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Part I. Proteomics
Proteins are essential molecules that constitute the molecular entities through which
genetic information is expressed.1 Genes encoded by the DNA are first transcribed
into RNA, which is then used as a template for protein synthesis by the ribosome.
To study these processes globally is quite complex and therefore each of these level
has traditionally their own discipline. The genetic material of an organism, the
genome, is studied by genomics.2,3 The complete set of RNA transcripts that are
produced by the genome, the transcriptome, is studied by transcriptomics,4 while
the total protein complement of the genome, the proteome,5,6 is the topic of study
for proteomics.7 However, conceptually (and in complexity) the proteome differs
quite a bit from the genome (Figure 1).

Figure 1. Overview of the increased diversity of the proteome compared to the genome and
transcriptome.

Compared to the relatively static character of the genome, a much more dynamic
nature is found at the proteome level.8 The proteome is a context dependent
entity and each tissue of a single organism has a unique proteome.9 Furthermore,
modifications occurring during the transcription of DNA into mRNA (alternative
splicing) and during the translation of mRNA into protein (post-translational
modifications (PTMs)) further increase the complexity of the proteome compared
to that of the genome. PTMs are frequently occurring covalent modifications, by
9
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cellular enzymes, transforming the side chains of amino acid residues during or
after protein biosynthesis.10 Over 300 different protein PTMs have been identified,
whereby protein phosphorylation, acetylation, methylation and ubiquitination
have so far been the most widely investigated.11 PTMs can modulate molecular
interactions, protein localization, activity state and turnover. Failure to control
these complex molecular processes is detrimental or fatal for the survival of the
cell and it is no surprise that a range of post-translationally modified proteins and
their substrates are implicated in human diseases,12 including cancers.13,14 Another
important feature to be addressed in proteomics is the broad dynamic range
(difference between the most and least abundant protein) in which proteins are
present in the cell, tissue or body fluid. Therefore, typically a rather large amount
of starting material is needed for a ‘comprehensive’ proteome study.15 Efficient
sample preparation and sensitive separation and detection methods are required as
amplification tools, as available for DNA, are not available for the study of proteins.
Sample material levels are typically in the nanogram range and samples with limited
starting material such as clinical samples,16,17 or specifically sorted cells18 are hard
to study but often of special interest. These three major factors: the complexity of
the proteome, the high dynamic range at which proteins are present in biological
samples and the sensitivity of MS-based proteomics techniques for proteins of low
abundance, make the study of proteins still a very challenging and intriguing task.

Currently, mass spectrometry (MS)-based studies are dominating the landscape
for the study of proteins at a proteome wide level. In order to identify the proteins
present, first of all, proteins need to be extracted from the biological matrix (i.e. cells,
tissue and biological fluids). Disruption of the cell membrane (usually performed
by sonication) and solubilization and isolation of the proteins is often the first step
required in the proteomics workflow. In this manner mainly cytosolic proteins
are recovered. Therefore, in order to recover proteins from a distinct location, e.g.
the cell membrane, specific extraction steps are required.19 Subsequently a protein
digestion has to be performed to obtain peptides. This is typically achieved after
denaturation, reduction of the protein’s disulfide bonds and alkylation of the
resulting reduced ends, which prevents re-folding of the proteins. The solubilized
proteins are then cleaved using a sequence-specific protease. Trypsin is the most
10

commonly used enzyme due to its highly specific cleavage at the C-terminus of
Arg and Lys amino acid residues, leading to the generation of peptides suitable
for LC-MS identification. Depending on the complexity of the sample and/or
the biological questions that need to be addressed, a pre-fractionation and/or an
enrichment strategy can be included. Afterwards, peptides are separated by liquid
chromatography and analyzed by mass spectrometry. The mass-to-charge ratio
(m/z) of the peptide ions is measured first by mass spectrometry to determine the
molecular mass of each precursor peptide. However, this information is often not
sufficient to identify the amino acid sequence of the peptide. Therefore, peptide
ions are subsequently isolated in the first mass analyzer and fragmented, a process
known as tandem mass spectrometry (MS/MS). The acquired data is processed by
several bioinformatics tools in order to get the peptide identified, and to find its
protein of origin. Often the (relative) abundance of the proteins is also quantified
based on the abundance of the peptides in the sample. These peptide centric
approaches are generally classified as shotgun or bottom-up proteomics20 (Figure
2) and represent presently the most mature and widely used approaches for protein
identification, characterization and quantification.

Figure 2. Overview of the generic bottom-up, or shot-gun, proteomics workflow.

Even though the bottom-up proteomics field is rapidly evolving, there are still
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limitations hampering this approach. One of the major drawbacks of this approach
is the increase in complexity of the sample due to the generation of peptides
from an already complex mixture of proteins. Furthermore, due to the relatively
short length of the generated peptides, the observation of (possibly co-occurring)
neighboring PTMs and the detection of alternative splice variants is challeging.21
The continuous developments in sample preparation, LC and MS over the last
decade have enabled and facilitated large scale protein sequencing of samples.
However, despite the immense progress in shot-gun proteomics, the comprehensive
characterization of proteomics by bottom-up approaches still represents a major
challenge. A more protein centric approach, known as top-down proteomics,22
circumvents some of the limitations present in bottom-up approaches. Top-down
proteomics faces some advantages as it provides complete molecular specificity on
intact proteins, enabling the analysis of proteoforms23 as intact proteins harbor the
entire set of (co-occurring) PTMs.24,25 The main limitations in top-down proteomics
are related to the difficulty of efficiently separating proteins by chromatography
or electrophoresis, and the relatively inefficient formation of fragment ions from
proteins, when compared to peptides.
With the aim of circumventing the limitations of the currently used two main
proteomics approaches, a compromise between both strategies; termed middledown proteomics is gaining popularity.26–28 This approach also uses protein digestion
as in bottom-up proteomics, but aims to yield relatively larger peptides (ideally
(far) above 3 kDa).29–32 Middle-down proteomics exhibits particular advantages
as the complexity of the digests decreases (as less peptides are formed), and may
also allow better proteome coverage, including the identification of splice-variants
and other isoforms. Furthermore, longer peptides increase the probability to detect
multiple co-occurring neighboring PTMs, important to study functionally relevant
PTM crosstalk.

Separation techniques
In bottom-up proteomics peptide separation is essential to reduce the sample
complexity prior to MS analysis. Therefore, in order to perform as comprehensive
as possible characterization of proteomes efficient liquid chromatography
technologies are required prior to MS analysis. The term “chromatography”, which
12

literally means “color writing”, was introduced at the beginning of the 20th century
by Twsett.33 Twsett based the chromatographic separation on adsorption and since
then several alternative separation methods had been developed.34–36 The separation
in chromatography is based on the distinct affinities of the components of the
analyte towards the stationary and mobile phase. The differences in affinities arise
due to the relative adsorption or partitioning between both phases. Adsorption
varies due to the polarity of the components towards the stationary phase, while
partition varies due to the solubility of components into different liquids. Three
main factors affect the achievable resolution from a chromatographic separation:
the selectivity, the retention and the efficiency (Figure 3).

Figure 3. Schematic representation of three important parameters (retention, selectivity
and efficiency) contributing to the achievable resolution in a chromatographic separation.

The selectivity is the ability of a chromatographic system to distinguish between
sample components. The retention factor measures the retention of an analyte on
the chromatographic column and the efficiency is a measure of the dispersion of
the analyte band as it migrates through the LC system and the column. A wider
analyte band leads to increased chromatographic peak width. The wider band
results in a dilution effect that produces a decrease in peak height accompanied
by a loss in sensitivity and resolution. Conversely, if the band broadening is
minimized, narrower chromatographic bands are achieved, resulting in a higher
efficiency. These sharper peaks allow higher sensitivity and resolution due to
a more concentrated analyte band. It is therefore important to be aware of the
13
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factors that influence band broadening to improve the overall chromatographic
performance. Van Deemter derived an equation that includes the main factors
contributing to band broadening.37 Variations in the flow path (Eddy diffusion),
dispersion of the analyte due to the concentration gradient at the outer edges of
the band (longitudinal diffusion) as well as in the porous particles of the stationary
phase (mass transfer) are factors present in this equation (Figure 4a).

Figure 4. a) The Van Deemter equation and the representation of the parameters in the
equation. The A term represents the Eddy diffusion, the B term is the longitudinal diffusion
and the C term is the mass transfer. b) Smaller particle sizes yield higher overall peak
efficiencies and a much wider range of usable flow rates.

• Reversed Phase liquid chromatography
Reversed Phase (RP) chromatography, a type of partition chromatography, is
the most widely used technique for sample preparation and peptide separation
in peptide-centric proteomics, pioneered by Horvath and Molnár.38 The high
separation power as well as the compatibility of the solvents used with ESI-MS
made RP chromatography the method of choice for peptide separation.39 In this
type of chromatography the separation is based on the partitioning of the analytes
between the hydrophobic stationary phase and the polar hydrophilic mobile phase.
The mobile phase generally consist of water, an organic solvent (usually acetonitrile
is used) and often small molecule additives to adjust the pH or influence interactions
between the analyte and the stationary phase. Most typically C18-based materials
are used for peptide separation in RP LC. Initially, peptides are dissolved in an
aqueous acidic solution and are exposed to the hydrophobic stationary phase.
Subsequently, the concentration of the organic solvent is gradually increased in
order to elute sequentially all peptides. Subsequently, the eluted peptides are ionized
14

and analysed in the mass spectrometer as described further in the following section.
One development that had a great impact on RP chromatography is ultra high
pressure liquid chromatography (UHPLC)40, which is now most widely used in the
proteomics field.40–43 This system enables, due to the achievable high pressure, the
use of smaller particle sizes (sub 2 um) in the column leading to a higher efficiency
and a much wider range of usable flow rates (Figure 4b).
In RP-LC the pH at which the separation is carried out influences the properties
of the charged residues in the peptides due to protonation or deprotonotation.
Neutralization of charged residues leads to decreased hydrophilicity (increased
hydrophobicity) and as a consequence changes the retention of peptides. Such
features can be exploited in two-dimensional separations as discussed later.
• Strong Cation eXchange chromatography
Strong cation exchange (SCX) chromatography is a particular type of ion exchange
chromatography (IEX), extensively employed in proteomics.44,45 In SCX, the
analytes are principally separated based on their net positive charge, as a result
of the coulombic interactions between the positive charges of the molecules
and the negatively charged stationary phase (the functional groups are strong
acids).46–48 As it will be discussed in the next section, SCX is widely used, especially
in multi-dimensional separation approaches. Furthermore, the study of PTMs,
such as phosphopeptides is an interesting application of SCX as it can be used as a
selective enrichment method.49 When the pH is kept at approximately 3, the acidic
amino acids, glutamic and aspartic acid are protonated and do not contribute to
the net charge of the peptide. Only basic residues and highly acidic residues like
phosphorylated Ser and Thr residues contribute to the net charge of the peptide,
reducing the overall positive net charge. This makes the separation of distinct
groups of phosphopeptides from the non-phosphorylated peptides feasible.

15
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Despite the high performance of RP chromatography for peptide separation,
one step of separation is mostly not enough for deep proteome coverage due to
the previously described complexity of the proteome. Several chromatographic
techniques are currently used as a first separation step prior to RP-LC-MS/MS
to decrease the complexity of the sample.50 Fractions of the elution of the first
separation/dimension are then transferred to the second dimension to further
separate components that are not separated well in the first dimension. In such a two
dimensional approach, a high orthogonality between the two modes of separation
is desired. The separation is orthogonal if the two separation mechanisms are
independent of each other, so that the distribution of component zone in one
dimension is not correlated with the zone distribution in the other dimension51.
The advantage of multidimensional separations is that its separation efficiency,
measured by the peak capacity (the maximum number of resolvable peaks on a
given LC column within a gradient time introduced by Giddings)52 will be the
product of each separation modes,53 boosting further the resolving power of the
system. This performance is directly dependent of the separation orthogonality.54
If the selectivity of the two LC modes is not completely orthogonal, the achievable
peak capacity will be lower. The type of chromatographic separation present in
the first dimension covers different physicochemical properties of the peptides
such as their polarity (hydrophilic interaction chromatography (HILIC), high pH
reversed phase chromatography (HpH)) or charge (IEX). Conventionally SCX, had
been commonly coupled to RP in proteomics.44,45 Despite the clear difference in
selectivity compared to the RP mode, due to the nature of tryptic peptides (mainly
+2 and +3 charged) the orthogonality of these modes is also not ideal, leading to
a non-optimal peak capacity of the SCX-RP combination.55 As it was previously
described, the selectivity in reversed phase chromatography is dependent on the
pH. Therefore the coupling of two RP rounds is currently gaining popularity due to
the high peak capacity achievable.56–58 The orthogonality achievable operating RP
at different pH values has been shown to be comparable to the SCX-RP modes.59
The coupling of the chromatographic separation techniques can be carried out in
on-line or off-line set ups.50 In off-line set ups fractions from the first dimension
are collected and analyzed by the second dimension.45 On the other hand, in on16

line setups the eluent from the first dimension is directly transferred onto the next
one.60 In this case the incompatibility of the mobile phases between the consecutive
dimensions represents a major obstacle while in the off-line set ups this issue can
be avoided. Furthermore, the design and operation are simplified making off-line
set up often a more flexible configuration. However, the higher amount of sample
required and longer analysis times are some of the main disadvantages of off-line
set ups.

Mass spectrometry instrumentation
Mass spectrometry initially emerged in the field of physics and its beginning date
back to the late 19th century.61 The first studies were performed using gas discharge
tubes62 in which energetic ions with a wide range of velocities were produced and
deflected with magnetic and electric fields. The construction of what is known as
the first mass spectrometer, the ‘parabola spectrograph’,63 came some years later
and since then extensive work has been done in the field yielding to the generation
of a broad selection of mass spectrometers. All mass spectrometers have three main
components in common, an ion source, a mass analyser(s) and a detector. The
ion source converts the analyte molecules into gas-phase ions, afterwards the mass
analyser separates those ions and the detector records the number of ions at each
m/z value. Mass analysers are the key element of mass spectrometers and can be
divided according to their operation mode, which involves either trapping or nontrapping and according to the way ion separation is performed which can be either
scanning or non-scanning mode.
• Ionization techniques
The importance of the ionization techniques lies in the fact that biomolecules
can be analysed by mass spectrometry only if they are ionized and brought into
the gas phase. Proteins are generally polar, non-volatile and thermally unstable
compounds. Therefore, it is a great challenge to convert proteins present in
the liquid or solid phase into the gas phase. The main breakthrough that made
possible the study of proteins as we know it nowadays, is the development
of suitable ionization techniques for these biomolecules. At the beginning of
the era ‘hard’ ionization techniques were used which, due to the high energy
17
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applied, were fragmenting the peptides resulting in hard to interpret spectra.64,65
Currently, two techniques dominate the landscape, namely electrospray ionization
(ESI)66 and Matrix-Assisted Laser Desorption/Ionization (MALDI).67 Both
techniques are ‘soft’ ionization techniques in which a lower energy is employed
avoiding the dissociation of the analyte and leading to a simplification of the spectra.
Thanks to these two breakthroughs, the range of biological questions which were
possible to address by mass spectrometry was substantially broadened.
• Electrospray ionization
The development of ESI mass spectrometry in the late 80’s is attributed to Fenn.68,69
Fenn’s studies were based on the work done by Dole some years before70 who
described the idea that electrospraying a liquid containing analyte molecules might
liberate these as ions and make them amenable for mass spectrometry analysis.
Interestingly the principles behind electrospray were already described theoretically
by Lord Rayleigh in 1882.71 The importance of this development lead to Fenn being
awarded the Nobel Prize in Chemistry in 2002.72
In ESI a strong electric field is applied to the analyte, which is dissolved in a solvent,
as it passes through a capillary at a low flow rate and atmospheric pressure. The
potential difference is applied between the conductive tip of the capillary and
the orifice of the mass spectrometer, generating the electric field. The solvent
containing the peptides is thereby electrostatically dispersed and this generates
highly charged droplets. The high voltage produces an accumulation, via repulsion,
of charged analyte ions at the tip of the capillary. This charge accumulation deforms
the surface of the solvent creating the so-called Taylor cone,73 from which charged
droplets are released. Through evaporation of the volatile solvent, the charge density
of the droplets increases until the so-called Rayleigh point is reached. The fission
of the droplets into smaller droplets occurs as the Coulombic repulsion exceeds the
surface tension of the droplet (Figure 5).74
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Figure 5. Schematic representation of the electrospray ionization process. Figure adapted
from Steen et al.75

Regarding the ionization, two models have been proposed to explain the mechanism
of how gas phase ions are generated from very small highly charged droplets: the
charge residue model (CRM)76 and the ion evaporation model (IEM).77 The CRM
model, attributed to Dole, describes the process as a series of fission events which
leads to the production of small droplets each of which contains only one analyte
molecule. When the last few solvent molecules evaporate, the analyte becomes a
free gas phase ion by retaining some of its droplet’s charge. The CRM model is the
most likely mechanism for the creation of gas-phase peptide and protein ions.78 On
the other hand, the IEM model proposes that solvated ions are emitted, evaporated
directly from charged droplets after the radii of the droplets decrease to a suitable
size. These charged droplets are much larger and carry more charges than in the
CRM model. This mechanism is thought to be favourable for small (in)organic
ions.78
Reducing droplet size has been shown to improve ionization efficiency and this
led to the introduction of microelectrospray79,80 and nanoelectrospray ionization.76
Nano-ESI is generally operated at flow rates ranging from 50 to 500 nL/min.81 An
essential advantage of nano-ESI is the small amount of sample required and the
higher sensitivity obtained compared to ESI.82 The creation of smaller-diameter
droplets through nano-ESI also contributed to have a more efficient charging
of gas phase analyte molecules. Furthermore, it leads to lower competition and
suppression effects due to the presence of less analytes in smaller droplets that
ultimately lead to an extension of the dynamic range.83
19
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Matrix-assisted laser desorption/ionization mass spectrometry was started by
Hillenkamp and Karas with their observations made by a device called LAMMA
(LAser Micropulse Mass Analyser).84 The applicability of MALDI to larger and
thermally labile biomolecules was shorty after described by the same authors.85,86
However, it was Tanaka who, in the same year, was able to ionize large proteins by
combining a laser and a matrix.67 Tanaka, alongside with Fenn, was awarded the
Nobel Prize in Chemistry in 2002 for his work in the development of these ‘soft’
ionization methods.72
MALDI provides a non-destructive vaporization and ionization of both large and
small biomolecules. The analyte is first co-crystallized with a matrix compound
that will strongly absorb the light from a laser. Laser radiation of this analytematrix mixture results in the ionization of the molecules of the matrix. The charge
is then (partially) transferred from the matrix to the analyte generating peptide
ions. The rapid heating, produced by the laser radiation, lead to the vaporization
of the matrix, which carries the analyte with it. Thanks to the limited amount of
energy transferred from the matrix to the analyte little fragmentation is observed.
The process generates mostly singly charged ions (Figure 6).75

Figure 6. Schematic representation of Matrix-Assisted Laser Desorption/Ionization. Figure
adapted from Steen et al.75

The desorption and the ionization processes that take place in MALDI are complex
and still not fully understood. Two main theories explain the desorption of large
molecules: the thermal-spike model87 and the pressure pulse theory.88 The first
20

one attributes the ejection of the molecules to poor vibrational coupling between
the analyte and the matrix, while in the second theory a pressure gradient from
the matrix to the surface facilitates the desorption of the molecules. Regarding
the ionization process, two conflicting theories were initially proposed: the lucky
survivor theory89 and the gas phase protonation model.90 The first one is based
on the premise that all ions are already incorporated in the matrix crystals before
the laser ablation. Only the “lucky” ions will be detected while the others will be
neutralized or undergo extensive fragmentation due to higher charge and being
more energetic. In comparison to this model, the gas phase protonation model
predicts the protonation of the analyte in the gas phase by collisions with protonated
or deprotonated matrix ions. It is now believed that a more complex interaction
between analyte and matrix which combines both models, is responsible for the
ionization.91 Due to its pulse nature, which limits the optimal use of the sequencing
speed of current mass analysers, and thanks to the ease of hyphenation of ESI to
LC, the use of MALDI is currently less used in proteomics when compared to ESI.
• Mass analyzers
• Quadrupole analyzer
Quadrupoles consist of four precisely parallel metal rods equally placed around
a central axis. Opposite rods are connected and a combination of static and
oscillating electric fields is applied to these rods. Gas phase ions are introduced
along the axis into the middle of the radially positioned rods. Due to the directcurrent (DC) and radiofrequency (RF) field applied, a turbulent environment is
created in which ions may or may not possess a stable trajectory. In this way the
ions are filtered and only selected m/z ions satisfying specific RF and DC settings
will pass through the quadrupole. All other ions, due to their unstable trajectories,
collide with the quadrupole rods and are effectively removed (Figure 7). The
quadrupole mass filters (Q) were described by Paul and Steinwedel in 1953,92 and
in 1989 Paul was awarded with the Nobel Prize for his work.93 Quadrupole mass
analysers are relatively cheap, but have comparatively a somewhat lower resolution
(below 10000 FWHM) and are thus nowadays often employed as mass filters in
hybrid instruments using additionally higher performance mass analyzers.
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Figure 7. Schematic representation of a quadrupole mass analyser and the stable (resonant
ion) and unstable trajectories of ions (non-resonance ion).

• Quadrupolar and Linear Ion Trap analyzers
Quadrupole ion traps, also called 3D traps or Paul ion traps consist of a circular
electrode (ring electrode) and two hyperbolic caps/electrodes (end caps) (Figure
8a).94 An oscillating electric field is applied to the ring electrode and the end-cap
electrodes are kept at ground potential. Since there is no DC potential applied, the
trap will allow ions of a wide m/z range to have stable trajectories in 3 dimensions,
which effectively means the ions are trapped. Discrimination of m/z is performed
using a changing amplitude of the RF field and resonance excitation.

Figure 8. a) Schematic representation of a 3D ion trap. Adapted from Hoffmann et al.95 b)
Schematic representation of a linear ion trap. Adapted from Schwartz et al.96
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A different type of an ion trap is the 2D-trap, also called linear ion trap (LIT).96
An LIT consists of a quadrupole with two end electrodes, which can be built of
two plates or short quadrupoles (Figure 8b). Ions are confined radially and a static
electric potential on the end electrodes is used to confine the ions axially.97 The
design of 2D traps enables to increase the ion storage volume as compared to 3D
traps. A benefit from an increased ion storage volume is a reduction of space charge
effect between the trapped ions. Space charge effects limit the maximum load of
an ion trap, due to repulsion of ions, which in consequence disrupts their stable
trajectories.97
• Time of flight analyzer
The concept of time of flight (TOF) was first introduced by Stephens.98 In this mass
analyser ions are separated in a field free drift tube based on the different speed
at which ions with distinct m/z values fly through it. The packet of ions, which
are initially placed in the same location (ideally) and are at rest, is subsequently
accelerated to the same kinetic energy using an electric filed. The speed of the
ions, at a constant electric field, is inversely proportional to the square root of
their m/z value. Since its introduction, TOF mass spectrometers have undergone a
considerable evolution.99,100 To overcome issues with different initial kinetic energies,
an electrostatic mirror, called reflectron, which provided higher resolving power,
was introduced.101 The introduction of MALDI (as the laser has a pulsed behaviour
rather than a continuous operation as we discussed it above),86 and an orthogonal
accelerator (this accelerator apart from allowing higher sensitivity and ion speed
gave the possibility to couple the TOF to most continuous ion sources),102 together
with the revolution in digital electronics (due to the time-scale for measuring and
processing signals),103 have greatly influenced the resurgence of TOF technology in
mass spectrometry.
• Orbitrap analyzer
Currently one of the most prominent technologies for mass spectrometry is the
Orbitrap. Although Makarov was clearly the first to build a working version of
an Orbitrap in 2000,104 the principles behind Orbitrap trapping were already
introduced by Kingdon in 1923.105 The Orbitrap consists of a central spindle-like
electrode surrounded by barrel-like electrode (Figure 9).104,106 In this device neither
23
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magnetic nor RF fields are applied, instead a combination of a static quadrupole
and a logarithmic field is used. The ions combine a rotation trajectory around the
central electrode with oscillations along the axial electrode in a harmonic orbit.
Three frequencies, namely frequency of radial oscillations, rotation and axial,
are present in this technology. However, only the axial frequency is completely
independent of the energy and the position of the ions. The oscillating ions induce
an image current that is detected with the help of a differential amplifier between
the halves of the outer electrode. The signals are converted into frequencies using
Fourier transformation. The mass spectrum can then be calculated by frequencyto-m/z conversion. High analytical performance in terms of resolution (>200,000
FMHW) and mass accuracy (< 5p.p.m. with external calibration, <2 p.p.m. with
internal calibration) are achievable with this mass analyzer.

Figure 9. Schematic representation of an Orbitrap mass analyser. Adapted from Scigelova
et al.107

• Hybrid analyzers
Nearly all modern mass spectrometers are ‘hybrid’ instruments in which multiple
mass analysers are coupled in tandem. Hybrid instruments combining distinct
mass analysers with an Orbitrap are widely used in proteomics. Among them, the
Orbitrap was first coupled to a linear ion trap (LTQ).108 In this instrument an ion
trap was placed in front of the Orbitrap with an RF-only quadrupole in between.
24

In this way advantage of the speed and sensitivity of the ion trap and the resolution
and mass accuracy of the Orbitrap was taken.109 Further developments led to the
introduction of later instruments version, such as the LTQ-Orbitrap XL,110,111 the
LTQ-Orbitrap Velos112,113 and the Q-Exactive.114 Two new improvements were
done in the last years, which were included in the last generation of Orbitrapbased instruments. One of them is a compact, high field Orbitrap analyser which
increases two-fold the resolving power.115 The second improvement is a new
method for processing transient detection signal called enhanced Fourier transform
(eFT), which also increases two-fold the resolving power.116 These two aspects
were included in the LTQ-Orbitrap Elite,115 Q Exactive HF,117 Orbitrap Fusion and
Orbitrap Fusion Lumos instruments (Figure 10).118

Figure 10. Schematic representation of the Orbitrap Fusion Lumos, the latest hybrid
instrument developed around the Orbitrap technology.

Hybrid instruments combining other platforms are also popular in proteomics. A
tandem mass spectrometer that combines quadrupole analyzers and a TOF mass
analyser, the TripleTOF (Figure 11)119, is also widely used.120–122 In this system the
quadrupoles act as mass filters, being able to selectively transmit ions to the TOF
analyser. The TOF analyser enables fast detection allowing high MS/MS spectral
acquisition rates (20 Hz). The speed of the instrument allows high number of
identifications, increasing the depth of the research. Furthermore, a high resolving
25
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power and mass accuracy are achievable with this hybrid platform.
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Figure 11. Schematic representation (a) and real image (b) of the TripleTOF instrument
platform. Figure adapted from Andrews et al.119

Fragmentation techniques
Tandem mass spectrometry (MS/MS) is a key technique for peptide sequencing
as the measurement of a peptide precursor ion m/z by MS is mostly not sufficient
to identify its amino acid sequence. A subsequent analysis of the fragment ions
obtained by fragmenting the peptide precursor ion is needed. Several fragmentation
techniques exit and depending on the biological question and/or characteristics of
the precursor ions the most suitable technique should be chosen in order to get the
optimal results.
• Collision-induced dissociation
Collision-induced dissociation (CID), also referred to as collision-activated
dissociation (CAD) is the most widely used fragmentation technique in proteomics
research.123 In CID ions are accelerated and subjected to multiple collisions with
inert gas molecules (such as Helium, Nitrogen or Xenon). Subsequently the kinetic
energy of the ion is transferred into internal vibrational modes, which ultimately
26

leads to peptide backbone fragmentation. The cleavage occurs predominantly at
the peptide amide bond (CO-NH), resulting in a series of b- and y-fragment ions
(Figure 12).124

1

Figure 12. Nomenclature of peptide fragment ions as proposed by Roepstorff and
Fohlman.125

CID processes can be separated primarily into three categories based on the
translational energy of the precursor ion.126 In quadrupole instruments the kinetic
energy of the precursor is in the range of 1-200 eV and the fragmentation occurs
mostly on the microsecond time scale. In ion trap instruments the kinetic energy
of the precursor is generated using resonance and corresponds to a few eV. The
timeframe of activation in ion trap CID is in the millisecond time scale. In contrast,
high-energy collisions are in the keV range and are common in sector and TOF/
TOF instruments. In low energy experiments (milli to microsecond timeframes)
multiple collisions are employed to improve efficiency of fragmentation. The term
higher-energy collisional dissociation (HCD) also refers to beam type CID and
includes the generation of low molecular weight reporter ions.110
The observed dissociation has been rationalized by the ‘mobile proton model’.127,128
The model states that upon excitation the proton(s) migrate to different amide
locations along the backbone of the peptide, as long as they are not sequestered by
a basic amino acid side chain.128 Migration to an amide nitrogen leads to weakening
of the bond and combined with the energy provided by CID ultimately leads to
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dissociation.
• Electron Capture and Electron Transfer induced Dissociation

1

Electron-capture dissociation (ECD) and electron-transfer induced dissociation
(ETD) are relatively new fragmentation techniques in proteomics, introduced
in 1998129 and 2004130, respectively. In ECD a heated filament source produces
low-energy electrons. These electrons and the positively charged peptide ions
are forced to overlap. Under such conditions an electron can be captured by the
charged peptide, which induces backbone fragmentation at the N-Cα bond and
generates c- and z-fragment ions. In ETD negatively charged species are generated
by chemical ionization. A common chemical used as the electron transfer reagent
is fluoranthene.131 When the electron transfer reagent enters ‘in contact’ with
the positively charged peptides an electron is transferred, which leads to peptide
fragmentation in a similar manner to ECD. Therefore, the predominant ions
found in ETD spectra are also c- and z-fragment ions. Both are electron-driven
reactions and provide extensive fragmentation. One big difference between
ECD and ETD is that ECD is primarily used in Fourier transform ion cyclotron
resonance mass spectrometers while ETD enables the use of ion traps for electronbased dissociation, making ETD the most widely used electron-driven dissociation
method in proteomics.
In both electron-based methods, the precursor ion charge is an important factor
as the electron capture cross section is proportional to the square of the charge
state of the precursor.132 This explains the more efficient fragmentation found for
higher charged peptides and the poor dissociation of double charged peptides. In
order to increase the dissociation efficiency one can activate the non-dissociative
electron transfer products with supplemental collisional activation.133,131 However,
In ETD the unreacted precursor remains relatively highly abundant. Recently a
novel scheme combining electron-transfer and higher-energy collision dissociation
(EThcD), which overcomes this limitation and increases peptide sequence coverage
was introduced.134 In EThcD after an initial ETD step, all ions are subjected to
HCD fragmentation, which yields thus b/y- and c/z-type fragment ions in a single
spectrum. The outstanding performance of EThcD for PTM studies, in particular
for phosphosite localization has already been demonstrated.135 The promising
applicability of this new fragmentation technique for middle-down range peptides,
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which involve highly charged peptides, is further described in the fourth chapter
of this thesis.

1

Database search strategies and statistics
Mass spectrometry based proteomics, as other high-throughput-omics technologies,
needs a reliable and fast analysis of the large amount of experimental data
obtained. Once the MS/MS spectra are acquired the identification of the peptides
is computationally achieved. Nowadays there are several strategies for peptide
identification,136 however a database search algorithm is the most commonly used.
Experimentally acquired fragmentation spectra are compared against theoretically
constructed spectra based on the genome derived protein databases.137 For each
MS/MS spectrum, software is used to determine which peptide sequence in a
database of protein sequences generates the best match. Besides the MS/MS
spectrum additional parameters are required by the software for faster and more
reliable peptide identification. Among those parameters are the sequence database,
the taxonomy, the enzyme used, the fixed and variable modifications, the mass
tolerance and type of mass spectrometer used. Each gene/protein entry in the
database is digested in silico, using the given parameters. If the calculated mass of a
peptide matches that of an observed peptide, the masses of the expected fragment
ions are calculated and compared with the experimental values.138 Many scoring
algorithms have been developed to decide which peptide sequence best matches
a given spectrum and can be classified in four basic approaches: descriptive,
interpretative, stochastic and probability-based.139 Among all the available
algorithms the most widely used, and the ones applied in the different chapters of
this thesis, are Mascot140 and Sequest.141 Mascot is a probability-based algorithm
and calculates the probability whether an observed match between experimental
data and peptide sequences found in a reference database has occurred by chance
(Figure 13). The match with the lowest probability of occurring by chance is
returned as the most significant match. The significance of the match depends on
the size of the database that is being queried. Sequest uses a descriptive model for
peptide fragmentation and correlative matching to a tandem mass spectrum. It
uses a two-tiered scoring scheme to assess the quality of the match: the preliminary
score (an empirically derived score that restricts the number of sequences analyzed
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in the correlation analysis) and the XCorr (a cross-correlation score between the
experimental and the theoretical spectra).

1
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Figure 13. Schematic concept of MS/MS database searching.

In addition to these calculated peptide scores either by Mascot or Sequest, the
estimation of a False Discovery Rate (FDR) is the usual way to measure the quality
of a set of search results.142 The FDR converts the scores into probabilities by
searching them against a decoy database (which contains reversed, randomized
or shuffled sequences) and is estimated as the ratio of decoy database matches to
target database matches.
Alternatively, to database search approaches, de novo sequencing allows
identification of proteins through direct interpretation of the MS/MS spectra in
a database-independent manner.143–145 In this approach the reconstruction of the
original peptide sequence is done without knowledge of the genomic sequences
or even the organism from which the sample was taken. A main advantage of this
approach is the possibility of identifying novel peptides as there is no match of
spectra to already exited sequences in a database as in the previously described
algorithms.

Quantitative proteomics
Quantitative information is required to study the highly dynamic nature of the
proteome; however, MS-based proteomics is as such not a quantitative method.
The main reason is that protein and peptide ionization is a rather complex process
in which analytes compete to take the available charges. Therefore, differences in
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the physical and chemical properties of the generated peptides (such as charge state,
length, amino acid composition, PTMs) lead to differences in ion intensities for the
peptides, even when they belong to the same protein. Thus, quantitative methods
require comparative experiment designs. These can be broadly classified in two
forms, absolute quantification (measuring the absolute amount of the protein in the
sample) or relative quantification (measuring the relative change in protein amount
between two states).146 Relative quantification can be achieved either by employing
differential stable isotope labeling or by label-free approaches (Figure 14). Labeled
peptides are chemically identical to their native counterpart, only differing in mass,
and therefore the two peptides also behave identically during chromatographic and
mass spectrometric analysis. Given that a mass spectrometer can recognize the mass
difference between the labeled and unlabeled forms of a peptide, quantification
is achieved by comparing their respective signal intensities.147 The label can be
introduced at various steps during sample preparation: it can be introduced into
proteins or peptides metabolically, chemically or enzymatically, or provided by
spiked synthetic peptide standards. The limitation of protein quantification in
complex samples by stable isotope based methods mainly lies in signal interferences
caused by co-eluting components of similar mass. Therefore, the most efficient way
to optimize the quantitative analysis is to decrease sample complexity by increasing
chromatographic gradient times or by including a pre-fractionation step prior to
LC-MS/MS analysis (as discussed it earlier).
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Figure 14. Common schemes for quantitative mass spectrometry. Boxes in blue and yellow
represent two to be compared experimental conditions. Dashed lines indicate presence of
experimental variability. Adapted from Bantscheff et al.147

• Metabolic labeling
The earliest possible point for introducing a stable isotope label is by metabolic
labeling during cell growth and division through the growth medium, which is
consequently incorporated into proteins and peptides. This can be applied not
only to cultured cells but also to complex organisms, such as plants or animals.
Metabolic labeling was first achieved with 15N-enriched cell culture medium,148 but
it was established as a high-throughput approach by using stable-isotope-labeled
essential amino acids in mammalian cell cultures (SILAC).149,150 The cell culture
medium contains 13C6-arginine and 13C6-lysine, which ensures that all tryptic
cleavage products of a protein (except for the very C-terminal peptide) carry at
least one labeled amino acid resulting in a constant mass increment over the nonlabeled counterpart. Protein identification is based on fragmentation spectra of at
least one of the co-eluting ‘heavy’ and ‘light’ peptides and relative quantitation is
performed by comparing the intensities of isotope clusters of the intact peptide in
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the survey spectrum. An accurate quantification method is obtained thanks to the
early combination of the samples, which minimizes experimental error or bias in
the workflow.

1

• Chemical labeling
In the case of chemical labeling, the label is introduced to proteins or peptides through
a chemical reaction, which increases the applicability of this approach compared
to metabolic labeling. Chemical labeling methods include isotope-coded affinity
tag (ICAT),151,152 isobaric tag for relative and absolute quantification (iTRAQ),153
tandem mass tags (TMT),154 dimethyl labeling155,156 and 18O labeling.157 Dimethyl
labeling is a widely applied approach for protein quantification in proteomics. In
this labeling approach 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 isotopomers of formaldehyde and cyanoborohydride (2D
and 13C), peptide triplets can be obtained that differ in mass by a minimum of
4 Da between samples (Figure 15a). These reagents have the advantage of being
inexpensive and the reaction can be applied to any type and amount of sample in
a simple and fast way. The labeled samples are mixed and simultaneously analyzed
by LC-MS/MS and the mass difference of the dimethyl labels is used to compare
the peptide (Figure 15b). The labeling can be performed in-solution, online with
LC-MS and on-column using solid phase extraction columns.158 A drawback of
this approach, and chemical labeling in general, is that different samples can be
mixed only after enzymatic digestion and labeling have been performed separately,
ultimately leading to higher variability compared to metabolic labeling.

Figure 15. Dimethyl labeling approach for protein quantification. a) Labeling scheme of
triplex stable isotope dimethyl labeling. b) Extracted ion chromatograms and mass spectra
of a BSA peptide. Adapted from Boersema et al.158
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• Spiked synthetic peptide standards

1

The use of synthetic peptides was described in the early 80s,159 and years later
the use of reference peptides that contain heavy isotope labels and are further
chemically identical to the original peptides (the so-called AQUA peptides) 160
became broadly applied. The main advantage of the use of spiked peptides is that
peptide concentrations are accurately determined. Peptides are synthesized with
incorporated stable isotopes as ideal internal standards to mimic native peptides
formed by proteolysis, which can also be prepared with covalent modifications
(i.e. phosphorylation, methylation, acetylation) that are chemically identical to
naturally occurring PTMs. Such AQUA internal standard peptides are added to the
extract after enzymatic digest. Subsequent comparison of the mass spectrometric
response to the endogenous peptide in the sample by multiple reaction monitoring
(MRM) allows quantitatively measurement of the absolute levels of proteins and
post-translationally modified proteins.
• Label free quantification
The two most widely applied label-free quantitative methods are spectral counting
and peptide peak intensity measurements. Spectral counting is based on the
observation that more abundant proteins will produce more MS/MS spectra than
less abundant proteins, and abundant peptides are sampled more often in fragment
ion scans than low abundance peptides. Relative protein quantitation by spectral
counting involves the comparison of the number of fragment spectra identifying
peptides of a given protein to estimate their relative protein abundance.161 On
the other hand, relative quantitation using peptide peak intensity measurements
involves comparing the MS peptide ion intensities belonging to a given protein
across multiple LC-MS runs where each run represents an experiment.162 The ion
chromatograms for every peptide are extracted from an LC-MS run, and their peak
areas are integrated over the chromatographic time scale. This approach requires
correlation of retention time with m/z ion features and charge state to avoid
discrepancy in matching common ions detected in each run.
These strategies are easy to perform and cost-effective. Furthermore, an
unlimited numbers of samples can be compared and they correlate well with
protein abundances in complex biological samples.163 However, the application
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of these methods requires, apart from a robust LC-MS system, robust computing
power and advanced algorithms. The algorithms need to be capable of handling
chromatographic peak alignment, spectral counting and peptide ion intensity
measurements in order to calculate changes in protein abundances in complex
biological samples.164
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Part II. Intestinal stem cell biology and disease
Adult stem cells
1

The human body consist of many different organs that are each build up by numerous
different specialized cells. At the origin of nearly every organ of the human body are
specialized cells, from where the (re)generation of the organ is orchestrated. These
cells have been termed Adult Stem Cells. Adult stem cells, regardless of their origin,
have two unique properties:165 their capacity to self-renew to produce more stem
cells and to differentiate into diverse specialized cell types. When an adult stem cell
divides, the new cell can become a different cell with a more specific function or
it can remain a stem cell. Due to their stage of development, adult stem cells, have
more limited differentiation potential compared to embryonic stem cells, they are
multi-potent. Multipotency describes progenitor cells, which are able to give rise to
other types of cells albeit within a limited range. Most adult stem cells are lineagerestricted and play important roles on local tissue repair and regeneration,166 which
makes them an important research subject.



Anatomy of the adult intestine

The primary function of the intestinal tract is the digestion and absorption of
nutrients and fluids.167 The intestinal tract is essentially a tube lined with a specialized
simple and truly multitasking epithelium, a single-cell layer termed the mucosa.
This tissue, apart from efficiently performing the digestion and absorption of
nutrients, must maintain an effective barrier against potentially harmful organisms
and substances present in the intestinal lumen.168 Several differentiated cell types
mediate the functions of the intestinal epithelium:169 Enterocytes, Enteroendocrine
cells, Goblet cells, Tuft cells and Paneth cells. Each cell type has a specific
function. Enterocytes are highly polarized cells responsible for absorbing and
transporting nutrients across the epithelium.167 Enteroendocrine cells coordinate
gut functioning through specific peptide hormone secretion. Goblet cells secrete
protective mucins and trefoil proteins that are required for the movement and
effective expulsion of gut contents, and in addition they provide protection against
shear stress and chemical damage. Tuft cells have recently been described to be
essential in the initiation of immune responses.170 Paneth cells contribute to innate
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immunity by producing antimicrobial peptides that regulate the gut microbiota.171
Furthermore, the epithelium contains at least two other cells types with poorly
defined functions: cup cells172 and Peyer’s patch-associated microfold cells.173 The
relative abundance of the differentiated cell types varies markedly within distinct
segments of the intestine in order to adapt to the specific function of each segment.
Indeed, the intestinal tract is functionally and anatomically divided into two welldefined segments: the small intestine and the large intestine, or colon. The small
intestine can be subdivided into duodenum, jejunum and ileum. The epithelium
of the small intestine is organized into crypts and villi.168 Crypts, also known as
crypts of Lieberkühn (as Lieberkühn was the first to describe the structure and
function of these crypts in the 18th century), are invaginations into the underlying
connective tissue. In contrast, villi are finger-like protrusions pointing toward
the lumen, which dramatically increase the absorptive surface area of the small
intestine (Figure 16a). The situation in the colon resembles the small intestine as
the large intestine is also folded into crypts. However, the colon has a flat surface
epithelium characterized by a high density of goblet cells in order to facilitate the
passage of stool and the absence of Paneth cells. Deep secretory cells are suggested
to supply a niche function in the colon174 (Figure 16b).

Figure 16. Intestinal epithelium. Scanning electron micrographs of the small intestine (a)
and colon (b) in which the structural organization of these organs can be observed. The
small intestine is organized into crypts and villus whereas the colon is also folded into
crypts but carries no villus. Adapted from Magney et al.175
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• The intestinal stem cells

1

The persistent aggression from potentially lethal organisms and carcinogens
present in the intestinal lumen induces a remarkably high rate of cell death,176,177
which requires a vigorous self-renewing process to maintain optimal function. In
fact, the intestine is the most rapidly self-renewing tissue in mammals and thus
it has long been assumed that the crypts must harbor functional stem cells.178 To
definitively identify stem cells, one needs to be able to identify and/or mark those
cells. Consequently, intestinal stem cells had long remained elusive hampered by
the lack of unique molecular markers. Two schools of thoughts existed regarding
the exact identity and location of intestinal stem cells (Figure 17). On the one hand,
the “stem cell zone” model defined by Cheng and Leblond176 suggested the cryptbase columnar cells (CBC) as the precursor cells that generate the differentiated
cell types of the epithelium of the small intestine. These CBC cells are present in the
bottom of the crypts, wedged between the Paneth cells (Figure 17a). On the other
hand, the “+4 position” model described by Potten and colleagues179 proposed
that stem cells reside at position +4 relative to the crypt bottom, directly above the
Paneth cells. These +4 cells were identified as DNA label-retaining cells (Figure
17b).

Figure 17. Two opposing models defining the exact identity of the intestinal stem cells.
a) The “stem cell zone” model was proposed in the early 1970s and states that small,
undifferentiated, cycling cells intermingled with the Paneth cells are likely to be the true
intestinal stem cells. b) In the“+4 position” model proposed in the late 1950s, it was assumed
that the crypt base is exclusively populated by terminally differentiated Paneth cells and the
stem cells must therefore be located just above the Paneth cells at the +4 position. Figure
adapted from Barker et al.166
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The breakthrough for the definitive identification of intestinal stem cells was the
discovery of a specific marker for the CBC cells.180 Wnt signals are the driving
forces behind the proliferative activity of the intestinal epithelium both in normal
physiology and in colorectal cancer (CRC).181–183 It was hypothesized that certain
Wnt target genes may be specifically expressed in stem cells.184,185 Indeed a subset
of these target genes was uniquely expressed in a limited number of cells in the
bottom of the crypts, more specifically by the CBC cells (as opposed to Paneth
cells which are also localized to crypt bottoms). The gene Lgr5 was one of these
uniquely expressed in CBC cells. Lgr5 stands for leucine-rich-repeat-containing
G-protein-coupled receptor 5, also known as Grp49.186 Lgr5 expression is restricted
to the CBC cells, defined by Cheng and Leblond,176 that are squeezed in between
the Paneth cells. Using genetic lineage tracing it was demonstrated that Lgr5+ve cells
generate all the differentiated cell types of the epithelium of the small intestine.187 By
morphology, the Lgr5+ve cells are readily distinguishable from the adjacent Paneth
cells,166 and fulfill the definition of an adult stem cell in displaying longevity and
multipotency in the small intestine and in the colon. Interestingly, further studies
have demonstrated that when Lgr5+ve stem cells are damaged, the +4 cells suggested
by Potten et al.179 to be the stem cells of the intestine, revert into cycling Lgr5+ve stem
cells.188,189 These findings manifest the plasticity of the stem and progenitor cells
and unify earlier theories about the identity of crypt stem cells.190
Finding an intestinal stem cell marker greatly improved the understanding of
epithelial stem cells biology191 and the unique epithelial anatomy and homeostasis
of the small intestine and colon (Figure 18).168 The stem cells of the intestine
and their progeny, the transit-amplifying (TA) cells reside at the crypts base. TA
cells spend approximately 2 days in the crypts, in which they divide 4-5 times of
unusually short duration, 12-16h, generating some 300 cells per crypt every day.192
When the TA cells reach the crypt-villi junction, they rapidly and irreversibly
differentiate into the specialized intestinal epithelial cell types. These differentiated
cells continue to migrate upwards towards the tip of the villi, where after 2-3 more
days they undergo apoptosis and are shed into the gut lumen. Thus, the epithelium
is in a continuous upward movement and only Paneth cells escape from this flow.
Paneth cells also derive from stem cells but persist for 3-6 weeks at the crypt base,
located in between the stem cells.193
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Figure 18. Epithelial self-renewal in the intestinal epithelium. In the intestine the stem cells
are present in the bottom of the crypts. They continuously generate transit-amplifying cells,
which differentiate into the different cells present in the intestine. The difference in the
abundance of the differentiated cells is also presented in this figure. In the small intestine
(a) the stem cells are intercalated with Paneth cells while in the colon (b) no Paneth cells are
present and deep secretory cells are suggested to supply the niche function. Figure adapted
from Barker.168

• Impact of the intestinal stem cell identification
The ability to identify populations of Lgr5+ve stem cells from the adult intestine has
opened up exciting opportunities to exploit the clinical potential of these adult stem
cells. Adult stem cells have the potential to revolutionize regenerative medicine with
their unique capabilities to self-renew and differentiate into various phenotypes.
Furthermore, with the Lgr5-based genetic tools in hand it is also possible to isolate
and genetically modify adult intestine stem cells on demand and study their role
in tissue homeostasis and disease. Intestinal stem cells renew the epithelium that
lines the intestine and it is known that alterations in the biology of these stem
cells can lead to various disorders, including cancer.194 For instance, some studies
revealed that deletion of APC (a negative regulator of the Wnt signaling pathway)195
in intestinal stem cells transforms the cells and leads to adenoma formation.196
Current clinical models, such as cell lines and animal models, have been used for
many years to investigate the mechanisms of diseases and design novel treatment
strategies. However, they fail to reflect important features of tumor cells (such as
loss of tumor heterogeneity in cell lines and drift in the stromal components from
human to mouse in animal models),197 making the interpretation of the genomic
changes of cancer in terms of prognosis, drug response or patient outcome difficult
to extract from such studies.
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Organoids
Long-term ex vivo culture methods for adult stem cells provide possibly a more
suitable model to understand cancer biology; however, faithful recapitulation of
the complex stem cell niche in a culture dish is a challenging task. Several ex vivo
culture strategies had been developed without successful establishment of a longterm culture that can recapitulate the morphology of the adult epithelium.198–200
A better understanding of the conditions to maintain these adult stem cells,201–203
in combination with the work in the field of three-dimensional cultures,204,205 has
allowed the establishment of a new preclinical model, termed organoids by Clevers
et al.206 Organoids are ever-expanding three-dimensional epithelial structures with
all the hallmarks of in vivo epithelial tissue. Single crypts isolated from the small
intestine or single sorted Lgr5+ve stem cells were shown to be capable of generating
villus-like epithelial domains. These organoids contain all the differentiated cell
types and have a remarkably similar architecture and composition comparable to
normal gut epithelium. Importantly, the homeostasis of these organoids faithfully
recapitulates the in vivo situation: cells are continuously generated at the bottom of
the crypt-like compartments, proliferate, differentiate and are shed into the central
cyst lumen approximately 5 days later (Figure 19).

Figure 19. Intestinal organoids. a) Schematic representation of a small intestinal organoid,
consisting of a central lumen lined by villus-like epithelium and associated crypt
compartments. Adapted from Leushacke et al.207 b) Successfully growing organoid derived
from a single Lgr5+ve cell after 13 days of culture. Adapted from Sato et al.206
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Specific growth requirements are needed to derive small intestine organoids from
mouse intestinal epithelium: Wnt signaling is an essential driving force of intestinal
self-renewal. Inhibition of Wnt signaling in the intestine by either knocking out
TCF4181 or over expressing Dickopf (a secreted inhibitor of Wnt signaling),208,209
blocks self-renewal. R-spondin is an essential factor to activate Wnt signaling,210,211
and systemic expression of R-spondin induces strong hyperproliferation of
the intestinal epithelium.208 EGF signaling is also associated with intestinal
proliferation212 whereas transgenic expression of Noggin induces ectopic crypt
formation along the crypt villus axis. Furthermore, these pathways are also found
to be key players in malignant transformation of the intestinal epithelium. Over
90% of CRC carry Wnt pathway mutations, 50% RAS mutations (EGF signaling)
and SMAD4 mutations (TGF-β). In other words, signaling pathways that are
essential for normal development and renewal are also key pathways in cancer
development. Finally, as isolated intestinal cells undergo anoikis outside the
normal tissue context213 and laminin is enriched at the crypt base,214 Matrigel (a
laminin and collagen rich matrix)215 is used to support intestinal epithelial growth.
Organoids generated with these essential cocktails of media can be propagated for
a minimum of 1.5 years.216 They can be passaged, expanded and frozen and can be
genetically manipulated via transfection of DNA or siRNA, or infection with an
adeno- or lentivirus.217–220
Thanks to the faithful recapitulation of the homeostasis and architecture of the
functional intestinal epithelium multiple applications of the organoid technology,
such as developmental and stem cell biology221,222 as well as disease modelling223–225,
are feasible. To accurately model human intestinal diseases, such as CRC, extensive
efforts have been made to adapt the organoid culture technology for the ex vivo
growth of human large intestinal tissue as it requires some crucial modifications.194,226
Recently, a detailed investigation into genotype-to-phenotype correlations has been
reported using several patient-derived organoids.225 The feasibility of organoids
for high-throughput drug screening and the possibility of using patient-derived
organoids for personalized therapy design was demonstrate. These organoids
provide a potentially unlimited supply of well-characterized patient material,
circumventing some of the limitations of current models (i.e. lack of genetically
stable cell lines and need of extensive colonies of animals) (Figure 20).
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Figure 20. Schematic representation of organoid applications in basic and applied
science. Human intestinal organoids have recently been generated from patient biopsies.
Personalised organoid cultures of the human intestinal epithelium open up several basic
research opportunities and translational applications. Adapted from Leushacke et al.207

Colorectal Cancer
CRC is one of the leading causes of death for adults, being the third most common
cancer type in women and the second in men within Europe. Since the 1980s the
incidence has decreased largely due to changes in risk factors and the introduction
of colorectal cancer screening.227,228
Although Wnt signaling is very important in the normal physiology of the intestine,
it was first recognized for its association with CRC. CRC usually develops from
a benign precursor lesion, called the adenoma, which is visible on the mucosal
surface of the colon. Through a combination of mutational activation of oncogenes
and mutational inactivation of tumor suppressor genes, the adenoma gradually
progresses into an advanced adenoma and subsequently into an invasive cancer.
The activation of the Wnt signaling pathway,229 by means of mutations in the APC
gene230 or β-catenin,231 is regarded as the initiating event in colorectal cancer. As
a common result, β-catenin accumulates in the nucleus and constitutively binds
to the TCF/LEF transcription factors. TCF4 is physiologically expressed in all
epithelial cells of the intestine.232 The inappropriate formation of β-catenin/
TCF4 complexes results in transcriptional activation of WNT/TCF4 target genes,
initiating the transformation of intestinal epithelial cells into cancer cells.231 The
following steps include mutations of the KRAS233 and PI3K oncogenes.234 These
events are continued by the mutational inactivation of the TGF-β response235 and
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the inactivation of the p53 pathway by mutation of the TP53 suppressor gene.236,237
Although the alterations often occur in this order, the accumulation of the changes
is likely more important than the order of occurrence. This sequence is known as
the adenoma-adenocarcinoma sequence and it takes approximately 10 years for an
adenoma to develop into a malignant tumor (Figure 21).238

Figure 21. Adenoma-adenocarcinoma sequence first proposed in the 1980s. The
transformation of normal colorectal epithelium into an adenoma and ultimately into an
invasive and metastatic tumor is described. Adapted from West et al.239

There are several factors that contribute to the development of CRC, which can
be divided into either dietary and lifestyle factors or inherited mutations. Around
20-25% of the cases correspond to the later, while most of the cases, 75-80%, are
due to dietary and lifestyle factors.240,241 However, the mechanisms underlying CRC
development appear to be complex and heterogeneous and may entail quite a few
patient-specific features.242,243 To reach new and better treatments, the molecular
mechanisms behind colorectal cancer and more generally the intestine need to be
thoroughly investigated. Intestinal organoid culture enables to expand normal and
tumor epithelial cells in vitro retaining their stem cell self-renewal and multiple
differentiation and allows studying the genetic events involved in CRC.
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Abstract
Here, we describe an in-house built ultra-high pressure liquid chromatography
(UHPLC) system, with little complexity in design and high separation power
combined with convenience in operation. This system enables the use of long
columns of 40 cm packed with 1.8 µm particles generating pressures below 1000
bar. Furthermore, the system could be operated at flow rates between 50 to 200
nL/min while maintaining its separation power. Several gradients were optimized
ranging from 23 to 458 minutes. With the longest gradient we identified over 4500
protein groups and more than 26000 unique peptides from 1 μg of a human cancer
cell lysate in a single run using an Orbitrap Velos; a level of performance often
seen solely using multidimensional separation strategies. Further experiments
using a mass spectrometer with faster sequencing speeds, like the TripleTOF
5600, enabled us to identify over 1400 protein groups in a 23 minute gradient. The
TripleTOF 5600 performed especially well, compared to the Orbitrap Velos, for
the shorter gradients used. Our data demonstrate that the combination of UHPLC
with high resolution mass spectrometry at increased sequencing speeds enables
comprehensive proteome analysis in single runs.

Introduction
In recent years mass spectrometry (MS) has taken a central place in proteomics due
to its sensitivity, increasingly broad availability and ideal applicability for protein
and peptide analysis.1–3 Mass spectrometers are continuously improving, powered
by the need to analyze more complex samples with higher speed and sensitivity.
A combination of developments in new instrumentation4–6 and fragmentation
methods7,8 has improved the analytical power of MS by orders of magnitude.
However, the overwhelming complexity of the proteome still demands that
proteome samples are pre-fractionated and separated at either the protein and/or
peptide level prior to delivery to the mass analyzer.
It is by now generally considered that at least two dimensions of separations are
needed to cover a proteome in a reasonable depth. Such developments were initiated
by Giddings9 who first described the principles of two-dimensional separation.
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The concept of multidimensional protein identification technology (MudPIT) was
brought to the attention of the proteomics community by Yates and co-workers.10
Since then, several groups used the combination of strong cation exchange (SCX)
with reverse phase (RP) chromatography for reducing the complexity and dynamic
range of the samples. Gygi and co-workers combined SCX-RP chromatography
in an off-line approach for the analysis of the yeast proteome.11 Chen et al. built
an online system coupling capillary isoelectric focusing (CIEF) with capillary
RP and showed its excellent performance.12 Additionally, most separations are
being further developed to possess ever higher efficiencies. The final step in most
multiple dimensions strategies is reversed phase chromatography.13,14 A number of
different configurations have been developed to optimize RP nanoLC. The most
basic design consists simply of the analytical column operating at nanoliters flow
rates where a few microliter of sample are directly loaded onto the column.15,16
Column dimensions most commonly used are 75 µm i.d. with a length of 15 cm
operating at a flow rate of 250 nL/min.17 However, LC designs incorporating a trap
now dominate the landscape. Within the world of trap column systems, two main
philosophies share the limelight;18 the first is based on a two pump system with
a trap over a valve,19 the second possesses a single pump and uses vent lines and
passive splitting.20,21 Both configurations also led to the development of convenient
commercial chips.22,23
A number of different avenues are being explored to further improve the power of
reversed phase separation. To achieve better separation several parameters regarding
the column can be changed. Longer columns will generate more theoretical plates,
leading to a higher efficiency. However, the analysis time will be longer and the
column back pressure rises. Another factor that influences the efficiency of the
column is its inner diameter. Jorgenson showed that the performance improves as
the column diameter decreases.24 Furthermore, column efficiency is dramatically
influenced by the particle size of the stationary phase. By decreasing the particle
size, the analyte diffusion is minimized and the resolution increases. The major
obstacle is the high back pressure created by such small particles,24 which is
inversely proportional to the square of the particle size.25 When dealing with
sub-2 µm particles, a new term has been coined, namely Ultra-High Pressure
Liquid Chromatography (UHPLC). Jorgenson and co-workers were the first to
demonstrate the power of UHPLC,25,26 which led to a commercially available high
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pressure instrument being introduced by Swartz et al. soon after.27 More and more
groups are starting to use UHPLC coupled to MS for proteomic studies. For instance,
Mechtler and co-workers showed a linear relation between the peak capacity and
the number of identified peptides using a UHPLC system hyphenated to an LTQOrbitrap Velos.28 In contrast, Ishihama and co-workers mentioned that the peak
capacity is not correlated with the number of peptide identifications.29 Shen et al.
reached peak capacities of 1000-1500 by using particles of 1.4-3 µm on a system
that could operate at pressures of approximately 1400 bar.30 Mann and co-workers
have also demonstrated a system containing an analytical column packed with
1.8 µm particles; however, they were only able to use the column on a nanoHPLC
system and thus used an oven and reduced flow rates to maintain an acceptable
back pressure. Nevertheless, the new column design was capable of allowing the
coverage of a large part of the yeast proteome without any prefractionation step.16
Also monolithic columns have been introduced as an alternative to packed capillary
columns. Ishihama and co-workers obtained a 5-fold larger peak response using a
monolithic column compared with that obtained by a conventional particle-packed
capillary column.29 Smith and co-workers described how to prepare monolithic
columns and also tested their performance.31
Here, we try to combine convenience with the high separation power of UHPLC.
A design inspired by Licklider20 and Ishihama21 was constructed and evaluated
with respect to peak capacity, sensitivity and general performance for peptide and
protein identification. This home-built system, using 1.8 µm particles, was coupled
to two different mass spectrometers, an Orbitrap Velos and a TripleTOF, with the
aim of obtaining the best results for different gradient times. A benchmark quality
of the constructed system is that it enabled the identification of over 4500 protein
groups in a single RP-LC analysis using 1 μg of human cancer cell lysate.

Material and Methods
Chemicals and Materials
Bovine Serum Albumin and iodoacetamide were supplied by Sigma-Aldrich
(Steinheim, DE). Ammonium bicarbonate and dithiothreitol were purchased
from Fluka (Buchs, CH), and urea from Merck (Darmstadt, DE). PhosSTOP
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Phosphatase Inhibitor Cocktail tablets, Complete Mini EDTA-free Cocktail tablets
and Lys-C were obtained from Roche Diagnostics (Mannheim, DE), and trypsin
from Promega Corporation (Madison, WI, USA). The Bradford solution for the
Bradford protein assay was supplied by Bio-Rad Laboratories (Hercules, CA, USA).
For the fabrication of the trap and analytical columns the following chemicals
were used: acetone and 2-propanol were supplied from Merck (Darmstadt, DE),
and methanol HPLC grade from Biosolve B.V. (Valkenswaard, NL). The packing
material used was a kind gift from Dr. Bill Barber of Agilent Technologies, Zorbax
SB-C18, 1.8 µm (Agilent, Santa Clara, CA, USA).

2

The water used in all experiments was obtained from a Milli-Q purification system
(Millipore, Bedford, MA, USA).

Sample preparation
BSA, HeLa and E. coli samples were prepared as described previously:32 Prior to
digestion proteins were reduced (with dithiothreitol) and carbamidomethylated
(with iodoacetamide). For the digestion Lys-C and trypsin were used. First,
proteins were digested with Lys-C at 37 °C for 4 hours and subsequently digested
with trypsin overnight at 37 °C. In the case of the HeLa and E. coli lysates, the
protein concentration was previously estimated by a Bradford assay.

Preparation of packed capillary columns
Fused-silica capillary analytical and trap columns were prepared by using slurries.33
Frits were prepared as described by Cortes et al.34 The frit solution consisted of 300
μL potassium silicate and 100 μL formamide. Polymerization was performed for 1
hour at 100°C. The packing of the column was done by back flushing the material
from a capillary of wider inner diameter (75 μm). For preparing the slurry half of
a mini spatula of the material was mixed with methanol:2-propanol in a 3:1 ratio.
The slurry was placed in a glass vial containing a magnetic stirrer. An initial 75 μm
capillary (with a frit) was filled and then the material with the solvent was flushed
back to the desired capillary of 50 μm which was connected with a teflon tubing.
Compared with the analytical column, the trap column is a double frit capillary. In
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this case, after filling the desired length with the packing material, the second frit
has to be placed.

UHPLC and mass spectrometers
Nano-UHPLC-MS/MS was performed on an Agilent 1290 Infinity System (Agilent
Technologies, Waldbronn, DE) connected to different mass spectrometers. An
ultra-high pressure valve was used to handle the split and vented columns (VICI,
C72-1C96). T-pieces (IDEX, MicroTee Assy SS 360 μm) that can handle 1200 bar
were used to connect trap and analytical columns. The UHPLC was equipped with
a double frit trapping column (Agilent Zorbax SB-C18, 1.8 μm material, 0.5 cm
x 100 μm) and a single frit analytical column (Agilent Zorbax SB-C18, 1.8 μm
material, 40 cm x 50 μm). The buffers used were: buffer A 0.1 M acetic acid in water
and buffer B 0.1 M acetic acid in 80% acetonitrile.
Trapping was performed at 3 μL/min with 100% buffer A for 10 minutes. For the
elution the flow rate was passively split to 100 nL/min. This column flow rate
can be measured via a 0.3 mm ID Teflon sleeve butt-connected to the end of the
analytical column. Checking the distance that the flow needs to travel through
the Teflon sleeve in five minutes, it is possible to calculate the column flow. If the
distance is between 7-8 mm, the flow through the column is ~100 nL/min. The
tested gradients varied in length between 23 and 458 minutes, which correspond
to analysis times of 45 to 480 minutes, due to the sample loading and washing step.
Exact gradients can be found in Supplementary Table S1.
Conventional HPLC was also performed on the Agilent 1290 but with a few
modifications. A double frit trapping column (Reprosil-pur C18 3 μm, Dr Maisch,
Ammerbuch-Entringen, DE, 2 cm x 100 μm) and a single frit analytical column
(Reprosil-pur C18 3 μm, Dr Maisch, Ammerbuch-Entringen, DE, 40 cm x 50 μm)
were used.
The column, in both cases, was directly connected to an in-house pulled and goldcoated fused silica needle (with an 5 µm o.d. tip).
For the Orbitrap “Classic” (Thermo Fisher Scientific, Bremen, DE), a voltage of
1.7 kV was applied to the needle. The survey scan was from 350 to 1500 m/z at a
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resolution of 60000. The 10 most intense precursors were selected for subsequent
fragmentation using a data-dependent acquisition.
For the LTQ-Orbitrap Velos (Thermo Fisher Scientific, Bremen, DE), a voltage of
1.7 kV was applied to the needle. The survey scan was from 350 to 1500 m/z at a
resolution of 30000 and for the MS2 the resolution was set to 7500. The 10 most
intense precursors were selected for subsequent fragmentation (HCD) using a
data-dependent acquisition.

2

For the TripleTOF 5600 (AB Sciex, Concord, ON, CA), a voltage of 2.7 kV was
applied to the needle. The survey scan was from 350 to 1250 m/z and the high
resolution mode was utilized, reaching a resolution of up to 40000. Tandem mass
spectra were acquired in high sensitivity mode with a resolution of 20000. The
20 most intense precursors were selected for subsequent fragmentation using an
information dependent acquisition, with a minimum acquisition time of 50 ms.

Data analysis
The raw files obtained from the Velos and the Classic were first converted to
Mascot generic format (mgf) files using Proteome Discoverer (version 1.3). The
mgf files derived from the Velos were deisotoped and charge deconvoluted with the
H-Score script, described elsewhere.35 The raw files collected from the TripleTOF
were first recalibrated based on two background ions with m/z values of 371.1012
and 445.1200. The calibrated raw files were converted to mgf by the AB Sciex MS
Data Converter (version 1.1 beta) program.
All data was analyzed with Mascot using Proteome Discoverer for submission.
The spectra were searched against SwissProt database (version 56.2), and Homo
Sapiens was the selected taxonomy. Trypsin was set as the enzyme and up to two
missed cleavages were allowed. Cysteine carbamidomethylation was set as fixed
modification and oxidation of methionine as variable modification. Peptide
tolerance was initially set to 50 ppm for both instruments. However the MS/MS
tolerance was 0.05 Da for the Velos, 0.15 Da for the TripleTOF and 0.6 Da for the
Orbitrap Classic. Filtered peptides assigned with a Mascot score lower than 20 were
discarded. The results were also filtered using Percolator36,37 to an FDR below 1%
using the target-decoy strategy described elsewhere.38 The peptides with less than 7
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amino acid residues were also discarded.
The obtained raw and msf files are available on Tranche at https://proteomecommons.
org using the following hash:
wLY+buLAHzNqpY1/Ryvz2/wmzF52a+GX+csgRkk+YvgUFVgiLl84fxxiqAy/
q++ZF1NtP5hYP9Jy9Uff6VtMO3q5tn0AAAAAAAAkNA==. The passphrase is:
5rawandmsffiles5.
For testing the resolving power of the system the peak capacity was calculated.39 To
this end, the same thirteen random peaks were chosen in all the chromatograms.
Their peak with at 4σ was calculated. These peaks were chosen across the gradient
and represented peaks from the observed range of intensities.

2

Results and Discussion
A simple and easy to use nano-UHPLC system was developed for proteomics
analysis. We opted to use a passive split and vented column system, a configuration
described by Licklider et al.,20 and Ishihama et al..21 A slightly refined version was
presented in the same year by Meiring et al..40 Figure 1a contains a schematic of the
design.
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Figure 1. Design of the new UHPLC-MS system. (a) Schematic representation of the design.
The trap and analytical columns are made of C18 1.8 mm material. The dimensions of the
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trap are 100 µm x 0.5 cm and for the analytical column 50 µm x 40 cm. They are connected
by a metal T-piece. During analytical separation, the flow rate is split by a restrictor (a 20
µm i.d. capillary of 10 cm length). A needle, which is connected to the column by a sleeve,
directs the peptides to the mass spectrometer. (b) Photo of the system.

2

Control of the passive split and the vent line between the trap and analytical
column is performed by a switching valve. We opted for the use of a 1290 HPLC
(Agilent) which allows accurate isocratic flow down to ~5 μL/min and gradient
generation down to 50 μL/min. All the methods start with a loading step followed
by a gradient. The loading of the sample is performed at an unsplit flow of 3 μL/
min during 10 minutes, which is obtained by blocking the passive split and opening
the vent line to waste. In the separation mode, the passive split line is opened while
the vent line is closed. The advantage of such a system is the small dead volume
between the trap and the column, which is essentially the minute gap in the second
T-piece. In the separation mode the flow is set to 100-300 μL/min in the UHPLC,
depending on the length of the column and the desired flow rate. This primary flow
is passively split to 50 to 200 nL/min. Naturally, the end flow rate is controlled by a
combination of the pump, the resistance of the passive split and the back pressure
generated by the column. Such a design has a number of advantages. Fast loading
and washing of the sample is possible and thus the injection volume is not an issue.
Accurate gradient generation is possible due to the use of microliter flow rates and
a dedicated mixing chamber. The dimensions of the trap are 0.5 cm x 100 μm,
which has a capacity of at least 5 µg of peptide digest although we found it was not
necessary to go above 2 µg (see below). The analytical column was varied in length
from 10 to 40 cm x 50 μm. The diameter of the particles used for both columns is
1.8 μm. We envisage that such dimensions will lead to pressures of close to 1000
bar at a flow rate of 100 nL/min for the longest column. Consideration is paid to all
the connections due to the expected high pressure including the choice of T-pieces.
An initial characterisation was necessary to establish the relationship between
column dimensions, flow rate and back pressure for the reversed phase material
used in this work. As the particle size is smaller, higher pressure was, of course,
expected. Jorgenson has summarized trends between the packing material and the
pressure required.24 Initial experiments were performed with a column of 10 cm
in length. Different methods from 30 to 180 minutes were run with a passive flow
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rate of 100 nL/min. We found the pressure was approximately ~200 bar, suggesting
a 40 cm long analytical column was feasible within our upper pressure limit.
Subsequently, we attempted to discover the optimum parameters for this design.
These include the flow rate with regard to separation power and dead time with
regard to the chromatography. Attention was also placed on the ionization and,
more specifically, sensitivity and stability. Analysis of a tryptic digest of BSA was
performed at flow rates from 50 to 200 nL/min using a standard short gradient.
We chose a gradient from 10 to 44% solvent B over 23 minutes using the 10 cm
analytical column. The width of several peaks in these analyses at different flow
rates was calculated. We found that the peak width does not vary with the flow rate,
obtaining an average width of 0.13 minutes at full width half maximum (FWHM).
Figure 2a shows representative chromatograms of some of the flow rates and Figure
2b contains information of the calculated average peak widths.

Flow rate: 50 nL/min
Flow rate: 100 nL/min
Flow rate: 150 nL/min
Flow rate: 200 nL/min
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Figure 2. Independence of the efficiency of separation with respect to flow rate. In figure
a) the base peak chromatograms of 23 minutes gradient time of a tryptic digest of BSA
running at flow rates of 50, 100, 150 and 200 nL/min are shown. It can be clearly seen how
the retention time decreases as faster flow rates are applied. However, the efficiency does
not decrease with the flow rate as it is represented in figure b). It shows a scatter plot of the
width of three BSA peaks at FWHM (with m/z values of 653.36, 547.3 and 751.8) against
the flow rates tested (from 50 to 200 nL/min).

Supporting Figure S1 shows the chromatograms of all 16 of the tested flow rates. As
consistent with the van Deemter equation,41 the plate height of the column becomes
less dependent on the linear velocity of the sample as it passes through the column
when dealing with sub-2 μm particles. Several groups have already reported this
trend.21,24 As expected, the sensitivity was highest at the lowest flow rate and signal
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diminished with increasing flow rate. Conversely, the dead time was longest at the
lowest flow rate and decreased with increasing flow. As a compromise between
efficient use of time and sensitivity a flow rate of 100 nL/min was chosen although
the system can operate in a more sensitive manner.

2

Once the flow rate was established we then focussed on obtaining an optimal
separation. The flow rate/back pressure ratio suggested that a column of 40 cm
was feasible. Such a system was successfully constructed and the exact schematics
can be found in Figure 1a. We found that we can load samples at up to 5 μL/min
without issues. In the end we chose 10 minutes for loading the sample and the total
‘overhead’ to the gradient time was 22 minutes. The vented column design allows
fast loading and equilibrium times which are simply not possible with LC designs
where one uses a nanolitre flow rate pump. Our design is appropriate for short as
well as long gradients. A number of gradients were tested. These 8 gradients had
analysis times of 45, 60, 90, 120, 180, 240, 360 and 480 minutes, which correspond
to 23, 38, 68, 98, 158, 218, 338 and 458 minutes gradient time. The final methods
are summarized in Supporting Table S1. Note, the starting percentage of organic
in the shortest gradients, 23 and 38 minutes, was lower than in the longer ones. On
a similar theme, the amount of organic we chose for the end point decreased with
increasing gradient time. These trends are in line with what is expected from a
chromatographic system operating under a partitioning model. The gradients were
performed by increasing the percentage of organic solvent. At the beginning of the
analysis, when the mobile phase strength is low, the peptides will be partitioned
wholly into the stationary phase at the head of the column. As the mobile phase
strength increases, the peptides will begin to partition into the mobile phase and
move along the column. At some point during elution, the peptides are wholly
partitioned into the mobile phase, and will be moving with the same linear velocity
as the mobile phase. Performance of these gradients with respect to peak width
and peak capacity, was evaluated with an E. coli digest. In this case E. coli was used
instead of BSA, as it is a more complex sample and it provides several peptides
at all points in the gradient. The amount of sample injected was 250 ng for each
method. Gradients from 68 to 458 minutes were performed. In Figure 3 the
obtained chromatogram for the longest method is shown. All raw files are available
in Tranche, see supplementary information.
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Figure 3. Base peak chromatogram for the analysis of E. coli digest with a gradient time of
458 minutes. The chromatogram was generated with the UHPLC (with a 40 cm analytical
column) coupled to an Orbitrap Velos and injecting 250 ng of sample.

From these analyses, the width of a number of peaks across the gradient was
calculated. We observed that peak widths increased with increasing retention. We
noticed, unsurprisingly, the intensity of the peaks also influences its width. Hence,
peaks of different intensities were also chosen. The width was calculated at 4σ which
is defined as the peak width at base (13.4% of the peak height). The average peak
widths obtained for 68, 158 and 458 minutes gradient times are 0.35, 0.66 and 1.10,
respectively. The values for the peak width at 4σ, retention times and intensities of
these peaks are summarized in the Supplementary Table S2.
The peak capacities were also calculated in order to evaluate the resolving power
of our UHPLC configuration. The peak capacity was calculated as described in
the Material and Methods section. As expected, the peak capacity increases as the
analysis time increases. A peak capacity higher than 400 was reached for the longest
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analysis time. Figure 4 contains a plot of peak capacity versus gradient time. It can
be concluded that there is a non-linear increase, increasing the analysis time will
not proportionally increase the peak capacity. Importantly, our design produces
minor returns on separation once the gradient is over 4 hours. Several studies
reported a similar trend for peak capacity in proteomics analysis.28–30,42
500

2

Peak capacity

400
300
200
100
0
0

100

200

300

400

500

600

Gradient time (min)

Figure 4. Trend of the peak capacity with respect to gradient times. A scatter plot of peak
capacity against gradient time utilised for the 40 cm analytical column. A non-linear
increase is observed.

Once that the system was optimized, we wanted to check if the UHPLC system
improves LCMS performance when compared to our conventional 3 μm particle
based HPLC system. The same methods, from 60 to 180 minutes analysis time
were run using a tryptic lysate digestion of a human cancer cell line (HeLa cells)
with the LC system coupled to an Orbitrap “Classic”. Between 10 and 30% more
was identified by the UHPLC system compared to the HPLC system (Supporting
Figure S2). The difference in performance between the two designs increased with
longer analysis times (Supplementary Tables S3-S4).
We then switched the LC system to be coupled to an Orbitrap Velos mass
spectrometer to evaluate what is the maximum performance possible. The same
HeLa tryptic lysate digestion was applied for the evaluation. We chose to increase
the amount of material injected for the longest gradients applied in order to
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maintain approximately the same peak signal intensity across analyses. From 23
up to 98 minutes gradient time, 250 ng of HeLa lysate was used and for the longer
gradients 1 μg was injected. We evaluated the performance of the UHPLC system
using a number of metrics: peptide spectrum matches (PSMs), unique peptides
and protein groups (Figure 5). Similar to what was observed for the peak capacity,
the number of PSMs identified increased with gradient time, but not linearly. We
noticed that the number of candidates chosen per survey scan started to drop at the
longer gradients i.e. the mass spectrometer did not ‘observe’ 10 new peaks in each
survey scan. The number of unique peptides and protein groups also increased with
longer gradient times (Figure 5 and Supplementary Tables 5-12). Nevertheless, over
4500 protein groups could be identified using 1 μg of cellular lysate at the longest
gradient making our design competitive with dedicated commercial offerings.28
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Figure 5. Identifications with the UHPLC
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identified at the different gradient times.
An increasing trend is shown although
the values start plateauing.

73

2

# PSMs

100000
50000

Velos

0
23

38

68

98 158 218 338 458

TripleTOF

Gradient time (min)

# peptides

Unique peptides
30000
20000
Velos

10000
0
23 38 68 98 158 218 338 458
Gradient time (min)

Protein Groups
# protein groups

2

Some recent mass spectrometers have sequencing speeds above 10 Hz.6,43,44 We
hypothesized that such fast instruments would not improve upon the Velos at
long gradients (the Velos had already shown that it possessed sufficient speed
for longer analyses), but may still be advantageous at shorter gradients. In order
to test this hypothesis, the UHPLC was coupled to the AB Sciex TripleTOF (TT)
mass spectrometer that can be operated at a sequencing speed of 20 Hz.6 Using
this system we tested the same gradients, from 23 to 458 minutes, with the same
HeLa lysate digest in triplicate. The number of PSMs, unique peptides and protein
groups were indeed found to be higher when compared to the Orbitrap Velos
at the shortest gradients time (Figure 6 and Supplementary Tables 13-20). Most
clearly, in a 23 minutes gradient, an average of 1435 protein groups were identified
by the TripleTOF, almost doubling the amount identified by the Orbitrap Velos,
demonstrating the power of UHPLC and fast MS sequencing speeds. When longer
gradients are used the differences between both instruments decreased. In the
longest gradients, 345 and 458 minutes, the Velos was practically the same as the
TripleTOF.
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Figure 6. Identifications with
the UHPLC coupled to the
TripleTOF. Histograms of
the number of PSMs, unique
peptides and protein groups
identified with the TripleTOF
Velos
compared with the Orbitrap
TripleTOF
Velos at the different gradient
times.

This indicates that when sequencing speed is not an issue both systems perform to
a similar level. We did observe a little more from the Velos which, if real, could be
due to automatic gain control (AGC) of the Velos. Such gain control will allow the
Velos to accumulate sufficient ions for a successful sequencing event. It is generally
accepted that short columns are appropriate for short gradients and long columns
for long gradients. Our intention with our design was to allow long gradients to
be performed while maintaining the possibility to perform quick analyses. It was
pleasing to see that our short analyses were similar to those reported by Ishihama
et al.45 in which the authors used a 15 cm column for a 65 minutes gradient on
the TripleTOF. Furthermore, the performance of our long gradient was similarly
comparable to an equivalent gradient performed by the same authors where they
used a 4 m monolithic column and the TripleTof for MS detection.
We compared the peptide and protein populations observed by the two mass
spectrometers at the longest gradient time where both instruments were no longer
troubled by complexity and never maxed out their sequencing speed (Figure 7).
As can be seen in Figure 7a the overlap between two replicas performed on the
TripleTOF appeared quite similar to the overlap of the analyses performed on the
Velos and TripleTOF. This suggests what was observed by the two systems was
essentially the same peptide populations which are dictated by the UHPLC system
and the sample.
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Figure
7.
Comparison
between analytical replicates
on the same instrument
and between two mass
spectrometers. Figure 7a is a
Venn diagram displaying the
overlap between the protein
groups (left) and peptides
(right) identified by the Velos
and the TripleTOF using the
same digest and a 458 gradient.
Figure 7b is a Venn diagram
displaying the overlap between
the protein groups (left) and
peptides (right) identified by 2
TripleTOF analytical replicates
using the same digest and a
458 gradient.

75

2

Conclusions

2

In this work we describe an in-house built UHPLC system designed to contain
a passive split and a vented column. This configuration allows accurate gradient
generation and fast loading of samples. Such a design generated peak capacities
of over 400. In the longest gradient time, of 458 minutes, a total of 4592 protein
groups and 26617 unique peptides could be identified from a human cancer cell
lysate using only 1 µg of material. In the shortest gradient of 23 minutes, 1435
protein groups and 4836 unique peptides could be obtained. The short gradient
benefited greatly from the use of the latest generation of mass spectrometers which
possess sequencing speeds above 10 Hz. Taking into account all these results, we
can conclude that the separation power of our system competitive to commercial
offerings; however, our design is simple to implement and easy to use.
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Supplementary Figures
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Figure S1: Base peak chromatograms at all the flow rates tested, from 50 to 200 nL/min.
The first 10 minutes, which correspond to the loading of the sample, are not shown.
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Figure S2: Comparison between the performance of the HPLC and the UHPLC. Venn
diagrams displaying the overlap between the protein groups and peptides identified by the
HPLC and UHPLC systems using the same digest from 60 to 180 minutes analysis times.
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Abstract
Diseases at the molecular level are complex and patient-dependent necessitating
development of strategies that enable precision treatment to optimize clinical
outcomes. Organoid technology has recently been shown to have the potential
to recapitulate the in vivo characteristics of the original individual’s tissue in a
three dimensional in vitro culture system. Here, we present a quantitative mass
spectrometry based proteomic analysis and a comparative transcriptomic analysis
of human colorectal tumor and healthy organoids derived, in parallel, from seven
patients. Although gene and protein signatures can be derived to distinguish the
tumor organoid population from healthy organoids, our data clearly reveals that
each patient possesses a distinct organoid signature at the proteomic level. We
demonstrate that a personalized patient specific organoid proteome profile can be
related to the diagnosis of a patient and with future development contribute to the
generation of personalized therapies.

Introduction
Colorectal cancer (CRC) is one of the leading causes of death for adults. CRC
usually develops from a benign precursor lesion, an adenoma, which is visible
on the mucosal surface of the colon. The combination of mutational activation of
oncogenes and mutational inactivation of tumor suppressor genes gradually leads to
advanced adenoma and subsequently into an invasive cancer. Activation of the Wnt
signaling pathway, through mutations in the APC gene1 or β-catenin,2 is regarded
as the initiating event in colorectal cancer. The following steps include mutations
of the KRAS3 and PI3K oncogenes.4 These events are continued by accumulation
of additional mutations that inactivate the TGF-β response5 and the p53 pathway.6,7
Although the alterations often occur in this order, the accumulation of the
changes is likely more important than the order of occurrence8 The mechanisms
underlying CRC development appear to be complex and heterogeneous and may
entail patient-specific features.9,10 To develop superior treatments, the molecular
mechanisms underlying intestinal biology and colorectal cancer need to be
thoroughly investigated. Previous work using model cell lines and organisms has
87

3

3

helped to provide an understanding of both intestinal biology and cancer.11,12 The
Wnt pathway is the dominant force behind this high proliferative activity and by
studying the target genes of this signaling pathway it was found that some genes
appeared to be restricted to a limited number of cells in the crypts. One of these
genes, Lgr5, was identified as a stem cell marker in both the small intestine and
the colon.13,14 A better understanding of the conditions maintaining these adult
stem cells15–17 in combination with analysis of three-dimensional cultures18,19 has
allowed the establishment of organoids, a promising preclinical model. Organoids
are ever-expanding three-dimensional epithelial structures with all the hallmarks
of in vivo epithelial tissue.20 Matrigel, which resembles the complex extracellular
environment found in many tissues, is required for the culture of these organoids
as well as a cocktail of growth factors (WNT, R-spondin1, Noggin and EGF).21 The
phenotype and karyotype of these organoids remain unchanged over time, thus
representing a valuable model to study the biology of stem cells and for evaluating
their contribution to tissue homeostasis and disease. Organoids have numerous
valuable applications, and may be used to advance our knowledge of disease
mechanisms, regenerative medicine and personalized precision medicine.22,23 A
detailed investigation, by us, into genotype-to-phenotype correlations was reported
using several patient-derived organoids.24 Furthermore, a comprehensive overview
of the range of available organoids as well as all potential applications was recently
published and emphasizes how rapidly the organoid field is developing.25 The closer
the used preclinical model is to the affected patients, the more it will be effective for
translation to the patient.
Mass spectrometry (MS)-based proteomics has become the preferred choice
for system-wide protein characterization thanks to advances in every stage of
the proteomics workflow, although improvements at the MS instrumentation
level deserves praise.26,27 Proteomics has developed to the point at which it is
an indispensable tool for molecular and cellular biology as well as for systems
biology.28–31 In the context of colorectal cancer several noteworthy proteomics studies
have recently been published. Most relevant to the work described here, Mann and
coworkers performed a comparative proteomics analysis of micro-dissected tissue
from normal colon and adenocarcinoma.32 Slebos and coworkers characterized
APC-driven proteomic differences using specific stable cell lines.33 Jimenez and
coworkers have done extensive studies on colorectal cancer proteomics, such as in
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a genomic context,34 as well as studying the tissue secretome in order to identify
CRC candidate biomarkers.35 Aebersold and coworkers have recently proposed a
set of non-invasive prognostic biomarkers by targeted proteomics experiments36
based on circulating plasma proteins.37 Roche and coworkers investigated the
phosphoproteome of mouse xenografts in order to elucidate the contribution of
the non-receptor tyrosine kinase SRC to colorectal cancer.38
Notwithstanding the fact that such studies provided insight into some of the
mechanisms underlying CRC, they did not address the bio-variability that may
be present in individuals. Given the huge prospect of patient derived organoids
and given that differences in phenotype are closely related to changes in the
proteome, we set out to evaluate personalized proteomes (adding transcriptome
data for reference). Matched healthy and colorectal tumor-derived organoids of 7
individual patients with well-characterized, albeit distinct cancer-related mutational
backgrounds, were analyzed. Next to a proof of concept on whether personalized
proteome profiling can be achieved using patient derived organoids, an important
aim of our study is to monitor how mutational differences in individual patients are
reflected in each personalized proteome.
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Experimental Procedures
Patient material background and sample preparation
Organoids were prepared as previously described24 and the samples were named
based on the previous publication in order to facilitate the correlation of the results.
Organoids were lysed and digested with Lys-C and trypsin. The resulting peptides
were chemically labelled using stable isotope dimethyl labelling as described
before.39 Prior to the MS analysis, samples were fractionated to reduce the complexity
using a strong cation exchange (SCX) system. A detailed description of the sample
preparation can be found in the Supplemental Experimental Procedures.

nanoUHPLC and mass spectrometry
The SCX fractions containing doubly and triply charged peptides (25 fractions
from each SCX) were reconstituted in 10% formic acid and analyzed using a nano89
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UHPLC Proxeon system (Easy-nLC 1000, Thermo Scientific, Odense, DK) coupled
to different mass spectrometers. Different amount of sample was injected based on
the SCX UV trace. The injected samples were first trapped on an in-house packed
trap column (ReproSil-Pur C18-AQ, 3 µm (Dr. Maisch GmbH, Ammerbuch,
Germany) 2 cm × 100 µm) before being separated in an in-house made analytical
column (Zorbax SB-C18, 1.8 µm (Agilent Technologies, Baltimore, MD, USA) 50
cm × 50 µm) at a constant temperature of 40 degrees. The buffers used were: solvent
A containing 0.1 M acetic acid in water and solvent B containing 0.1 M acetic acid
in 80% acetonitrile.
Peptides were loaded into the trap column at a constant pressure of 800 bars with
30 µL of solvent A and chromatographically separated in the analytical column at
a flow rate of 100 nL/min. LC methods of a duration of 120 min or 180 min were
used: 7-30% solvent B within 91 or 151 min, 30-100% solvent B within 3 min, 100%
solvent B for 2 min and 13 min 100% solvent A. The column effluent was directly
connected to an in-house pulled and gold-coated fused silica needle (with a 5 µm
o.d. tip).
For the LTQ-Orbitrap Elite (Thermo Scientific, Bremen, DE), a voltage of 1.7 kV
was applied to the needle. The survey scan was recorded with a 350 to 1500 m/z
scan range at a resolution of 30000 and for the MS2 the resolution was set to 7500.
The 10 most intense precursors were selected for subsequent fragmentation in a
data-dependent acquisition mode as described before40 using CID and ETD-IT
activation techniques.
For the Q-Exactive (Thermo Scientific, Bremen, DE), a voltage of 1.7 kV was
applied to the needle. The survey scan was recorded with the same scan range as for
the LTQ-Orbitrap Elite but at a resolution of 35,000 and for the MS2 the resolution
was set to 17,500. The 20 most intense precursors were selected for subsequent
fragmentation using HCD as the activation technique.

Data analysis
The raw files obtained from both instruments (Elite and Q-Exactive) were processed
with Proteome Discoverer (PD, version 1.4, Thermo Scientific, Bremen, DE). The
spectra were searched against a modified SwissProt human database (version 56.2)
to which Matrigel proteins were added that were determined separately using a
triplicate proteomics experiment. Searching was done with Mascot (version 2.5.1,
Matrix Science, London, UK), with the following parameters: trypsin digestion
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with up to two allowed missed cleavages, cysteine carbamidomethylation as fixed
modification, oxidation of methionine, dimethyl labeling (light and intermediate)
of lysine residues and the peptide N termini as dynamic modifications. Peptide
tolerance was set to 50 ppm for both instruments, MS/MS tolerances were set to 0.6
Da for ETD-IT and 0.05 Da for ETD-FT and HCD. The quantification protocol for
PD was Double dimethyl labeling, with a mass precision of 2 ppm for consecutive
precursor mass scans.
The results were filtered using Percolator41,42 to an FDR below 1%. We further only
accepted peptides with at least 6 amino acid residues, a Mascot ion score of at least
20, and search engine rank 1.
All further analyses were performed in RStudio 0.98.1103, with R version 3.1.2.
To obtain a global picture of protein levels for the tumor versus the healthy
organoids, we performed t-tests on the log2 transformed protein ratios,
considering the different tissue donors as biological replicate measurements.
Only proteins identified by more than two peptides were considered. Tests were
performed whenever at least three measurements (i.e. patient ratios) were available
for a protein. A detailed description of the complete analyses can be found in the
Supplemental Experimental Procedures.
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Results and Discussion
Background on the human colon organoids
As organoids may constitute an accurate representation of the patients from which
they are derived, we set out to analyze their proteomes in order to decipher the
differences between healthy and tumor colon at the protein level between a number
of patients. Among the seven patients, three were female and four male, with an
age range between 59 and 81 years. Biopsies were taken from the ascending colon
or the sigmoid colon, and adjacent healthy tissue was also obtained in order to
grow matched “healthy” organoids. Information about the patients can be found
in the Table S1. Earlier deep sequencing of these samples had revealed that each
of the patients had a distinct mutational profile as summarized in Figure S1.24 The
samples selected for the proteomic study were based on the mutation profile of
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the most common tumor driver genes in CRC (APC, TP53, KRAS and PIK3CA).
A representative population of the different CRC mutational profiles found in all
the patients is present in the chosen organoids. These differences in mutational
state may be reflected in differences in disease state and development, and possibly
also differences in the proteomes. The samples were named based on the previous
publication24 in order to facilitate the correlation of the results.

Personalized proteomics profiling of human colon organoids

3

We applied a quantitative mass spectrometry based proteomics workflow to
evaluate the protein expression in the organoids to derive so-called personalized
proteomes. A schematic representation of this workflow is given in Figure 1.
Following lysis, proteins from seven matched healthy and tumor-derived patient
organoids were extracted. After enzymatic digestion the resulting peptides were
‘dimethyl’ labeled to allow accurate quantification,39 in which peptides from the
healthy organoids were labeled with light isotopes and peptides belonging to the
tumor organoids with heavy isotopes. These organoids contain all the cell types
of the tissue, constituting a somewhat complex (in terms of peptide population)
sample. Therefore, after mixing the light and medium labeled peptides, a prefractionation step, by strong cation exchange (SCX), was included to reduce the
sample complexity. Furthermore, in order to gain an in depth analysis of the
proteome, two complementary mass spectrometers were utilized allowing two
peptide identification strategies, namely an ETD enabled Elite and a Q-Exactive
with HCD. SCX allows fractionation based on charge and so fractions could be a
priori chosen that would be optimal for ETD or HCD based sequencing.
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Figure 1. Experimental design. Surgically resected tissue was obtained from previously
untreated colorectal cancer patients. Organoids from tumor and normal tissue were cultured
by isolating the crypts and resuspended in Matrigel. The tumor and normal organoids
were lysed and the proteins were extracted and subsequently digested into peptides. The
resulting peptides were differentially labeled using the dimethyl labeling strategy, mixed
and pre-fractionated by strong cation exchange chromatography and analyzed by LC-MS/
MS. The MS results were analyzed using Proteome Discoverer and the statistical analysis
was performed in R. From the data analysis a combination of patient diversity and general
features were extracted as can be seen in the real data represented in the bottom part of the
figure. See also Figure S1.

Some experimental challenges needed to be addressed in the proteome analysis,
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such as those caused by missing values in one of the two labeling channels. In order
to include proteins that are expressed only in either tumor or healthy organoids in
our analysis (“on-off ” proteins), we used missing value substitution, as described
in detail in the Experimental Procedures section. Initial filtering provided
approximately 7600 identified proteins for each matched (tumor - healthy) organoid
pair and an average of 6340 proteins could be quantified per patient. Hierarchical
clustering of the identified peptides across the patients was performed, revealing
a patient centric pattern, as can be seen in Figure S2A. By applying an additional
filter of considering only proteins with at least 2 peptides identified generated
an average number of 5323 quantified proteins per patient. A “Significance B”
analysis43 was performed to discern the differentially expressed proteins in each
patient. On average, approximately 400 proteins were assigned as differentially
expressed in each individual patient. A representation of these data can be found
in Figure S2B and a detailed description of the proteins can be found in Table S2.
Additionally, we decided to check how consistently these proteins were changing
across all patients. From Figure 2, in which the differentially expressed proteins
of each patient are highlighted in the other patients, the high diversity present in
these CRC patients can be clearly observed. There are substantial differences in
the protein populations that are significantly different between healthy and tumor
organoids of each patient.
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Figure 2. Personalized proteomics profiles. MA plots of the seven patients, in which the
protein ratio (log2) is plotted against its intensity (log10). To visualize the heterogeneity of
the samples, “Significance B” analysis was performed on the ratios of each of the patients.
See also Figure S2.

Additionally, we re-analyzed a quantitative microarray experiment performed on
organoids obtained from the same patients. A total of 21681 gene mRNA transcripts
were quantified across the 7 patients. These 21681 transcript genes translate to 16861
proteins. Following a similar statistical treatment as used for the proteomics data,
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an average of 130 transcripts were significantly changing at the transcriptome level
across the 7 patients (Figure S2C). From the, on average, 400 significantly changing
proteins at the proteome level, less than 80 were recapitulated in the respective
transcriptomes, demonstrating the additional perspective provided by the study
of the proteome (Table S2). This limited overlap is not unusual considering the
abundance of post-transcriptional and -translational regulatory mechanisms and
has been observed in several studies.44,45

Organoids from individuals exhibit distinct personalized
proteomics profiles
• Microsatellite instability

3

The DNA mismatch repair protein MSH3 showed a strong down-regulation in
the tumor organoid of patient 7 (female, 81 years old, whereby the biopsy was
taken from the ascending colon) while remaining unchanged in all other patients
(Figure 3A). MSH3 is a component of the post-replicate DNA mismatch repair
system (MMR) which maintains genomic stability. The deficiency of this protein
has already been related to colorectal cancer and a loss of its expression has been
shown to be frequent in MLH1 deficient colorectal cancers.46,47 MLH1, one of the
four mismatch repair genes,48,49 was also found down-regulated exclusively for this
patient in our dataset and furthermore, a strong down-regulation was present at the
transcriptome level as highlighted by van de Wetering et al.24 Moreover, we were
pleased to find a frame shift deletion on MSH3 for the patient 7 in the mutational
study, which confirmed our findings from the proteomics dataset (as summarized
in the Figure S1).
Genomic instability is a characteristic of all intestinal malignancies. As we described
vide supra the majority of the colorectal cancers follow the classical adenomaadenocarcinoma sequence and display chromosomal instability. Another form of
genomic instability contributing to colorectal cancer is microsatellite instability
(MSI). Approximately 15% of the colorectal cancer cases present high-frequency
MSI, a hypermutatable phenotype caused by defects in the DNA mismatch repair
(MMR) system. Apart from MSH3 and MLH1, there are other proteins showing
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a strong down-regulation specifically in this patient, such as PMS2, RPL22 and
MARCKS that all have been linked to microsatellite instability. Expression data
representing these proteins can be found in Figure S3A. For instance, PMS2,
together with MLH1 is one of the four mismatch repair genes, and it has been
shown to be mutated in hereditary non-polyposis colorectal cancer, leading to the
production of an abnormally short or inactive PMS2 protein.50,51 In our dataset, this
protein was quantified in 4 patients, and it only shows a down-regulation in patient
7. Another example is RPL22, for which a high mutation frequency of this gene has
been reported in microsatellite instable colorectal cancer.52 We were able to quantify
RPL22 in all of the patients, finding exclusively a strong down-regulation in patient
7. This is in agreement with a frame shift deletion found in the sequencing data
only for patient 7. MARCKS is another protein only down-regulated in the tumor
organoid of patient 7, while in the other patients no change between healthy and
tumor organoid was observed. MARCKS has already been identified in colorectal
cancer as a major target of inactivation through coding microsatellite instability.53,54
The valuable insight of the proteomics data can be clearly seen in this case, in
which these 4 proteins were found significantly changing at the proteome level
only for this patient, but only MARCKS appears to be significantly changing at the
transcriptome level.
Due to the difference in the mutational pathway between the two genomic instability
types, distinct and diverging clinical outcomes can be obtained. Patients with MSI
are associated with a longer survival and improved clinical outcome than those
with microsatellite stability (MSS).55 Distinct responses to cancer drugs is also
observed between MSI and MSS which makes recognition of molecular subtypes
of colorectal cancer essential for future personalized treatment.56
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Figure 3. Overview of the patient diversity. (A) Plot representing the protein abundance for
MSH3 in the healthy and tumor organoids across the different patients. Green is used for
the healthy organoid and purple is used for the tumor one. A significant down-regulation is
observed exclusively in the tumor organoid from p7. (B) Patient expression values of APC.
The mutation pattern of the protein APC based on previously published exome sequencing
data24 for the different patients is represented with the quantified peptides highlighted with
black bars. The upper purple line(s) represents the protein(s) found in the tumor organoid
and the green line the protein found in the healthy organoid. The length of the purple
line depends on in frame shift mutations or non-sense mutations. (C) The ratio between
the tumor and healthy organoids found at the transcriptome and proteome level for the
different patients is shown. *To be in line with the rest of our analyses a ratio is determined
for “on-off ” situations. #used to include an expression value based only in one peptide. See
also Figure S3.

• The Wnt signaling pathway in patients’ healthy and tumor

organoids
Activation of the Wnt signaling pathway is a principal event in the development
of colorectal cancer. Constitutively activated β-catenin signaling, due to APC
deficiency or β-catenin mutations that prevent its degradation, leads to unbalanced
stem cell generation, maintaining the cells in a progenitor state 13. We detected
APC in all 7 patients, with peptides associated (almost exclusively) with the healthy
organoids leading to extreme “on-off ” ratios for this protein. The vast majority of
detectable peptides originated from the C-terminus part which is truncated in the
tumor organoids (Figure 3B). In 5 of the 7 patients APC was only detected in the
healthy organoids due to C-terminal peptides being exclusively observed which
would be missing in the truncated APC present in the tumor organoids. In one of the
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patient’s a single peptide was detected in a part of the APC that should be present in
both healthy and tumor organoids yet only signal was detected in the healthy. Since
we mix the samples before MS detection we generate no bias between the healthy
and tumor organoid with respect to protein detection. Nevertheless, the result
requires both the transcript and protein information for an accurate interpretation
of the data and highlights the need for a proteogenomic approach. A representation
of the expression values found at the proteome and transcriptome level for this
protein are displayed in Figure 3C. Mutational inactivation of APC leads to the
inappropriate stabilization of β-catenin.57 β-catenin (CTNNB1) was detected in all
7 patients (Figure S3B); however, it only showed a light up-regulation in one of
the patients (patient 10), while in the rest of the patients there was no difference
between the healthy and tumor organoids. Stabilized β-catenin translocates to the
cell nucleus and interacts with transcription factors of the TCF/LEF family, leading
to the transcription of Wnt target genes. Groucho/TLE proteins are transcriptional
co-repressors that interact with proteins from the LEF/TCF family in the absence of
a Wnt signal (and therefore β-catenin), keeping the pathway in an inactive state.58,59
However, in the presence of Wnt signal and if TLE1 is absent, we hypothesize
that when β-catenin does not have to compete with TLE1, the signal might be
stronger. TLE1 was quantified in our dataset in 6 out of 7 patients with a strong
down-regulation in most of the tumor organoids, which is in concordance with the
transcriptomics experiment. A representation of the expression values found at the
proteome and transcriptome level can be found in Figure S3B.

Above, we largely focused on the patient specific differences observed in the
proteome of healthy and tumor organoids, describing patient-specific features.
These relevant patient-specific differences were not always present at the
transcriptome level. To demonstrate the additional insight provided by proteomics
we performed immunohistochemistry (IHC) for the proteins MUC5A, MGMT,
AMACR and PHLDB2 on the organoids for patients p9, p18 and p26. We chose
these proteins and patients as they only show expression changes at the protein
level. The IHC confirmed our findings (Figure S3C), demonstrating the value of
proteomics for any biological material.
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Establishing a human CRC organoid expression profile by
quantitative proteomics and transcriptomics

3

Across all seven CRC patients we were able to determine expression levels of 8510
proteins. For the subsequent analysis, proteins with at least 2 peptides identified
and quantified in at least 3 out of 7 patients were used, which diminishes the total
number to 5790 proteins (Figure S4A). Certain proteins may present an “on-off ”
situation between tumor and healthy organoids. Since these proteins may be (most)
important in the tumor state, we used imputed values from Proteome Discoverer,
albeit only when necessary to obtain a ratio. We found a limited number of changes,
constituting 5.3% of the detected proteins, which correspond to 78 proteins upregulated in the tumor organoids and 227 down-regulated. A representation of these
data can be seen in the upper left panel of Figure 4A. On closer inspection of the
quantified proteins it is pleasing to note that several proteins previously described
to be specific for colorectal cancer, such as PALM3 and GPR5632 are also observed
in our data. The two proteins showed an up-regulation in both datasets, namely in
the micro-dissected tumor tissue, and in our tumor-organoids. Moreover, when
comparing our whole dataset obtained from the colon organoids with a recent
proteomics study on colorectal cancer from The Cancer Genome Atlas (TCGA)
using human tumor tissue from 90 patients,44 a high overlap is obtained (see Figure
S4B). The TCGA data allowed the authors to determine 5 CRC subtypes based
on the expression level of approx. 1600 proteins. Although our choice of patients
was based on the mutation profile of the most common tumor driver genes in
CRC (APC, TP53, KRAS and PIK3CA) we organized our data according to these
subtypes and found a broad agreement (Table S3). Taking into consideration the
overlap obtained between our study and previous studies about the characterization
of the organoids,24 we can consider organoids as a promising proteomic model with
multiple applications.
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Figure 4. CRC organoids overview. (A) Volcano plots in which the average protein ratio
(log2) against the q-value (-10log10) are plotted. In the upper panel the data obtained from
the proteomics experiment is represented on the left and data from the transcriptomics
experiment on the right. From the proteomics data a total of 78 up-regulated and 227 downregulated proteins are found. Regarding the transcriptome data a total of 23 up-regulated
and 122 down-regulated transcripts are found. In the lower panel a direct representation
of the differentially expressed proteins from the transcriptomic analysis in the proteomic
dataset are presented on the left and vice versa on the right panel. Although q-values do not
correlate at all, ratios do correspond well between the two technologies. (B) Correlation heat
maps of the differentially expressed proteins from the proteomics (left) and transcriptomics
(right) datasets. Tumor and healthy organoids are separated by hierarchical clustering. See
also Figure S4.
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Among the 305 significantly changing proteins found in our dataset, several
proteins have already been related to CRC. MYO1C was found down-regulated in
the tumor organoids and it has been recently suggested as a tumor suppressor gene
candidate related to Tp53.60 Desmocollin-2 has been previously reported as being
decreased or absent in CRC studies61,62 and is also down-regulated in our dataset.
UBE2C, also known as UBCH10 is essential for cell progression and it has been
related to several cancers63 and is observed with an overexpression in the tumor
organoids. Using CRC cell lines, depletion of this protein resulted in suppression of
cellular growth, whereas overexpression promoted cell proliferation and oncogenic
cellular growth.64 The possibilities of inhibiting UBE2C for the treatment of CRC
have also been studied.65 HspBP1 is a co-chaperone that binds to and inhibits the
activity of Hsp70 and is also found to be overexpressed in the tumor organoids.
High expression values of Hsp70 had been previously reported for several tumors
and the level of HspBP1 has also been reported as elevated in some tumors.66
Following a similar statistical treatment as that used for the proteomics data, 23
transcripts were found to be up-regulated and 122 were down-regulated in the
tumor versus the healthy organoids consistently over the 7 patients. A representation
of these data is summarized in the upper right panel of Figure 4A and a detailed
description of the proteins can be found in Table S3.
Next we used hierarchical clustering for the differentially expressed proteins of both
techniques, to classify all organoids. Figure 4B shows the correlation heat maps at
the proteome and the transcriptome level, respectively and in both cases the samples
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cluster by tumor versus healthy. For 5320 proteins quantified in our proteome data
we obtained corresponding data at the transcriptome level. Focusing first on the
earlier defined differentially expressed proteins, only 22 proteins showed similar
behavior at the mRNA level, as can be seen in Figure 5.
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Figure 5. Overlap between the proteome and transcriptome. Comparison of expression
ratios between the proteins and their corresponding transcripts (5320 protein-transcript
pairs). Focusing on the differential proteins, 22 proteins showed alike behavior at the
transcript level and only one of them is up-regulated while the rest are down-regulated in
both datasets. See also Figure S5.

Out of these 22 proteins only one shows an up-regulation in both datasets,
Synaptotagmin-7 (SYT7). SYT7 is also known as Prostate cancer-associated
protein 7;67 however, a direct relation with CRC has not yet been shown. Among
the other 21 down-regulated proteins were CEAM7, Mucin12 and Gelsolin.
Carcinoembryonic antigen-related cell adhesion molecule 7, CEAM7, is also
known as Carcinoembryonic antigen CGM2 and is a member of the CEA family.
103

CEA is a classical tumor marker for several types of cancer.68 CEAM7 is known
to be expressed in normal colon and rectum and down-regulated in colorectal
adenocarcinomas,69,70 which is in agreement with our results. Mucin12 is a
transmembrane mucin which we found down-regulated in our dataset which is
in concordance with previous publications.71–73 Gelsolin (GSN), a protein with
structural molecule activity, is a multifunctional actin binding protein that is found
down-regulated in CRC. It has been suggested that the loss of this protein is a
general mechanism associated with the transition from noninvasive stage to the late
invasive stage of the neoplastic process.74 A detailed description of the overlapping
proteins can be found in Table S4.

3

We suspected the limited overlap between both techniques (Figure S5A) maybe
related to our filtering criteria being too stringent. To test our hypothesis, we decided
to color-annotate all differentially expressed proteins on the measured transcript
data and vice versa. A consistent trend in expression among the proteome and
mRNA datasets is observed; however, at the defined stringency level the correlation
is not high, as displayed in the lower panels of Figure 4A. In order to broaden the
stringency, without being overly tolerant, we decided to include the proteins found
differentially expressed in one of the techniques that could be observed changing
in the same direction using the other technique. A Venn diagram representing this
profile with the overlapping proteins highlighted, constituting the CRC organoid
profile, in red is shown in Figure S5B. A total of 308 proteins are included in this
dataset. The main molecular function of these proteins can be divided into proteins
with catalytic activity (35%), binding proteins (28%) and proteins with structural
molecule activity (12%). A pie chart with the representation of the molecular
function obtained in Panther can be found in Figure S5C. Among the binding
proteins, Gastrotropin (FABP6) is found with an overexpression in the tumor
organoids. Gastrotropin, also called Fatty Acid-Binding Protein 6, has already been
reported as being related to colon carcinogenesis, presenting a higher expression
value in cancer tissue compared to normal tissue.75 Proteins related to other cancers
are also found in this dataset. For example, BCAS1 which has been described as
a strong candidate oncogene for breast cancer.76 Surprisingly, compared to breast
cancer in which up-regulation is observed for this protein, an opposite trend is
found in colorectal cancer.77 The same trend is found in our study, once again
organoids recapitulating observations made with biopsies.
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Conclusion
Clinical models, such as cultured cancer cell lines and animal models, have been
used for many years to investigate the mechanisms of diseases and design promising
treatment strategies. It is well known that these model systems all have their
limitations and, ideally, studies should be performed, in vivo, on patient material;
however, this is currently not always realistic. Recently, a promising research
technology has been developed, so-called organoids, that allows the continuous
culture of a variety of healthy and diseased human tissues. These organoids
provide a potentially unlimited supply of well characterized patient material,
circumventing some of the limitations of current models (i.e. lack of genetically
stable cell lines and need of extensive colonies of animals). Several studies have
already highlighted the potential for applications of organoid technology in the
study of human cancer.24,78–82 The amenability of this technology for genomic and
functional analysis as well as for high-throughput drug screening is beginning to
be explored. Here, we set out to make a proteomic characterization of healthy and
tumor colon organoids. Although sample amount is a genuine limiting factor in
proteomics, we demonstrate here the feasibility of generating personalized human
proteome profiles of human healthy and tumor colon derived organoids. Fourteen
organoid samples (7 tumor/7 healthy) from seven patients were quantitatively
analyzed. System-wide data analysis revealed strong patient specific features. A
single patient with a hypermutated phenotype in colorectal cancer characterized
by microsatellite instability stood clearly out evidenced by several patient specific
proteins, which have already been linked to microsatellite instability. Patients
with microsatellite instability have a different clinical outcome compared to those
exhibiting chromosomal instability (the most frequently occurring genomic
instability in colorectal cancer), illustrating why personalized treatment is essential
for the survival of individual patients.
Although we observed that patient proteomes exhibit a clear personalized profile,
we were still able to extract some tumor-specific characteristics across all patients
from the proteomics data by focusing, for instance, on one of the most frequently
mutated signaling pathways in colorectal cancer, Wnt signaling. Expression levels
of several proteins belonging to this pathway changed significantly and consistently,
when tumor- and healthy organoid proteomes were compared, also consistent with
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several of these proteins previously being reported as colorectal cancer biomarker
proteins.
The present study further highlights the potential of organoids as model systems
for personalized cancer research, demonstrating that advanced proteomics analysis
is nowadays feasible and meaningful. A better categorization of CRC would be
possible by further extending the work presented in this paper by investigating
larger number of patients, and or the proteome profiles of organoids when treated
by anti-cancer drugs. With proteomics becoming ever more sensitive and faster,
these goals may be achieved already in the near future, expanding the technical
toolbox for optimizing personalized cancer treatment.
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Figure S1. Related to Figure 1. Overview of the mutations found in the tumor organoids.
Whole-exome sequencing experiment revealed the mutations, insertions and deletions present in the tumor organoids.
The most commonly altered genes in CRC were well represented (APC, TP53, KRAS, PIK3CA) and of the 7 tumor
samples analyzed 2 displayed hypermutation (>10 mutations/Mb). Figure adapted from van de Wetering et al., 2015.
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(A) Hierarchical clustering based on the PSMs identified from the
whole proteomics dataset. A clear patient centric clustering can be
observed.
(B) Plots representing the data obtained from each patient in the
proteomics study. In the x axis the log2 of the ratio (Tumor/Healthy)
is represented and in the y axis the log10 of the intensity is plotted.
Up-regulated proteins in the tumor organoids are highlighted in
purple and green us used for annotating the up-regulated proteins in
the healthy organoids. A triangle is used to represent the proteins with
an imputed value.
(C) Plots representing the data obtained from each patient in both the
proteomics and transcriptomics studies. In the x axis the log2 of the
ratio (Tumor/Healthy) at the transcriptome level is plotted. While in
the y axis the log2 of the ratio (Tumor/Healthy) at the proteome level
-3
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3
is represented. A red square is used to highlight the proteins
Normalized
intensity (Log10) significantly changing in both dataset, a blue circle for the proteins
only changing significantly at the proteome level and a brown circle
for the proteins only changing at the transcriptome level.
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Figure S3. Related to Figure 3. Personalized proteomics profiles.
(A) Plot representing the protein abundance found in the healthy and tumor organoids for PMS2, RPL22 and
MARCKS, proteins related to microsatellite instability. In all cases, a down-regulation is exclusively found in patient
7.
(B) Representations of the expression values for CTNNB1 and TLE1, proteins related to the Wnt signaling pathway,
both at the proteome and transcriptome level.
(C) Immunohistochemical staining of organoids derived from p9, p18 and p26 with antibodies against MUC5AC,
MGMT, AMACR and PHLDB2 confirming the differential protein abundance found in our mass spectrometry
experiment (magnification=200x). These proteins display a significant difference across the patients at the proteome
level (ratio Tumor/Healthy log2 values are shown), while either no significant difference is observed at the
transcriptome level (MUC5AC and MGMT) or not identified at all at the transcriptome level (AMACR and PHLDB2).
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Figure S4. Related to Figure 4. General features
(A) Circle diagram representing the overlapping quantified proteins across the 7 patients analyzed in the proteomic
experiment. In order to generate this plot the proteins quantified, with at least 2 peptides identified per protein are
used. For the data analysis in which the patients are treated as a group, the proteins quantified in at least 3 out of the
7 patients are used, which corresponds to 5790 proteins.
(B) Venn diagram representing the overlap between the identified protein in the TCGA study (Zhang et al., 2014) and
our proteomics results. From the 7363 proteins that were identified in the study of the tissue obtained from 90 patients,
6012 proteins were also identified in our organoid study.
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Figure S5. Related to Figure 5. CRC organoid profile.
(A) Venn diagram representing the overlap between the significantly changing proteins from the proteome (blue) and
transcriptome (brown) data sets.
(B) Venn diagram representing the overlap between the significantly changing proteins in one of the two data sets that
are also changing in the same direction on the other data set, without the need of being significant. The overlapping
308 proteins (red) correspond to the CRC organoid profile.
(C) Pie chart representing the molecular function of the CRC organoid profile. The main molecular function of these
proteins can be divided into proteins with catalytic activity (35%), binding proteins (28%) and proteins with structural
molecule activity (12%).
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Supplemental experimental procedures
Chemicals and Materials
Iodoacetamide (IAA), sodium deoxycholate (SDC), formaldehyde, D-formaldehyde
and sodium cyanoborohydride were supplied by Sigma-Aldrich (Steinheim,
DE). Ammonium bicarbonate and dithiothreitol (DTT) were purchased from
Fluka (Buchs, CH), and ethyl acetate from Merck (Darmstadt, DE). PhosSTOP
Phosphatase Inhibitor Cocktail tablets and Complete Mini EDTA-free Cocktail
tablets were obtained from Roche Diagnostics (Mannheim, DE), trypsin from
Promega Corporation (Madison, WI, USA) and lysyl endopeptidase (Lys-C) from
Wako (Richmond, VA, USA). Pierce BCA (bicinchoninic acid assay) protein assay
kit was supplied by Thermo Scientific (Rockford, IL, USA). Matrigel was purchased
from BD Biosciences (Franklin Lakes, NJ, USA) and the components of the Human
Intestinal Stem Cell medium were supplied by Vivogen (Beograd, RS). The water
used in all experiments was obtained from a Milli-Q purification system (Millipore,
Bedford, MA, USA).

Patient Material Background and organoid culture

3

Colonic tissues (normal as well as tumor tissue) were obtained from The
Diakonessen Hospital Utrecht with informed consent and the study was approved
by the ethical committee. After the isolation of healthy crypts and tumor epithelium,
organoids were cultured in Human Intestinal Stem Cell medium (HISC)
resuspended in Matrigel. The composition of HISC is: Basal culture medium with
50% Wnt conditioned medium, 20% R-Spondin conditioned medium, 10% Noggin
conditioned medium, 1 x B27, 1,25 mM n-Acetyl Cysteine, 10 mM Nicotinamide,
50 ng/ml human EGF, 10 nM Gastrin, 500 nM A83-01, 3 uM SB202190, 10 nM
Prostaglandine E2 and 1 x Primocin.

Sample preparation for proteomics analysis
Organoids were lysed in a buffer containing 2.5% w/v SDC in a solution of 50 mM
ammonium bicarbonate pH 8.2 with protease and phosphatase inhibitors. The lysis
was performed at 95 degrees for 5 minutes. Protein concentration was estimated by
a BCA protein assay. Prior to the digestion the proteins (∼200 μg per sample) were
reduced with 2 mM DTT for 25 min at 56 degrees and alkylated with 4 mM IAA for
30 min at room temperature in the dark. In order to avoid over alkylation an extra
step of DTT was added. For the digestion of the proteins Lys-C and trypsin were
used. First, proteins were digested with Lys-C at 37 degrees for 4 hours (enzyme/
substrate ratio 1:75) and after a three-fold dilution, they were subsequently digested
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with trypsin (enzyme/substrate ratio 1:100) at 37 degrees for 4 hours more. After
digestion the samples were acidified with 0.5%TFA and a liquid-liquid extraction
with ethyl acetate was performed in order to remove the remaining SDC.
The resulting peptides were chemically labelled using stable isotope dimethyl
labelling as described before (Boersema et al. 2009). In short, peptides belonging
to the healthy samples from the different patients were labelled with a mixture
of formaldehyde and sodium cyanoborohydride (‘light’ reagent). For the peptides
corresponding to the tumor organoids, D-formaldehyde with cyanoborohydride
(‘medium’ reagent) was used. The ‘light’ and ‘medium’ dimethyl labelled samples
were mixed in a 1:1 ratio based on total peptide intensities.
Prior to the MS analysis, samples were fractionated to reduce the complexity using
a strong cation exchange (SCX) system. Briefly, seven SCXs were performed on an
Agilent 1100 HPLC system (Agilent Technologies, Waldbronn, Germany) using
a C18 Opti-Lynx (Optimized Technologies, Oregon, OR) trapping cartridge and
a Zorbax BioSCX-Series II column (0.8 mm i.d. × 50 mm length, 3.5 μm). The
labelled peptides were dissolved in 10% FA and loaded onto the trap column at 100
μl/min and subsequently eluted onto the SCX column with 80% acetonitrile and
0.05% FA. SCX solvent A consisted of 0.05% formic acid in 20% acetonitrile, while
solvent B was 0.05% formic acid, 0.5 M NaCl in 20% acetonitrile. The following
gradient was used: 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). After injection of ~100 ug of sample a
total of 50 SCX fractions were collected and dried in a vacuum centrifuge.

Transcriptomics analysis
RNA from the organoid tumor samples and the paired normal samples was
hybridized on Affymetrix Human Gene 2.0 ST arrays. The raw CEL files were
processed with Affymetrix Power Tools (ATP) using the Hg19 genome build and
NetAffx annotation dating from 09-30-2012. Between-array normalisation was
performed using rma-sketch, within APT. This resulted in an intensity matrix of
21681 genes.

Histology procedures
Organoids were collected, fixed in 10% neutral buffered formalin and embedded
in paraffin. Sections were subjected to H&E and Alcian blue staining as well as
immunohistochemical staining. The following primary antibodies were used for
immunohistochemical staining: MUC5AC (NCL-HGM-45M1, Novus Biologicals),
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1:200, PHLDB2 (NBP2-38238, Novus Biologicals), 1:50, MGMT (#MAB16200,
Millipore), 1:500, AMACR (ab12498, Abcam), 1:125). Antigen retrieval was
performed according to the manufacturer’s recommendations.

Data analysis - Global differential expression analysis
Protein ratio analysis - Missing quantification data values
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Proteome Discoverer has the option to replace missing quantification values for
peptides with a minimum intensity value. In our hands, these “imputed” values
strongly influenced the protein ratios compared to the same protein ratios without
the imputed peptide quantities. On the other hand, we tried to retain the proteins
that would not be detected without this imputation since they could indicate a
presence/absence situation between our conditions. We therefore decided to use the
following compromise in our analysis: We only used the imputed peptides if they
were necessary to obtain a protein ratio at all. The imputation state of these proteins
were marked, to show that the calculated ratios were completely determined by the
imputation and therefore indicating an absence of the protein in either condition.
To achieve this separation, we obtained the ratio values from the exported tabular
data from PD, both with and without imputation. If a protein ratio was present
without imputed values, it was used, otherwise the value for the protein of the file
containing imputed values was used, and the ratio was marked as “imputed”. At the
same, we circumvented the limitation of having only three decimal places in the
reported ratio values from PD. We obtained all reports with reversed channel ratio
as well, using their reciprocal values to replace the original ratios below 1.
To obtain a global picture of protein levels for the tumor versus the healthy
organoids, we performed t-tests on the log2 transformed protein ratios, considering
the different tissue donors as biological replicate measurements. Only proteins
identified by more than two peptides were considered. Tests were performed
whenever at least three measurements (i.e. patient ratios) were available for a
protein, regardless of imputation. Although the t-test is not strictly valid for these
imputed ratios, it is used here to discern the low-expressed proteins from the more
highly expressed ones in an objective way. False discovery rates were estimated over
all t-test results using the Benjamini and Hochberg (Benjamini & Hochberg 1995).
Intensity based semi-quantification
As a means of representing the individual protein levels in each tissue type,
ungrouped peptide lists (i.e. PSM lists) were exported, with the “raw quant values”
from the dimethyl quantification performed by Proteome Discoverer. The values
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log10 transformed and scaled using the R scale {base} function, with both centering
and scaling enabled. Hierarchical clustering was performed on proteins with
measurements in all patients, using Euclidean distance and Ward’s method for
clustering (Ward JH 1963). The protein intensities used in Figure 2B, Figure 3B
and Figure S2 were obtained in a more simple way: the Area from the PD report
was divided according to the ratio and represented that way.
Transcriptomics ratios were calculated based on the Affymetrix array intensities
and analyzed the same way as the proteomics data, with an important distinction.
By lack of material, the healthy sample of patient 31 was no longer available. Since
all arrays cluster together based on their cancer state, we constructed an average of
RNA levels between the remaining patients and used it in further analyses.

Supplemental references
Benjamini, Y. & Hochberg, Y., 1995. Controlling The False Discovery Rate - A Practical And
Powerful Approach To Multiple Testing. Journal of the Royal Statistical Society. Series B:
Methodological, 57, pp.289–300.
Ward JH, J., 1963. Hierarchical Grouping to Optimize an Objective Function, Journal of the American
Statistical Association. Journal of the American Statistical Association, 58, 236–244.
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Abstract
Mass spectrometry (MS)-based proteomics workflows can crudely be classified
into two distinct regimes, targeting either relatively small peptides (i.e. 0.7 kDa <
Mw < 3.0 kDa) or small to medium sized intact proteins (i.e. 10 kDa < Mw < 30
kDa), respectively termed bottom-up and top-down proteomics. Recently, a niche
has started to be explored covering the analysis of middle-range peptides (i.e. 3.0
kDa < Mw < 10 kDa), aptly termed middle-down proteomics. Although middledown proteomics can follow, in principle, a modular workflow similar to that of
bottom-up proteomics, we hypothesized that each of these modules would benefit
from targeted optimization to improve its overall performance in the analysis of
middle-range sized peptides. Hence, to generate middle-range sized peptides from
cellular lysates we explored the use of the proteases Asp-N and Glu-C, and a nonenzymatic acid induced cleavage. To increase the depth of the proteome, a strong
cation exchange (SCX) separation, carefully tuned to improve the separation of
longer peptides, combined with reversed phase-liquid chromatography (RP-LC)
using columns packed with material possessing a larger pore size, was used. Finally,
after evaluating the combination of potentially beneficial MS settings, we also
assessed the peptide fragmentation techniques, including higher-energy collision
dissociation (HCD), electron-transfer dissociation (ETD) and electron-transfer
combined with higher-energy collision dissociation (EThcD) for characterization
of middle-range sized peptides. These combined improvements clearly improve
the detection and sequence coverage of middle-range peptides and should guide
researchers to explore further how middle-down proteomics may lead to an
improved proteome coverage, beneficial for, among other things, the enhanced
analysis of (co-occurring) post-translational modifications.

Introduction
At the present time, two quite distinct approaches co-exist in mass spectrometrybased proteomics studies; bottom-up, peptide centric approaches and top-down,
protein centric approaches. In bottom-up proteomics, proteins are initially
enzymatically digested, after which the resulting peptides are typically separated
by liquid chromatography (LC) and analyzed by tandem mass spectrometry
(MS/MS).1 In proteomics, trypsin represents the ‘golden standard’ for proteases
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as it generates peptides that are relatively facile to separate by LC and analyze by
MS. Therefore, the bottom-up approach is robust and enables high-throughput
analysis, allowing the identification and quantification of thousands of proteins
from complex lysates. However, sample complexity still imposes a heavy burden on
separations prior to MS detection and, especially when using trypsin, a large part of
the generated peptides are too small for successful binding to the stationary phases
typically used in proteomics. Moreover, peptides smaller than 5 amino acids are
typically not analyzed by MS/MS since they provide too little of an analytical value
for unambiguous identification. Therefore, quite a portion of tryptic peptides may
not be detected or are intentionally ignored.
In top-down proteomics, intact proteins are analyzed,2 which circumvent issues
related to peptide-centric proteomics such as the protein inference problem.3
Top-down proteomics provides complete molecular specificity on intact proteins,
enabling the analysis of proteoforms4 as intact proteins harbor the entire set of
(co-occurring) PTMs.5,6 The main limitations in top-down proteomics are related
to the difficulty of efficiently separating proteins and the relatively inefficient
formation of fragment ions from larger proteins. Nevertheless, top-down is now
becoming feasible, also in a relatively high-throughput manner, albeit mainly
limited to proteins with a Mw up to ~30 kDa. Sequence information on these
proteins can be obtained by employing collision-induced dissociation (CID) which
selectively fragments the most labile bonds in a protein, which typically provides
only limited protein coverage.7 Use of electron capture/transfer dissociation
(ECD/ETD)8,9 was shown to improve the sequence coverage. Additionally, ETD
preserves most common labile PTMs during fragmentation, facilitating confident
PTM site localization. More recent fragmentation methods, such as EThcD and
UV photodissociation, are emerging as efficient fragmentation alternatives for topdown proteomics.10–12

4

As top-down proteomics typically covers relatively small proteins (10 < Mw <
30 kDa), and trypsin based bottom-up proteomics focuses generally on peptides
(0.7 < Mw < 3 kDa), evidently a gray zone exists between these proteomics
approaches. This gap has been filled by a third approach, nowadays, called middledown proteomics.13–15 This approach also uses protein digestion, but aims to yield
relatively larger peptides (ideally (far) above 3 kDa).16–19 Middle-down proteomics
exhibits particular advantages as the complexity of the digests decreases (as fewer
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peptides are formed), and may also allow better proteome coverage, including the
identification of splice-variants and other isoforms. Longer peptides also increase
the probability of detecting multiple co-occurring neighboring PTMs, important
to study functionally relevant PTM crosstalk. Most of the pioneering middledown proteomics studies have been limited to specific applications, for instance,
on recombinant monoclonal antibodies,20,21 ubiquitin chains,22 and N-terminal
histone chains.23–25 Thus, middle-down proteomics is not yet routinely used for the
analysis of full proteomes. We argue that an important bottleneck has been that
neither the pipeline developed for bottom-up nor that for top-down analyses is
directly applicable and optimal for middle-down proteomics. Therefore, here, we
aimed to describe and critically evaluate a workflow optimized for the detection of
middle-range sized peptides.
The first experimental barrier in the high-throughput middle-down proteomics
workflow is the lack of a proteolytic enzyme that can produce controlled
populations of middle-range sized peptides (3-10 kDa). A protease cutting at a
well-defined peptide length or size would obviously be ideal; however, such an
idealase remains to be discovered.26 Some known single-residue specific proteases
such as Lys-C,13,27,28 Glu-C,29–31 Asp-N32 and Lys-N33,34 are thought to produce, when
compared to trypsin, a higher proportion of middle-range sized peptides and may
thus provide second-best alternatives for middle-down proteomics. Also some nonenzymatic approaches may be exploited to generate longer peptides. Microwaveaccelerated acid hydrolysis, which produces Asp-selective chemical cleavage, had
been explored by using a number of acid modifiers.35,36 We evaluated whether the
proteases Asp-N and Glu-C or a non-enzymatic acid induced digestion protocol
provide middle-range sized peptides. Secondly, additional analytical issues remain
to be optimized for middle-down proteomics, such as the chromatography applied
to separate the longer peptides. For this reason, we optimized conditions for sample
clean-up and separation of these longer peptides by multidimensional LC. Finally,
MS transmission and detection as well as MS/MS fragmentation conditions should
be adjusted.37 We fine-tuned the critical MS parameters for improving the detection
of middle-range sized peptides. Moreover, we evaluated the performances of ETD,
HCD and EThcD as fragmentation schemes on all the peptide-digests obtained to
define the best sequencing method for distinct populations of middle-range sized
peptides.
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Experimental section
Sample preparation
HeLa digests were prepared as described previously.38 For preparing the Asp-N and
Glu-C digests, the protocols reported by Giansanti et al. were used.39 For the acid
induced non-enzymatic digestion, the lysate was diluted to a final concentration of
0.1 µg/µl using a solution of formic acid (FA) (final concentration of 2% FA) and
incubated at 100 °C for 1 hour. A detailed description of the used protocols can be
found in the supporting information.

Sample clean-up and pre-fractionation
Following digestion, sample clean-up was performed by using solid-phase extraction
(SPE) columns; C18 with a 300 Å pore size. Prior to the MS analysis, samples were
fractionated using strong cation exchange (SCX) chromatography. A detailed
description of the used methods can be found in the supporting information.

LC-MS and LC-MS/MS set up
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Nano-UHPLC-MS/MS was performed on an Agilent 1290 Infinity System
connected to an Orbitrap Fusion. Fused-silica capillary analytical and trap columns
were prepared as previously described.40 The UHPLC was equipped with a double
frit trapping column and a single frit analytical column. ReprosilPur C18 (3 µm
particles, 120 Å pore size 2 cm x 100 µm) was used as a trap column, and Zorbax
SB-C18 (1.8 µm particles 80 Å 40 cm x 50 µm) for the analytical column. For the
300 Å pore size set up, the used materials were as follows: Zorbax SB-C18 (3.5 µm
particles, 300 Å pore size, 2 cm x 100 µm) for the trap column and Zorbax SB-C18
(1.8 µm particles 300 Å 40 cm x 50 µm) for the analytical column. The column, in
both cases, was directly connected to an in-house pulled and gold-coated fused
silica needle (with a 5 µm o.d. tip), and a voltage of 2.0 kV was applied. The survey
scan range was from 350 to 1500 m/z at a resolution of 60000 (200 m/z) with an
AGC target of 4e5. The most intense precursor ions were selected for subsequent
fragmentation at Top Speed within a 3 seconds duty cycle. A resolution of 30000 (200
m/z) and a maximum injection time of 125 ms were found to be ideal for MS/MS.
The AGC target for the MS/MS was set to 1e5. When HCD was used, 35% collision
energy (CE) was applied; in the case of EThcD, 40% supplemental activation (SA)
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was selected and when ETD was used 10% SA was applied. Additionally, charge
triggered MS/MS, instead of intensity triggered, was tested for the EThcD charge
method.

Data analysis
The RAW files were processed by using Proteome Discoverer, and the spectra were
searched against the UniProt human database. Database searching was performed
with Sequest HT and Mascot, and the results were filtered using Percolator41,42 to a
peptide and protein FDR < 1%. A detailed description of the data analysis can be
found in the supporting information.
The mass spectrometry proteomics data have been deposited to the
ProteomeXchange Consortium via the PRIDE43 partner repository with the dataset
identifier PXD004910, with the following account details:
Username: reviewer09480@ebi.ac.uk
Password: xWhaEOKh

Results and Discussion
Evaluation of enzymatic digestion approaches for the generation
of middle-range sized peptides
This study was aimed at providing an objective and comprehensive evaluation
of the optimization steps required for the generation and analysis by LC-MS/MS
of middle-range sized peptides (Figure S-1). We first set out to generate peptide
digests of cell lysates, which in principle could yield higher numbers of middlerange sized peptides. Proteases that target single residues such as Asp-N, Glu-C and
Lys-C, are thought to produce peptides with distinct peptide length distributions
compared to trypsin.27,44–46 In our initial experiments, we tested Asp-N and Glu-C
and digested a HeLa lysate, while a previously published trypsin data set was used
as a reference.47 Noteworthy, the median Mw of all identified peptides was found
to be around 1.9 kDa for Glu-C and Asp-N, an increase of about 25% compared to
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1.5 kDa median Mw for trypsin (Figure S-2, Table S-1). Although this increase in
median Mw is significant, ideally we would generate for middle-down proteomics
peptides with a median Mw > 3 kDa, and thus, the results obtained were found
to be sub-optimal. Therefore, we also set out to explore other means to generate
peptides from proteins, using a non-enzymatic digestion.

Testing a non-enzymatic digestion for the generation of middlerange sized peptides
Chemical cleavage methods have been used as an alternative to enzymatic proteolysis
to generate peptides from proteins.35 In acid-induced chemical digestion, proteins
are incubated at high temperatures in formic acid (FA) diluted solutions.36,49 Diluted
FA was reported to cleave proteins mainly at the C-termini of aspartic acid (D).36 We
hypothesized that due to this specificity, FA-induced digestion would potentially
yield peptides of middle-sized length.35 To our knowledge, acid-induced chemical
digestion has not been generally explored in full complex proteome analysis.50
Interestingly, the median Mw of all identified peptides in the FA induced digestion
was similar to Asp-N and Glu-C. In addition, the frequency of occurrence of missed
cleaved peptides was on par with that for the Glu-C digest datasets (Figure S-2).

Adapting clean-up and chromatographic conditions to maximize
the retention and separation of middle-range sized peptides

4

Once a considerable population of middle-range sized peptides is generated, it is
crucial to avoid their loss in the subsequent steps of the proteomics workflow. The
in silico Mw distributions generated based on the Asp-N and Glu-C specificities
are 2.39 and 2.37 kDa, respectively. We analyzed experimental data obtained from
previous in-depth proteomics studies generated by Asp-N and Glu-C and a much
lower average Mw value was found.52,53 We thus hypothesized that this discrepancy
can be caused by losses of middle-range sized peptides which can be due to suboptimal separation chemistry being used for sample clean-up, pre-fractionation
and/or for the choice of unfavorable LC conditions. We thus optimized a range
of steps in the proteomics workflow (Figure S-1), prior to MS detection, which
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were aimed to minimize the losses of middle-range sized peptides. When dealing
with these peptides one of the main aspects to consider is their ability of being
adsorbed (mass transfer) and efficiently separated by the porous particles used in
the employed chromatographic techniques. A poor choice of pore size will thus
result in inadequate retention and loss of resolution. Conventionally particles with
80-120 Å pore sizes are used for the separation of tryptic peptides. However, a
more appropriate pore size for the separation of middle-range sized peptides is 300
Å, as has been previously reported.54 We therefore decided to test the latter pore
size material for peptide desalting with solid-phase extraction (SPE) columns, prefractionation and reversed phase chromatography.

Strong Cation Exchange as a selective pre-fractionation mode for
middle-range sized peptides
For in depth proteomics studies, typically one or more fractionation steps are included
to decrease sample complexity and boost the number of identifications.53,55–57 When
evaluating options for multidimensional separation schemes used in proteomics
approaches, we prioritized binding and separation of longer peptides with high
frequency of basic residues in order to match our digested peptide populations.
We, thus, hypothesized that SCX at low pH (typically ~3) could be appropriate as
a fractionation technique. As initially hypothesized, we found a good correlation
between the charge and the Mw of the peptides generated by the alternative
digestions (Figure S-3a). Interestingly, for middle-down proteomics approaches,
the above-described correlation can be exploited by selecting the appropriate
fractions containing peptides of higher Mw.

Optimizing the pore size for the separation of middle-range sized
peptides
We first set up a side-by-side comparison between the conventional RP C18
material and the 300 Å pore size material, using the same stationary phase
chemistry in order to test if the difference in pore size generates a bias against
higher Mw peptides. For the comparison, the same amount of Asp-N SCX fractions
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was injected and identical MS/MS settings were used. We monitored the achieved
peak capacity, retention of middle-range sized peptides, the attainable back
pressure (see Supporting information), the overall retention times and the total
number of identifications (Figure S-4a). Only a modest decrease in the overall peak
capacity (about 8%) was observed using the 300 Å pore size column. However,
when focusing on peptides with Mw > 4 kDa, improved peak widths and increased
area under the curves (AUCs) were generally observed (Figure S-4b), ratifying the
choice of the 300 Å pore size column for these peptides. The 300 Å pore size column
marginally outperformed the conventional RP C18 column in terms of number
of identified proteins (4895 vs 4722) and peptides (34307 vs 32907). Focusing on
peptides identified exclusively with each of the columns, the better performance
of the larger pore size material for middle-sized peptides became clearly visible
(Figure S-3b). The 300 Å pore size column retained and eluted more efficiently
peptides with Mw > 1.5 kDa, confirming our hypothesis that conventional pore
size materials typically used for the separation of tryptic peptides negatively affects
the retention and separation of middle-range sized peptides.

Tuning MS settings for improving the detection of middle-range
sized peptides

4

Next, we evaluated several combinations of MS settings, which we thought could
be optimized for the detection of middle-range sized peptides. We used the highfield Orbitrap analyzer, which enables higher resolution compared to the previous
Orbitrap version at the same transient length which is advantageous for the analysis
of larger peptides.58 We evaluated the effects of resolution settings, for both MS
and MS/MS scans, on the total number of peptide identifications, particularly
the identification success rate of middle-range sized peptides and instrument
duty cycle. For this comparison, several Asp-N SCX fractions, containing pools
of peptides with distinct charge states, were chosen. We evaluated three methods
varying the resolution at both the MS and MS/MS level (Table S-3). By increasing
the resolution for MS/MS scans, we obtained a higher number of unique peptides,
higher spectral quality (higher XCorr medians), and more middle-range sized
peptides for any of the analyzed peptide population (Table S-3, top). Applying
higher resolution for MS scans only resulted in a lower number of identified
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unique peptides, largely due to the lower duty cycle (Table S-3, bottom). Thus,
our experiments showed that the chosen higher resolution setting in the MS/MS
mode is essential to correctly measure the isotope spacing associated with each ion
fragment, improving the identification rates of especially highly charged, longer
peptides. Furthermore, we opted to evaluate the effect of longer MS/MS injection
times to increase the number of detectable ion fragments and therefore improve
peptide sequence coverage. We tested 3 maximum injection times ranging from
75 (typical value for shotgun experiments) to 125 ms with the latter allowing us
to increase the sequence fragmentation coverage from 88% to 91% and almost no
consequences on the number of unique peptides identified (Table S-4). Optimized
method parameters can be found in Table S-5.

Exploring the benefits of multiple fragmentation methods for the
detection of middle-range sized peptides
We evaluated the performance of a number of fragmentation methods in identifying
middle-range sized peptides from the Asp-N, Glu-C and FA HeLa digests (Figure
1). In each of these analyses, HCD fragmentation gave the highest number of
unique peptides identified, which is an inherent effect due to its shorter duty cycle
(twice as many MS/MS scans) compared to ETD and EThcD (Table S-1). However,
EThcD showed superior success rates, defined as the number of PSMs divided
by the total number of MS/MS acquired. The EThcD success rate was above 55%
for both Asp-N and Glu-C, while ETD and HCD success rates were considerably
lower, about 36%. Higher score distributions were also obtained for EThcD across
the entire Mw range (Figure 1).
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Figure 1. Performance of the fragmentation techniques (ETD, EThcD and HCD) with respect to
peptide Mw in each of the 3 applied digestion protocols. The comparison is based on the number of
identified unique peptides as well as on the quality of spectra represented by their XCorr distribution
(box plots).

We further calculated the peptide sequence coverages for each digestion method
achieved with all the fragmentation methods (Figure 2). The median peptide
sequence fragmentation coverage of HCD was 65%, followed by ETD with 82%
of coverage. EThcD displayed medians of sequence fragmentation coverage of
95%. This is partly due to the contribution of multiple ion series (c/z and b/y),10
advantageous especially for middle-range sized peptides because they enable
unambiguous sequence determination and multiple PTMs identification and site
localization.59,60 We focused again on distinct Mw sub-classes, peptides displaying
a Mw < 2.5 kDa, peptides with 2.5 < Mw < 4 kDa, and the latter classification
contains peptides with Mw > 4 kDa (Figure S-5b, c and d, respectively). Strikingly,
for peptides identified at Mw > 4 kDa, the median peptide sequence coverage
obtained by EThcD was constantly around 90%, confirming its unique potential
for middle-down proteomics.
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Figure 2. Peptide sequence fragmentation coverage obtained by each fragmentation
method in the 3 applied digestion schemes. The median peptide sequence fragmentation
coverage was calculated and represented taking into consideration all the SCX fractions for
each digestion scheme.

Next to the peptide sequence coverage obtained by a single fragmentation method,
we specifically looked at the performance of each sequencing technique in terms
of number of unique peptides identified and XCorr distribution with respect to
charge (z) and Mw ranges. (Figure 3 and Figure S-6-7). The score distributions and
therefore the quality of the EThcD spectra are superior in all the studied ranges,
while they yielded more identified peptides for the higher charge states (z 5 to 7).
Interestingly, EThcD outperformed the other techniques also for lower charged
peptides (z 2 to 4). The potential of ETD for the identification of peptides with
Mw < 3 kDa, especially for highly charged peptides (z ≥ +5), is clear even though
the quality of the spectra is lower than with EThcD fragmentation. Additionally, as
expected, the power of HCD for highly charged peptides is diminished compared
to +2 and +3 charge states.
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Figure 3. Performance of the peptide fragmentation techniques ETD, EThcD and HCD
for peptides with respect to their Mw and charge states (z). Combined data from Asp-N,
Glu-C and FA HeLa digests whereby the fragmentation parameters for ETD, EThcD and
HCD were optimized. The number of identifications as well as the XCorr distribution (as a
measure for spectra quality) are categorized by their z and Mw ranges.
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During data dependent MS/MS triggering, the abundance of low mass peptides
in the mixture can obscure the precursor selection and thus fragmentation of
middle-range sized peptides.62 We showed the correlation between charge state of
peptides and their Mw (Figure S-3a) and reasoned that triggering MS/MS based
on the highest charge state peptides present in the MS scan would further favor the
detection of middle-range sized peptides. We evaluated the performance of this
method compared to the usual intensity-based method with Asp-N SCX fractions.
Indeed, not only did the peptide Mw median increase by 0.13 kDa by using the
charge dependent MS/MS but also we could increase the number of total identified
peptides (Figure S-8).
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We also evaluated the success rate for each fragmentation technique with respect
to Mw of peptide (Figure 4). The analysis confirmed the greater performance
of EThcD for middle-down range peptides and of ETD especially for Mw > 6
kDa. However, despite these improved performances for longer peptides, the
identification rates seem to drastically decrease at Mw > 4 kDa. One major cause
of the decline in efficiency of identification for larger peptides has been related to
the need of an increasing ion population required to maintain signal to noise for
the generated fragment ion species.61 The data suggests our workflow is allowing
the transmission of a considerable number of middle range peptides but MS/MS
efficiency is found to limit identification rates.
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Figure 4. Ions selected for MS/MS fragmentation matched to PSMs binned by peptide Mw.
The % (in blue) of precursors matched to PSMs is calculated for each Mw bin for all the
different fragmentations after merging all datasets from the different digestions. The data
clearly indicate the superior performance of EThcD at the higher Mw bins.

Effect of isotope deconvolution on Mascot and Sequest for the
identification of middle-range peptides
Triggered by our analysis of success rate with respected to Mw, showing that
a great part of the precursors with Mw > 4 kDa is not readily identified, we
questioned if we could improve the identification of the high Mw precursors (thus
highly charged too) by isotope deconvolution of the MS/MS spectra and use of
alternative search engines. Fragmentation spectra of highly charged and high Mw
precursors potentially contain multiply charged fragment ions, which are often
weighted differently/weaker than singly charged ions by certain search engines.63
We applied the H-Score script to our data,64 searched with the digestion specificity
that was dictated by our observation (summarized above, in Figure 5 for Asp-N
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and similarly in S-9 for the other digestions). We compared the number of unique
peptides identified, XCorr distribution and Mw median for increasing Mw ranges
(Figure 5 for Asp-N, and S-9 for all data, Table S-6). Our analysis showed that
deconvolution of the MS/MS leads to a decrease in XCorr distribution and number
of unique peptides identified, while the median of Mw did not significantly increase.
Most likely the decrease in performance of deconvoluted data is due to the crosscorrelation algorithm used by Sequest which rewards data rich spectra irrespective
of redundancy with respect to fragments present with a range of charge states.65
We thus performed the same comparison, with the well-known, probability-based
search engine Mascot. In this case, we obtained an increase of unique peptides
identified, Mascot score distributions and Mw medians of identified peptides
for all the digestions and fragmentation techniques (Figure 5 for Asp-N, and S-9
for all data, Table S-6). Interestingly, the score distribution was found to be very
similar for all 3 fragmentation schemes, perhaps a product of the probability-based
scoring. This clearly indicates that Mascot benefits of the isotope deconvolution of
multiply charged ions as has been reported previously.63 Nevertheless, the results
were comparable to those obtained with Sequest and no deconvolution.
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Figure 5. Effect of deconvolution on Sequest and Mascot searches for the identification of
Asp-N middle-range peptides. Specific searches were performed by Sequest HT and Mascot
on the Asp-N HeLa digestions data sets for each of the optimized fragmentation methods
(ETD, EThcD and HCD). The number of identifications as well as the XCorr distribution
(as a measure for spectra quality) are categorized by their Mw ranges for deconvoluted and
non deconvoluted spectra searched by Sequest HT and Mascot.
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Conclusions

4

Here, we present a step-by-step tuning of the “standard” bottom-up proteomics
workflow with the aim to improve the generation, separation, detection and
identification of middle-down range peptides. We first show that one of the main
barriers for the development of middle-down proteomics is the generation of the
desired peptides (3.5 kDa < Mw < 10 kDa). A substantial gain in median Mw of the
peptides can be made by using Glu-C and Asp-N instead of trypsin, although the
median Mw then still only reaches ~ 2 kDa. Alternatively, we generated peptides
by formic acid-induced digestion. This approach, which had not yet been explored
at a proteome-wide scale, provides an alternative for creating peptides, on par
in number of achievable peptide and protein identifications with enzyme based
approaches, although it suffers from efficiency/sensitivity issues. Interestingly, the
average Mw of the peptides generated in the FA digest was found to be similar to that
of the Asp-N and Glu-C digests. We next showed that the detection of these longer
peptides could be improved by using an optimized SCX separation method and
columns packed with larger pore size materials. In testing fragmentation methods,
we demonstrate the excellent performance of EThcD for the analysis of middlerange sized peptides, not only presenting the highest identification rate (up to 57%
success rate) but also providing higher peptide sequence coverage (up to 95% peptide
sequence fragmentation coverage) compared to HCD and ETD fragmentations
methods. Furthermore, the Mascot search engine benefited from deconvolution
while Sequest showed a minor negative effect. Nevertheless, we also found that the
number of effectively identified precursors seems to decrease at higher Mw > 4 kDa
across all fragmentation techniques suggesting that the MS/MS sequencing may be
the major limiting factor in our workflow. Cumulatively, the optimizations made
here in peptide generation, separation, detection, fragmentation and identification,
expand the number of unambiguous identifications of especially the middlesize range peptides and therefore, are a major step forward toward an optimized
workflow for middle-down proteomics.
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HCD for z = +2 and z = +3 peptides binned by their different Mw values.
Figure S-7. Performance of the peptide fragmentation techniques ETD, EThcD and
HCD for each digestion data set (Asp-N, Glu-C and FA) binned by their different
Mw values.
Figure S-8. Comparison of the Mw distribution of the identified peptides in
conventional EThcD and EThcD with charge triggered MS/MS.
Figure S-9. Effect of deconvolution on Mascot and Sequest searches for the
identification of middle-range peptides.

Table S-1. Summary of the protein and peptide identifications.
Table S-2. Performance of the FA induced digestion at different incubation times.
Table S-3. Summary of the optimization of the resolution both at the MS and MS/
MS level.
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Table S-4. Summary of the optimization for the injection times.
Table S-5. Summary of the parameters optimized for the different fragmentation
techniques.
Table S-6. Summary of the effect of deconvolution on Mascot and Sequest for the
identification of middle-range peptides
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SUPPLEMENTARY EXPERIMENTAL PROCEDURE
Chemicals and materials
Iodoacetamide was supplied by Sigma-Aldrich (Steinheim, DE). Ammonium
bicarbonate (AMBIC) and dithiothreitol were purchased from Fluka (Buchs, CH),
while urea and formic acid from Merck (Darmstadt, DE). Endoproteinase Asp-N
and Glu-C, PhosSTOP phosphatase inhibitor cocktail tablets and complete mini
EDTA-free cocktail tablets were obtained from Roche Diagnostics (Mannheim,
DE). Bradford protein assay was supplied by Bio-Rad Laboratories (Hercules, CA,
USA). For the fabrication of the trap and analytical columns the following chemicals
were used: acetone and 2-propanol were supplied from Merck (Darmstadt, DE),
and methanol HPLC grade from Biosolve B.V. (Valkenswaard, NL). The packing
materials used were Zorbax SB-C18, 1.8 µm 80 Å and 300 Å pore size and 3.5 µm
300 Å from Agilent (Santa Clara, CA, USA) and ReprosilPur 120 Å C18, 3 µm from
Dr. Maisch GmbH (Ammerbuch, DE). The reversed phase C18 300 Å solid phase
extraction (SPE) columns were purchased from Grace Vydac (Columbia, MD,
USA). The water used in all experiments was obtained from a Milli-Q purification
system (Millipore, Bedford, MA, USA).

Sample preparation
HeLa digests were prepared as described previously:38 prior to digestion the
proteins were reduced (with dithiothreitol) and carbamidomethylated (with
iodoacetamide). The protein concentration was estimated by a Bradford assay and
subsequently the cell lysate was split into three samples of 200 µg for the digestion
by the three applied digestion protocols. For preparing the Asp-N and Glu-C
digests, the protocols reported by Giansanti et al. were used.39

Formic Acid non-enzymatic digestion

4

For the acid induced non-enzymatic digestion, the HeLa lysate was diluted to a
final concentration of 0.1 µg/µl using a solution of formic acid (final concentration
of 2% FA) and incubated at 100 °C. We tested incubation times from 30 min to 4 h,
and studied parameters including cleavage specificity, total peptide identifications,
relative yield of middle-range sized peptides and the unwanted occurrence of
known side reactions (Table S-2).36 The digests were analyzed in single runs and
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the same amount of sample (based on starting material) was injected. As a result
of this evaluation we selected a 1h incubation time due to the generation of a high
number of middle-sized peptides while retaining a high cleavage specificity and
keeping the occurrence of side reactions low (Table S-2). Of note, compared to
enzymatic methods, the acid hydrolysis at any of the tried conditions provided
lower sensitivity. According to literature, this phenomenon has been attributed
to the distribution of peptide products which leads to a decrease in the absolute
quantity of any single peptide due to the lower specificity of the method.35,51 We
cannot rule out this hypothesis, but we also believe that the overall digestion
efficiency may also play an important role for this observed phenomenon, as we
noticed a substantial increase in the signal of the UV trace at the end of the SCX
gradient (see Figure s-3a), likely representing partially digested proteins.

Sample clean-up and pre-fractionation
Following digestion sample clean-up was performed using solid-phase extraction
(SPE) columns; C18 with a 300 Å pore size. Prior to the MS analysis, samples were
fractionated to reduce the complexity by using strong cation exchange (SCX)
chromatography. Briefly, SCX was performed on an Agilent 1100 HPLC system
(Agilent Technologies, Waldbronn, Germany) using a Zorbax BioSCX-Series II
column (50 mm × 0.8 mm, 250 Å 3.5 μm). SCX solvent A consisted of 0.05% formic
acid in 20% acetonitrile, while solvent B was 0.05% formic acid, 0.5 M NaCl in
20% acetonitrile. ~200 μg peptides were dissolved in 10% FA and loaded onto the
SCX column with buffer A. Special attention was given not only to the pore size
of the SCX material, but we also applied a modulated gradient which favors the
separation of highly charged peptides. In this way, the elution window of peptides
with z < +4 is reduced, favoring the separation and collection of higher charged
peptides (Figure s-3a). In more detail the following gradient was used: 0–5 min (0%
B); 5-7 min (0-2% B); 7-15 min (2-3% B); 15-25 min (3-8% B); 25-35 min (8-20%
B); 35-45 min (20-40% B); 45-51 min (40-90% B); 51-55 min (90-90% B); 55-56
min (90-0% B) and 56-100 min (0% B). A total of 50 SCX fractions were collected,
pooled into 11 fractions and dried in a vacuum centrifuge.

LC-MS and LC-MS/MS set up
Nano-UHPLC-MS/MS was performed on an Agilent 1290 Infinity System (Agilent
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Technologies, Waldbronn, DE) connected to an Orbitrap Fusion (Thermo Fisher
Scientific, San Jose, CA). Fused-silica capillary analytical and trap columns were
prepared as previously described.40 The UHPLC was equipped with a double frit
trapping column and a single frit analytical column. A ReprosilPur C18 (3 µm
particles, 120 Å pore size 2 cm x 100 µm) was used as a trap column, and Zorbax
SB-C18 (1.8 µm particles 80 Å 40 cm x 50 µm) for the analytical column. For the 300
Å pore size set up the used materials were: Zorbax SB-C18 (3.5 µm particles, 300 Å
pore size, 2 cm x 100 µm) for the trap, and Zorbax SB-C18 (1.8 µm particles 300 Å
40 cm x 50 µm) for the analytical column. The column, in both cases, was directly
connected to an in-house pulled and gold-coated fused silica needle (with a 5 µm
o.d. tip). In both systems the generated back pressure was comparable, although the
conventional RP C18 material blocked several times when middle-sized peptides
were analyzed, likely due to poor mass transfer and precipitation. A voltage of 2.0
kV was applied to the needle and the ion transfer tube temperature was increased
to 275 degrees. The survey scan range was from 350 to 1500 m/z at a resolution of
60000 (200 m/z) with an AGC target of 4e5. The most intense precursor ions were
selected for subsequent fragmentation at Top Speed within a 3 seconds duty cycle.
A resolution of 30000 (200 m/z) and a maximum injection time of 125 ms were
found to be ideal for MS/MS. The AGC target for the MS/MS was set to 1e5. When
HCD was used 35% collision energy (CE) was applied, in the case of EThcD 40%
supplemental activation (SA) was selected and when ETD was used 10% SA was
applied. Additionally charge triggered MS/MS, instead of intensity triggered, was
tested for the EThcD charge method.

Data analysis

4

The RAW files were processed using Proteome Discoverer (PD, version 2.1,
Thermo Scientific, Bremen, DE) and the spectra were searched against the UniProt
human database (version 2015_04). Searching was was performed using Sequest
HT and the following parameters were used: unspecific searches with cysteine
carbamidomethylation as fixed modification and oxidation of methionine as
dynamic modifications. In the case of the FA induced digestion two additional
dynamic modifications were included: formylation of the N-terminus and the
conversion from Glutamate to pyro-Glutamate. Specific searches were performed
by Sequest HT and Mascot (version 2.5.1, Matrix Science, London, UK) using the
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same modifications. Peptide tolerance was set to 10 ppm and MS/MS tolerance
was set to 0.05 Da. The results were filtered using Percolator41,42 to a peptide and
protein FDR < 1%. We further only accepted peptides with an Xcorr of at least 2.
We performed an in-silico digest for the overall population of observed peptides
for each enzyme, taking missed cleavages into account. The median of the peptide
masses was then calculated in R.65 The parameters used to perform the in-silico
digestion were: Glu-C cleavage C-terminal of E with maximum 2 missed cleavages.
Asp-N cleaves N-terminally of DE and maximum 4 missed cleavages were allowed.
Peptide sequence fragment coverage was calculated using in-house developed
scripts. Theoretical ion series were calculated for each fragmentation method (b
and y for CID and HCD, c and z for ETD and b, y, c and z for EThcD). Matching
was performed with a tolerance of 0.05 Da, for peaks with intensities higher than
5% of the base peak. The global fragmentation coverage was calculated based on all
possible fragments, disregarding the exact breakage positions. The H-score script
was used to deconvolute the mgf files exported from PD.63

4
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Supplementary Figures
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Database search
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Figure S-1. Detailed experimental flow chart of the tested parameters in order to create an
optimized workflow for middle-down proteomics.
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Figure S-2. Cleavage specificity and number of missed cleavages observed in trypsin, Asp-N,
Glu-C and formic acid HeLa lysate digests. The cleavage specificity, displayed by relative
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frequency of occurrence, is depicted at the C-terminal (P6 to P1) and N-terminal (P1’ to
P6’) end of the cleavage site. Asp-N showed a high cleavage specificity for the N-termini
side of Aspartate (D) residues (72%) and lower cleavage frequency at the N-termini side of
Glutamate (E) (15 %). At a pH of approx. 8 and in ammonium bicarbonate buffer Glu-C
mainly cleaves at the C-terminal side of Glutamate (E) residues (72%). The inset in each
panel displays the proportion of missed cleavages and the median Mw of all identified
peptides.
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Figure S-3. Performance of the optimized
SCX separation and the effect of the material
pore size for the analysis of middle-range
sized peptides.
The UV traces (arbitrary unit) detected
in the SCX separations of the, from top to
bottom, Asp-N, Glu-C and FA digestions,
together with the in solution charge state
distribution of peptides identified in the
SCX fractions. The correlation between the
charge state and the median of the molecular
weight for the different SCX fractions is also
represented, using the secondary y-axis of
the graphs.
Peptide Mw distribution observed by using
the conventional (80 Å) and the larger pore
size (300 Å) materials for the columns in
the UHPLC system. Eleven SCX Asp-N
fractions were analyzed and the median Mw
in these fractions was calculated using the
uniquely identified peptides.
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Figure S-4. Performance of the 80 and 300 Å pore size material in RP chromatography.
Chromatograms obtained by injecting the same amount of starting material (late SCX
fraction of the Asp-N digest) analyzed on the 80 Å (upper panel, blue line) and the 300 Å
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Figure S-5. Peptide sequence fragmentation coverage obtained by each fragmentation
method in the three applied digestion schemes. The median peptide sequence fragmentation coverage was calculated and represented taking into consideration a) the whole dataset, b) peptides with 0 < Mw < 2.5 kDa, c) peptides with 2.5 < Mw < 4 kDa and d) peptides
with Mw > 4 kDa.
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Figure S-6. Performance of the peptide fragmentation techniques ETD, EThcD and HCD
for z = +2 and z = +3 peptides binned by their different Mw values. Combined data from
Asp-N, Glu-C and FA induced HeLa digestions analyzed under the same LC settings,
with optimized fragmentation parameters for ETD, EThcD and HCD. The number of
identifications as well as the XCorr distribution (as a measure for spectra quality) are
categorized by their z and Mw ranges.
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Figure S-7. Performance of the peptide fragmentation techniques ETD, EThcD and HCD
for each digestion data set (Asp-N, Glu-C and FA) binned by their different Mw values.
Data from Asp-N (a), Glu-C (b) and FA (c) induced HeLa digestions analyzed under the
same LC settings, with optimized fragmentation parameters for ETD, EThcD and HCD.
The number of identifications as well as the XCorr distribution (as a measure for spectra
quality) are categorized by their z and Mw ranges.
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Figure S-8. Comparison of the Mw distribution of the identified peptides in conventional
EThcD and EThcD with charge triggered MS/MS. Frequency distribution of the Mw of the
identified peptides by EThcD (purple) and EThcD with charge triggered MS/MS (green)
when the eleven Asp-N SCX fractions are analyzed using identical experimental conditions.
The median of the Mw is represented by dashed lines.
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Figure S-9. Effect of deconvolution on Sequest and Mascot searches for the identification
of middle-range peptides. Specific searches were performed by Sequest HT and Mascot
on Glu-C (a) and FA (b) induced HeLa digestions data sets for each of the optimized
fragmentation methods (ETD, EThcD and HCD). The number of identifications as well as
the XCorr distribution (as a measure for spectra quality) are categorized by their Mw ranges
for deconvoluted and non deconvoluted spectra search by Sequest HT and Mascot.
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Table legend
Table S-1. Summary of the protein and peptide identifications obtained for the Asp-N,
Glu-C and FA initiated digest using the three different fragmentation modes (EThcD, HCD
and ETD). The identifications rate (Id rate) and the median Mw are also depicted.

Table S-2. Performance of the FA induced digestion at different incubation times. The table
depicts also the percentage of observed cleavages at the C-terminus of D, the number of
identified unique peptides, the median Mw of all detected peptides and the percentage of
the unwanted side reactions observed.
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Table S-3. Summary of the optimization of the resolution both at the MS and
MSMS level, including the number of identifications, quality of the spectra and
median Mw of SCX fractions containing peptides of different charge states.

Table S-4. Summary of the optimization for the injection times, including the number of
identifications, quality of the spectra and the median peptide sequence coverage.

Table S-5. Summary of the parameters optimized for the different fragmentation techniques.

4

Table S-6. Summary of the effect of deconvolution on Mascot and Sequest for the
identification of middle-range peptides. Specific searches were performed by Sequest
on non deconvoluted (a) and on deconvoluted spectra (b) as well as by Mascot on non
deconvoluted (c) and on deconvoluted spectra (d). The number of peptides and proteins
and summarized as well as the identifications rate (Id rate) and the median Mw and Score
(XCorr and Ion Score, respectively).
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Summary
The major aim of the work presented in this thesis was to generate personalized
proteomics profiles by improving the chromatographic aspects of the proteomic
experiment.

In the first chapter an overview of proteomics is given and several practical aspects of
a proteomic workflow are highlighted. An important aspect is the high complexity
and the intrinsic dynamic range of the samples analyzed in proteomics. In order to
reduce this complexity and perform a comprehensive study a separation strategy
(involving one or more separation steps) is required. A detailed description of
reversed phase chromatography is given in this chapter as is the most widely used
chromatographic methodology in proteomics. Furthermore, an overview of mass
spectrometers is given which includes details of both ionization sources and mass
analyzers. Protein quantification is also described as in chapter 3 a quantitative
proteomics workflow was applied. A separate section for intestinal stem cell
biology describes the characteristics of adult stem cells, in general, and of intestinal
stem cells, in particular. The impact of the identification of intestinal stem cells
is also addressed and how this led to the development of organoids. Moreover,
applications of organoids to investigate disease, colorectal cancer in this case, is
further explored.

In the second chapter we aimed to build an in-house ultra-high pressure liquid
chromatography system with a high separation efficiency and resolution. An easy to
implement design was constructed. Particles with small diameter (1.8 µm) were used
in the stationary phase with the aim of obtaining an increased efficiency compared
to conventionally used 3 µm particles. Thanks to advancements in HPLC system
design, particularly with respect to generating and maintaining pressures, we were
able to implement columns containing smaller particles (1.8 µm) in dimensions of
50 µm x 40 cm. Several flow rates were studied and gradients ranging from 23 to
458 minutes were optimized. The level of performance of this system was tested
by coupling it to an Orbitrap Velos achieving over 4500 proteins with the longest
analysis time. Furthermore, a mass spectrometer with faster sequencing speed was
164

5

used (TripleTOF) which enables us to identify over 1400 proteins in a 23-minute
gradient.

In the third chapter we performed personalized proteome profiles of healthy and
tumor human colon organoids. Peptides were extracted from the organoid samples
and dimethyl labeled in order to obtain quantitative information. The optimized
reversed phase chromatography described in chapter 2 was used here after SCX
prefractionation, to perform a comprehensive proteomics study. Furthermore, two
state-of-the art mass spectrometers were used which allowed us to perform optimal
peptide sequencing for each SCX fraction. Proteins extracted from organoids grown
from seven patients were analyzed and the data was combined with transcriptomics
data. Although generic features of colorectal cancer could be obtained across all the
patients, our data clearly revealed that each patient possesses a distinct organoid
signature at the proteomic level.

Key to a comprehensive proteomics study is knowing how PTMs are interconnected,
it is important to get an insight into the specific proteoforms present. This is a problem
in bottom-up shotgun proteomics approaches since this interconnectedness is
removed by the proteolysis step and the generation of peptides. Sadly, it is currently
suboptimal to perform full protein sequencing (top down) in a high-throughput
manner. A compromise is found in middle-down proteomics, which tries to
sequence larger peptides (ideally above 3 kDa) in a shotgun-type experiment. In
the fourth chapter we set out to optimize a workflow for the emerging technology
of middle-down proteomics. Starting from the sample preparation to the state-ofthe-art chromatographic separations and alternative MS fragmentation techniques
for the identification of larger peptides are covered. The improvements made to
the workflow clearly boost the detection and sequence coverage of middle-range
peptides making a step forward towards the identification of specific proteoforms.
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Samenvatting
Het hoofddoel van het hier gepresenteerde werk is het genereren van
gepersonaliseerde profielen op basis van eiwitonderzoek, in het bijzonder door het
verbeteren van de chromatografische aspecten van de experimentele methoden.
In het eerste hoofdstuk wordt een overzicht gegeven van het onderzoek naar de
eiwitinhoud in (biologische) specimen (verder hieronder proteomics genoemd),
en een aantal praktische aspecten van de proteomics methode worden nader
belicht. Een belangrijk probleem is de hoge complexiteit en het de kwantitatieve
variatie van eiwit die worden aangetroffen in biologische monsters. Om deze
complexiteit te reduceren en een zo compleet mogelijke studie uit te voeren, worden
chromatografische methodes gebruikt voor de scheiding van het materiaal. In dit
hoofdstuk wordt omgekeerde-fase chromatografie beschreven, als een van de meest
voorkomende methodes in proteomics. Daarnaast wordt een overzicht gegeven
van de massaspectrometers, met de ionen-bronnen en massa-analysatoren. De
kwantificatie van eiwitten wordt ook beschreven als voorbereiding op hoofdstuk
3 waar deze techniek wordt gebruikt. Het biologische aspect van stamcellen van
de darm wordt besproken, met het ontdekken van de stamcellen, en hoe dit leidde
tot het ontwikkelen van de micro-organen in het laboratorium, de zogenaamde
organoïden. De toepassing van deze organoïden in het onderzoek naar ziekte, in dit
geval colorectale kanker, wordt beschreven.
In het tweede hoofdstuk wordt een door ons ontwikkeld ultrahogedruk vloeibarechromatografiesysteem met een hoge scheidingsefficiëntie en een hoog oplossend
vermogen beschreven. Niettegenstaande deze positieve eigenschappen is het
ontwerp eenvoudig en is de methode makkelijk uit te voeren. Een hogere efficiëntie
wordt bereikt door het gebruik van korrels met een kleine diameter (1.8 µm) in de
stationaire fase, vergeleken bij de conventionele korreltjes met een diameter van 3
µm. Dankzij innovaties op het gebied van op het gebied van het maken en stabiliseren
van de druk in ultrahogedruk vloeibare-chromatografiesystemen (UHPLC), waren
we in staat 1.8 µm korrels in scheidingskolommen van 50 µm x 40 cm te gebruiken.
Verschillende stroomsnelheden werden getest en oplosmiddelgradiënten tussen de
23 en 458 minuten werden geoptimaliseerd. De prestaties werden getest door de
kolom te koppelen aan een Orbitrap Velos massaspectrometer, waarbij meer dan
4500 eiwitten konden worden geïdentificeerd bij de langste analysetijd. Daarnaast
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werd een massaspectrometer met een hogere identificatiefrequentie (TripleTOF)
getest, waarbij bleek dat met een gradiënt van slechts 23 minuten alsnog meer dan
1400 eiwitten konden worden geïdentificeerd.
In het derde hoofdstuk keken we naar de persoonlijke eiwitprofielen op basis
van verscheidene organoïden, die waren gekweekt uit gezond en tumorweefsel
van dezelfde patiënt. Eiwitfragmenten werden geëxtraheerd uit de organoïden
en gelabeld met behulp van op basis van stabiele isotopen verzwaarde dimethyl
groepen, om relatieve kwantificatie te kunnen toepassen. De geoptimaliseerde
omgekeerde-fase chromatografie, zoals beschreven in hoofdstuk 2, wordt hier
gebruikt na fractionering met een sterke kationenwisselaar (SCX). Daarenboven
werd selectief gebruik gemaakt van twee zeer moderne massaspectrometers,
waardoor we een optimale methode voor het bepalen van de aminozuurvolgorde
konden toepassen voor elke SCX-fractie. Eiwitten afkomstig van organoïden
van verschillende patiënten werden geanalyseerd, en de resultaten werden
gecombineerd met expressiewaarden van het RNA uit deze organoïden. Naast het
globale beeld van kanker-gerelateerde eiwitten in alle patiënten, kwamen er ook
duidelijke patiënt-specifieke eiwitprofielen aan het licht.
De sleutel tot een alomvattende eiwitstudie is de onderlinge relatie van de
verschillende post-translationele modificaties onderling op verschillende vormen
van het eiwit, de zogenaamde proteovormen. Door de enzymatische klieving
van eiwitten tot peptiden, wat de basis is van peptide-gebaseerde niet-gerichte
proteomics (bottom-up shotgun proteomics) wordt deze relatie verbroken en kan
niet meer worden herleid. Helaas is het momenteel niet goed mogelijk om van
hele eiwitten de sequentie te bepalen (top-down proteomics) op alle eiwitten in
het monster. Daarvoor is een compromis ontwikkeld, dat probeert de lengte van
de geïdentificeerde peptiden zo groot mogelijk te houden, bij voorkeur groter
dan 3 kDa, in een niet-gericht experiment. In het vierde hoofdstuk beschrijven
we een geoptimaliseerde methode voor deze opkomende technologie van “middle
down proteomics”. Het hele proces, vanaf het prepareren van het monster, de
moderne chromatografische scheiding, en alternatieve fragmentatiemethodes
voor de identificatie van de sequentie worden behandeld. De verbeteringen
van de methodologie geven een duidelijke verbetering van detectiegraad en
sequentiedekkingsgraad van de middengrote peptides. Deze technieken zijn een
belangrijke stap voorwaarts naar de identificatie van de specifieke proteovormen.
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Future outlook
Mass spectrometry-based proteomics has progressed tremendously over the years.1,2
Two systems have turned out to be crucial for in-depth proteome characterization:
the chromatography setup preceding online peptide analysis and the mass
spectrometers themselves. Regarding the separation step, new developments in
HPLC pumps, chromatographic supports and separation strategies have been
explored. Pumps capable of generating high pressure and LC systems capable
of handling those pressures have been developed.3,4 These systems significanlty
increased the performance of liquid chromatography as the use of smaller particles
became feasible, which directly increases the efficiency of the separation.5,6
Stationary phases with distinct pore sizes and chemistries have opened up a broad
diversity of possibilities for peptide separation.7,8 The use of multidimensinal
separations to address the complexity of proteomic samples has also been explored
and improved during the last years.9,10 Even though these developments improved
the ability to separate complex mixtures of peptides, improvements at the MS
instrumentation level deserves special praise.1 There has been a rapid advance in
resolving power, mass accuracy, sensitivity and scan rate of mass spectrometers.11
Thanks to the achievable high mass resolution coeluting peptides of similar mass are
readily distinguished, which is a precondition for their accurate quantification.12,13
In addition, hybrid mass analyzers have been introduced which have significantly
improved proteomic analysis.14,15
Therefore, LC and MS have matured immensely through cumulative technological
advances in instrumentation which have positioned mass spectrometry-based
proteomics in an outstanding position facilitating the routine characterization of
proteomes16 and making proteomics an indispensable tool for systems biology.17–20
Systems biology has largely been explored by genomic methods such as microarrays
and next generation sequencing (NGS).21 Recent advances in NGS techniques,
including whole genome sequencing and total RNA sequencing allow for the
generation of near-complete inventories of genetic variation in a system and its
transcribed repertoire.22 These techniques are extremely powerful and allow routine
large-scale studies. However, they are not sufficient to understand the complexity
of biological systems and by their nature cannot directly interrogate the proteome.
Several studies have shown the poor correlation between mRNA and protein levels,
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making quantitative mRNA insufficient to predict protein expression levels.23–26
This poor correlation can be attributed to regulatory processes such as posttranslational modifications and protein degradation regulation.27,28 Subsequently,
proteomic studies ideally complement genomic and transcriptomic analysis, and
allow a more comprehensive understanding of biological systems.
Currently studies integrating multi-omics approaches are becoming popular,26,29,30
particularly in the study of disease processes.31–33 The immense complexity of
molecular and cellular processes hampers the identification and interpretation of
the molecular causes of disease. Therefore, in this perspective bringing together
information from various biological scales should provide added insight into the
fundamental mechanisms underlying physiology, development and the emergence
of disease. One of the major challenges in multi-omics approaches is the integration
of data from different origins. A huge amount of data is generated by the different
techniques and the integrations is a complex procedure that is still a challenge even
though great effort has been done during the last decade.34–36
Proteomics research propels basic research as discussed above; however, currently
proteomics holds great potential for personalized medicine. Personalized medicine
promises to offer the right treatment for the right patient at the right time.37
Personalized medicine is rooted in the hy pothesis that diseases are heterogeneous,
from their causes to rates of progression to their response to drugs. Each person’s
disease might be unique and therefore that person needs to be treated as an
individual.38 The link between an individual’s molecular and clinical profiles is
provided by personalized medicine, allowing physicians to make the right patientcare decisions. Safer and more effective treatment of disease, reduced detrimental
side effects together with increased efficiency and productivity of pharmaceutical
industries are some of the benefits of this way of understanding medicine. However,
many challenges need to be addressed for the realization of personalized medicine,
such as well-characterized patient populations, a detailed understanding of the
biological pathways of disease and sophisticated computational methodologies
among others. A well-characterized patient population might now be feasible thanks
to the introduction of a novel and promising preclinical model, the organoids.39
Organoids are ever-expanding three-dimensional epithelial structures with all the
hallmarks of in vivo epithelial tissue described in detail in this thesis and already
169

5

applied in several studies.40–45 The feasibility of organoids for high-throughput drug
screening and the possibility of using patient-derived organoids for personalized
therapy design has been demonstrated.42 These organoids provide a potentially
unlimited supply of well-characterized patient material, circumventing some of the
limitations of current models (i.e. lack of genetically stable cell lines and need of
extensive colonies of animals). Proteomics have already contributed to personalized
medicine,46–48 and multi-omics approaches, previously discussed, are also of special
interested in personalized medicine.49,50
In conclusion, future technical developments in chromatography and mass
spectrometry together with appropriate preclinical models will facilitate the
translation of bench research into the clinic and become an excellent approach for
personalized proteomics studies. Organoid technology will play an important role
in personalized proteomics and the integration with multi-omic approaches will
be particularly relevant in cancer research. New proteomics workflows including
the use of alternative digestion protocols and multiple fragmentation techniques
will allow a deeper proteome coverage. This deeper coverage will facilitate the
identification of the specific proteoforms present in the samples, which is of special
interest for personalized proteomics.
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usted en castellano o en inglés por los problemas que tenemos para entendernos
en nuestra lengua maternal… :D Ha sido un placer coincidir con usted en esta
etapa de mi vida y muchas gracias por todos los consejos, el hecho de que piense
todo tanto a veces tiene su lado bueno ;) Y de un tico a otro tico, JuanMa! Un gusto
haberte conocido aunque en tu caso haya sido al final de esta etapa, pero bueno,
todavía nos queda un tiempo en este país. Anna Ressa, it was really nice meeting
you and discussing with you the frustration that was sometimes appearing during
these years and how to overcome it (shall we dance?)!
Nadine, I also spent most of my PhD having you in the lab, it was always so easy
to go and talk to you, and I also had a great time going horseback riding together!
Thanks for the nice and funny moments together. Renske, we also shared the passion for horses and had nice time together during these last years. I wish you all
the best in this new exciting chapter of your life! Teck, I really learned a lot talking
to you about all that biology knowledge that I’m lacking, thanks for your patience!
Gianluquino, so sad not to hear your ‘a verrrr’ when you see me. Kyle, thanks for
all the nice movie nights! Liana, I really enjoyed our conversations and I’m happy
for the lovely daughter Wim and you have! Lucrèce, it was great getting to know
you, spending time together, having nice dinners, nice macarons, many conversations… I really miss you! But I know your new life in Paris is going more than great,
which makes me really happy :D Violette and Luc, the lovely French couple, we also
shared many great and funny moments together and I’m also aware of how good
is everything going also back in France. And together with these French people, I
can´t forget Nicolas and Clement. Nicolas, we started at a similar time and spent
many hours and days working together in the lab until late and even though it was
tiring we had a nice time together and I’m happy to know that your new life chapter
has started so promisingly. Clementttt, so nice all the time we spent together! We
started getting to know each other in the great Triple TOF team together with Anita
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and from there we spent a lot of time together during the last years. I really enjoy
being your friend both inside and outside the lab. Merci beaucoup! ;)
A special THANKS also goes to my work-husband, Fabiolon! Such a nice experience meeting you and going together through this period, which have had a lot of
funny moments as well as hard moments, when you were always there trying to
motivate me. Thanks a lot! I also miss you a lot, but I know you are enjoying a lot
in that beautiful country, cycling every now and then.
Many thanks to Harm, Arjan, Mirjam, Soenita, Jamila, Luc and Anja, who kept
and keep the lab running so smoothly. I will also take the opportunity to thank my
office mates: Donna, Pepijn, Ele, Matina, Charlotte and GanYin. I would also like
to thank Corine and Geert, who really helped me during these years: Corine, you
are always there willing to help with all the paper work, thanks a lot for your time.
And Geert, we are so lucky to have you! You are always there to fix all the computer
related issues and even if you are not in the office you are still reachable and willing
to help, thanks a lot!
I’m really sorry I didn’t mention all the group members, but as I said at the beginning I really would like to thank you all for all the time and experiences we shared
over these years!
También me gustaría agradecer a mis amigas de siempre (Maialen, Leire, Niso)
que aunque estemos en la distancia siempre encontramos un rato para un Skype y
ponernos al día, una escapada o una visita,… ¡muchas gracias chicas, sois un gran
apoyo! Y Nagore!! ¡Muchísimas gracias por todo el tiempo que me has dedicado con
el formateo de la tesis! Y muchas gracias también a todos mis amigos y conocidos
que se han preocupado por saber cómo me iba el doctorado durante estos años y
me han animado a llegar hasta aquí.
Y por último, pero siendo una de las personas más importantes durante este
doctorado, ¡Aitor! :D Juntos decidimos empezar esta etapa y nuestra vida juntos.
En estos 5 años nos han pasado muchas cosas y sé que aunque dejar Vitoria no
fue nada fácil para ti, ¡juntos lo logramos y estoy muy muy orgullosa de lo que has
conseguido aquí! Muchísimas gracias por aguantarme tanto en los momentos de
super emoción como en los de decepción profunda que he tenido estos años, y por
esa calma que siempre me transmites cuando me estoy agobiando. Eskerrik asko mi
bonito! Y ahora, ¡a por el siguiente capítulo juntos!
							Alba
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