.2 2499.47

Ac(N-Term) Ac(K5) TriMe(K20) 0.0936 54.4 2485.49

Phospho(S1) Ac(N-Term) Ac(K16) DiMe(K20) 0.0601 44.1 2551.43

Ac(N-Term) DiMe(K5) DiMe(K20) 0.0534 59.6 2457.49

Ac(N-Term) DiMe(K5) Ac(K16) DiMe(K20) 0.0450 50.7 2499.50

Ac(K16) DiMe(K20) 0.0387 58.8 2429.46

Ac(N-Term) Ac(K5) Ac(K8) Ac(K12) TriMe(K20) 0.0357 40.6 2569.51

DiMe(K20) 0.0279 67.1 2387.46

Ac(N-Term) DiMe(K8) Ac(K12) Ac(K16) DiMe(K20) 0.0248 44.5 2541.51

Ac(N-Term) DiMe(K5) Ac(K8) Ac(K12) Ac(K16) DiMe(K20) 0.0231 39.0 2583.52

Ac(N-Term) DiMe(K5) Ac(K12) DiMe(K20) 0.0135 52.3 2499.50

Phospho(S1) 0.0125 58.4 2439.37

Unmod 0.0071 67.6 2359.42

Ac(N-Term)Phospho(S1) 0.0058 53.8 2481.38

Me(K20) 0.0051 65.9 2373.44
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Ac(N-Term) Phospho(S1) DiMe(20) 0.0035 55.0 2509.43

Ac(K16) Me(K20) 0.0005 58.8 2415.45
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Summary
The major aim of this thesis was to provide a comprehensive characterization of the molecu-
lar mechanisms involved in the transition of somatic cells toward the pluripotent state using 
mass spectrometry-based approaches.

In chapter 1 a general introduction is given concerning the biology of pluripotent stem cells, 
with particular focus on the induced pluripotent stem cells (iPSCs) and their potential appli-
cations. In addition, an overview of the technologies and workflows suitable to perform mass 
spectrometry-based proteomic analyses is described.

The most significant findings up to now on the molecular characterization of iPSCs are re-
viewed in chapter 2. An overview is given on iPSCs analyses at the genomic, epigenomic, 
transcriptomic and, with particular emphasis, proteomic level. All these efforts have allowed 
to reach a general agreement that, although iPSCs may retain part of the epigenetic memory 
from somatic cells and subtle differences between iPSCs and embryonic stem cells (ESCs) 
have been identified at different molecular levels, they likely represent lab-specific differ-
ences rather than unique and well conserved features of these cellular states. Thus, iPSCs and 
ESCs are truly alike. 

An in-depth molecular investigation of the reprogramming process of mouse embryonic 
fibroblasts (mEFs) into miPSCs was the focus of chapter 3, 4 and 5. In chapter 3, we de-
fined temporal relationships of chromatin state and gene regulation during reprogramming 
using next generation sequencing (NGS) to profile the transcriptome (miRNA, lncRNA and 
mRNA), CpG methylation, ChIP-sequencing (for chromatin marks: H3K4me3, H3K27me3 
and H3K36me3), in addition to quantitative mass spectrometry profiling of the global pro-
teome. We characterized two paths of reprogramming: one that gives rise to ESC-like cells 
and a second path to transgene dependent F-class cells which represents an alternative plu-
ripotent state. The early stage of reprogramming is characterized by a widespread deple-
tion of the repressing histone mark H3K27me3 during the first 8 days, coinciding with net 
upregulation of gene expression during this period. The amplitude of these changes is even 
more evident at the protein level, reflecting the early up-regulation of the cellular machin-
ery for protein synthesis. In contrast, the CpG methylation status of 2°MEF exhibited only 
little changes. Beyond day 8, global H3K27me3 enrichment was gradually restored to levels 
observed in 2°MEFs and the ESC-like group. The re-acquisition of H3K27me3 marks fol-
lows a different trajectory in F-class vs. ESC-like cells. In F-class the restoration of this 
mark also occurs at a subset of loci associated with ESC-like cells (pluripotency and cell 
adhesion related), emphasizing the divergence between the two pluripotent states. The CpG 
methylation analysis also highlighted that a large number of ESC-associated genes remained 
hypermethylated in the F-class state, suggesting that CpG demethylation is one of the final 
events during epigenetic remodeling. The epigenetic barriers identified in the late phase of 
reprogramming are reflected by the transcriptomic and proteomic analysis.

In chapter 4, a comprehensive description of proteome dynamics during the course of the 
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reprogramming process is provided. By using state of the art quantitative MS-based analy-
sis, a time course protein profiling was obtained for 13 different stages of reprogramming. 
Our data revealed a proteome resetting step taking place already 48 hours after transgene 
expression, which involved specific biological processes linked to the c-Myc transcriptional 
network. A second wave of major proteome reorganization occurred in a later stage of re-
programming, where we could distinguish and characterize two distinct pluripotent cellular 
populations. One of them represented a stable transgene-dependent cell type, which showed 
an altered pattern of adhesion proteins and a partial activation of pluripotency markers. The 
other population represented by embryonic stem cell (ESCs)-like cellular precursors which, 
although having their own proteome imprint, showed higher levels of proteins involved in 
cell adhesion, epigenetic machinery and pluripotency.

Chapter 5 deals with the analysis of of the epigenetic state in reprogramming cells in which 
we conducted a MS characterization of post-translational modifications (PTMs) of histone 
H4. This analysis demonstrated that reprogramming of somatic cells to pluripotency entails 
the resetting of the H4 PTM state in two distinct waves. The differences observed in H4 iso-
forms between 2ºMEF and late reprogramming cells, suggested that the early wave of chro-
matin reprogramming is characterized by a widespread depletion of K20me1 and K20me2 
and a partial increase in acetylation.  However, the H4 PTMs changes in most of the late 
reprogramming cells did not appear to be fully comparable to ESC and iPSCs, which are 
characterized by a further increase in the global H4 acetylation. Another distinct trait of H4 
PTMs in ESC-like cells was the co-occurrence of K20me3 in hyper-acetylated isoforms and 
a marked down-regulation of K20me1 and K20me2. 

 

Samenvatting 
Het doel van dit proefschrift was het   uitgebreid karakteriseren van de molec laire 
mechanismen die betrokken zijn bij de overgang van somatische cellen naar plu-
ripotente cellen. Voor deze studie is gebruikt gemaakt massaspectrometrie. 
 
In hoofdstuk 1 wordt een algemene inleiding gegeven van de biologie van pluripo-
tente stamcellen, met bijzondere aandacht voor de geïnduceerde pluripotente stamcel-
len (iPSCs) en  de mogelijke toepassingen. Daarnaast wordt er een overzicht gegeven 
van de technologieën en methodes die geschikt zijn proteomics en massaspectrometrie. 
 
De belangrijkste bevindingen over de moleculaire karakterisering van iPSCs worden besproken 
in hoofdstuk 2 . De iPSCs worden in detail geanalyseerd op genetisch , epigenetisch , transcrip-
tomics  en, met bijzondere nadruk , proteomics niveau. iPSCs kunnen  een deel van de epigene-
tische informatie van somatische cellen onthouden en er zijn subtiele verschillen tussen iPSCs 
en embryonale stamcellen (ESCs) gevonden. Dit zijn echter waarschijnlijk laboratorium spec-
ifieke verschillen in plaats van unieke en goed bewaarde kenmerken van deze cellulaire staten. 
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Hoofdstuk 3, 4 en 5 gaan over een diepgaande moleculaire studie naar het re-
programmeringsproces van muis embryonale fibroblasten (MEF ) naar miPSCs. 
In hoofdstuk 3 vinden we een tijdsgebonden verband van de chromatine conditie en gen-
regulatie tijdens het reprogrammeren. Hiervoor is gebruikt gemaakt van next generation 
sequencing (NGS), het transcriptome (miRNA , lncRNA en mRNA ) , CpG methylering , 
ChIP-sequencing (voor chromatine profielen van H3K4me3 , H3K27me3 en H3K36me3 ) 
en daarnaast kwantitatieve massaspectrometrie profilering van het proteoom . Hierbij zijn 
twee manieren van reprogrammering gekarakteriseerd. De eerste leidt tot ESC-achtige cellen 
en de tweede  naar F-klasse afhankelijke cellen die een alternatieve transgene pluripotente 
conditie vertegenwoordigten. De vroege fase van reprogrammering wordt gekenmerkt door 
een algemene afname van histon H3K27me3 tijdens de eerste 8 dagen, met netto opwaartse 
regulatie van genexpressie tijdens deze periode . De grootte van deze veranderingen is nog 
duidelijker op eiwitniveau, wat laat zien dat de cellulaire machine van de eiwitsynthese al 
vroeg wordt gereguleerd. De CpG methylatiestatus van 2 ° MEF daarentegen vertoond weinig 
regulatie . Na dag 8, werd de verhoging van H3K27me3 geleidelijk hersteld tot hetzelfde 
niveau als  in de 2 ° MEF en ESC -achtige groep . Het herstel van de H3K27me3 toestand 
vertoond een verschillend traject in F-klasse vs. ESC-achtige cellen. In F-klasse gebeurt het 
terugbrengen naar deze toestand ook op een subset van loci geassocieerd met ESC-achtige 
cellen (pluripotentie en celadhesie gerelateerd). De CpG methylatie analyse toont aan dat in 
de F-klasse conditie een groot aantal van de ESC geassocieerde genen hypergemethyleerd 
bleef. Dit suggereert dat CpG demethylatie een van de laatste gebeurtenissen is tijdens epi-
genetische verandering. De epigenetische barrières in de late fase van de herprogrammering 
zijn gevonden met behulp van transcriptoom- en proteoomanalyses .
In hoofdstuk 4 wordt een uitgebreide beschrijving op eiwitniveau gegeven van het dyna-
mische proces van herprogrammering . Door geavanceerde kwantitatieve massaspectrom-
etrie is het eiwitprofiel van 13 verschillende stadia van herprogrammering verkregen. Onze 
gegevens tonen aan dat er een ‘proteoom reset’ plaats vindt 48 uur na transgenexpressie, 
waarbij specifieke biologische processen een rol spelen gelinkt aan het c-Myc transcriptio-
nele netwerk. Een tweede stap van belangrijke proteoom reorganisatie vindt plaats in een lat-
er stadium van de herprogrammering, waarbij twee verschillende pluripotente celpopulaties 
onderscheiden en gekarakteriseerd worden. Eén ervan is een stabiele transgen-afhankelijke 
celtype, die een veranderd patroon van adhesie-eiwitten en gedeeltelijke activering van pluri-
potentie markers vertoont . De andere populatie, die embryonale stamcellen (ESCs) -achtige 
cellulaire voorlopers heeft, vertoond hogere hoeveelheden aan eiwitten betrokken bij celad-
hesie, epigenetische processen en pluripotentie.

Hoofdstuk 5 gaat over de analyse van de epigenetische conditie in reprogrammeren van cel-
len waarbij we een MS analyse van de post-translationele modificaties ( PTMs ) van histon 
H4 hebben uitgevoerd . De analyse toont aan dat bij het reprogrammeren van somatische 
cellen naar pluropotentie, de PTMs van H4 in twee verschillende stappen verandert. De ver-
schillen in H4 isovormen tussen 2ºMEF en cellen in een laat stadium van reprogrammeren, 
suggereren dat het eerste deel van chromatine reprogrammering wordt gekenmerkt door een 
algemene afname van K20me1 en K20me2 en een gedeeltelijke toename van acetylering . 
Echter, de PTM veranderingen van H4 in het late stadium van reprogrammering zijn niet 
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volledig vergelijkbaar met ESC en iPSCs, die gekenmerkt worden  door een verdere ver-
hoging van H4 acetylering . Een ander duidelijk kenmerk van H4 PTMs in ESC - achtige 
cellen was het tegelijk voorkomen van zowel K20me3 in hypergeacetyleerde isovormen en 
een duidelijke verlaagde regulatie van K20me1 en K20me2 .

Outlook

In the last couple of years, it is becoming clear that one single ‘omics’ approach may not 
be sufficient to understand the complexity of biological systems1. Next-generation sequenc-
ing (NGS)2 has dramatically increased sensitivity, speed and specificity of genomic, epig-
enomic and transcriptomic analyses. In addition, mass spectrometry-based proteomics has 
also matured facilitating routine quantitative analysis of proteomes, enabling researchers to 
interrogate cellular protein content to a depth of ~10,000 proteins in mammalian systems3,4. 
Therefore, recent studies have started to use integrative multi-‘omics’ approaches to unravel 
global regulatory mechanisms5–7. In spite of its great potentials, the multi-‘omics’ approach 
represents a challenge both in terms of data size and complexity. Further improvements are 
still needed concerning bioinformatics tools that allow: (i) the integrated visualization of the 
data, and (ii) extracting the biologically relevant information. 

In this endeavor, specialized tools to share and visualize complex data need to be developed. 
This means changing our view of data repositories from static sources that are only used to 
store data to tools which include several user-friendly features for their simultaneous visual-
ization and mining. This would encourage researchers to use such resources ultimately lead-
ing to additional scientific discoveries8. An example of this new concept of data repositories 
is the Stemformatics platform (http://stemformatics.org/), a publicly accessible portal that 
hosts a large collection of ‘omics’ datasets in the field of stem cells and allows to create, share 
and analyze gene sets at different molecular layers9. Most likely, the future proliferation of 
these tools will be the basis to better exploit multi ‘omics’ data.  

Another challenge in the integrative analysis of high-dimensional datasets is the technical 
bias introduced by the accuracy, precision and dynamic range limitations of each technology 
employed (i.e. next generation sequencing, mass spectrometry). Several integrated methods 
have been proposed to extract similarities and differences from multi-omics data, such as  
multi objective optimization10, RV coefficient11, low order partial correlation12 and Regu-
larized canonical correlation13,14. However, a standard approach has not been defined yet 
and the statistical method of choice also depends on how many molecular layers need to be 
integrated. 

The functional links between these different molecular layers are also a critical aspect for the 
integrative analyses that needs to be solved. For example, the relationships between RNA and 
protein are still not fully understood15. These results could be explained by several processes, 
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such as the mRNA translation efficiency and the protein degradation rate. To better under-
stand the differences in the mRNA and protein levels, we should be able to also measure the 
mRNA translation efficiencies as well as the protein degradation rates. 

Ribosome profiling (ribo-seq)19,20 is a recently developed method used to provide quantitative 
global measurements of mRNA translation rates. Although this technique will be an invalu-
able resource to fill the gap between mRNA and protein measurements, some discrepancies 
have been reported in the results obtained from Ribo-seq and proteomics, such in the study 
of lincRNAs translation. Indeed experiments employing Ribo-seq identified a high percent-
age of translated lincRNA (nearly 50%)21, in contrast to the low percentage detected by LC-
MS/MS analyses (<1%)22. This differences might arise from a number of factors, including 
false positive identifications by Ribo-seq techniques23. Additionally, ribosome profiling may 
identify rare translational events that do not generate enough protein to be detected by LC-
MS/MS. Future work coupling Ribo-seq with MS should help in resolving these questions 
as well as to shed light in the molecular mechanisms involved in non correlating mRNA and 
protein levels.  

To efficiently integrate transcripomic and proteomic data, the measurements of global protein 
degradation rate should ideally be performed. Ubiquitin-mediated protein degradation is the 
main post translational mechanism controlling protein abundance. Recently, the enrichment 
of di-Glycine (diGly)-containing peptides by antibodies following trypsin digestion allowed 
the identification of up to 19,000 diGly-modified lysine residues within ~5000 proteins by 
LC-MS/MS analysis24–26. However, this approach suffers from two main limitations: it re-
quires high amount of starting material (~15mg of protein extract), and (ii) it cannot distin-
guish mono-ubiquitination (which may function by modifying the target protein localization 
and activity27 rather than mediating its degradation28), from poly-ubiquitination (which in-
duces the target protein degradation28). 

The recent improvements in next generation sequencing (NGS) also allows to achieve near-
complete inventories of individual organism genetic variation and its transcribed repertoire29. 
However, from such analyses, the effects on the proteins cannot be predicted. For example, 
the consequence of single nucleotide variants (SNVs) or post-transcriptional RNA editing 
events30 on the expression level and stability of the corresponding proteins cannot be predict-
ed solely by NGS. An integrative analysis including NGS and MS-based proteomics, named 
proteogenomics31, is therefore required for correctly deciphering the effects of genomic and 
transcriptomic variation on molecular processes and cellular functioning.  This approach can 
also be used to confidently identify novel genes and splice isoforms, assigning correct start 
sites and validating predicted exons and genes32,33. However, obtaining the full proteome cov-
erage (i.e. identify all the proteins in a proteome, with 100% sequence coverage) is crucial 
for the detection of SNPs and other RNA editing events. Although recent bottom-up pro-
teomic analyses could identify almost all the proteins present in complex samples, the aver-
age sequence coverage achieved is typically between 30-40%34. Employing a combination of 
complementary proteases can increase the protein sequence coverage and has been success-
fully applied to extend the integration of NGS and MS analyses17, but has the drawback of 
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increasing the analysis time. Future developments of middle-down and top-down proteomics 
will further facilitate the integration of MS with NGS.

In conclusion, the integrative omics analysis offer a unique opportunity to better under-
stand the complex networks of molecular mechanisms controlling cellular processes. This 
approach will be particularly relevant in stem cell biology, since they possess astonishing 
cellular plasticity (i.e. ability to give rise to different cell types), that is tightly regulated at 
different molecular levels. In this thesis we showed that multi-omics approach allowed to 
decipher the molecular mechanisms involved in reprogramming and their interactions, pro-
viding a set of informations that would be missed by single omic analyses. Future technical 
developments, together with improved bioinformatic tools, will further extend the ability 
to profile epigenetic, post-trascriptional, translational and post-translational mechanisms of 
gene expression regulation. Most likely, in the next years we will assist to a remarkable in-
crease in multi-omics profiles of cellular reprogramming as well as stem cell differentiation 
process, leading to a deeper understanding of these processes.
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