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Summary

Over the last 25 years, mass spectrometry-based proteomics has been established as the
most important technology in proteomics research. It has not only been developed to
identify single proteins, but within the last decade it has also turned quantitative, thereby
allowing comparison of complex protein samples with regard to their protein expression
patterns. This enormous step forward enables researchers to comprehensively investigate

biological processes at the level of the proteome in a global manner.

For my thesis, | applied state-of-the-art quantitative mass spectrometry-based proteomics
to two important biological phenomena, aneuploidy and apoptosis. Both aneuploidy and
apoptosis play a crucial role in cancer development. Aneuploidy, the state of imbalanced
chromosome complement, occurs in most cancer cells. However, its role as potential tumor
promoter is still debated. In contrast, apoptosis, a controlled type of cell death, is blocked in
cancer cells and its evasion represents one of the hallmarks of cancer. Unraveling of
fundamental mechanisms of aneuploidy and apoptosis may lead to new cancer therapies
that specifically target proteins in these biological processes and thereby are more specific

and less prone to side-effects of cancer treatment.

It is of great interest to discover how proteins encoded on the extra chromosomes are
regulated and whether protein levels correlate with transcription levels. In addition, it needs
to be elucidated whether there is a general response in all aneuploid human cells to the
chromosomal imbalance. In my first study, | applied mass spectrometry for the first time to
human aneuploid cell lines and compared proteome data to genome and transcriptome
levels. When focusing on the additional chromosome and corresponding mRNA and protein
levels, | could define a direct correlation between the number of chromosomal copies and
the transcriptome level. On the proteome level, however, clear indications for balancing of
some proteins were observed, especially of proteins which form subunits of
macromolecular complexes. This suggests that the cell possesses mechanisms to balance
proteins for which it is of importance to retain a specific stoichiometry. When investigating
global regulations in aneuploid cells, we observed a general response to aneuploidy in all
different clones. This indicates that cells respond similarly to the aneuploid state,

independent of the number of extra chromosomes, the cell type or the chromosome.



Interestingly, in each clone lysosomal pathways were identified as up-regulated, including
the autophagic pathway. This degradation pathway is responsible for the recycling of
organelles and ubiquitinated proteins. We therefore argue that the autophagic pathway
might serve as a regulatory mechanism in aneuploid cells to cope with the extra amount of

proteins in the cell.

The second study aimed at the identification of molecular changes in apoptotic cells to
provide a global view on the underlying events. Here, | focused on apoptosis induction by
TRAIL, an important extrinsic death ligand that is known to induce apoptosis in cancer cells
without cytotoxic events in normal cells. The main players in apoptosis are proteases, so-
called caspases, which proteolytically cleave proteins to guide the cell through controlled
cell death. For this reason, | focused on the identification of caspase-dependent cleavage
substrates to unravel the response of cells to apoptosis induction. | performed SILAC-based
guantitative mass spectrometry in Jurkat T cells, either TRAIL or mock treated. We
developed an algorithm including sophisticated statistical analysis that extracts potential
cleavage events from a complex mixture. After further verification, | defined a list of close to
700 substrates which are cleaved after TRAIL-induced apoptosis, its so-called “degradome”,
and performed further downstream analyses on these substrates. The data provide a
thorough analysis of TRAIL-induced cleavage events and can be used as a basis for further
investigations on the effect of TRAIL in cancer research. Moreover, the approach developed
here can be applied to any biological topic involving proteolytic cleavage and therefore may

become an important tool in degradome research.



Zusammenfassung

Innerhalb der letzten 25 Jahre hat sich Massenspektrometrie-basierte Proteomik als eine
der wichtigsten Technologien in den Lebenswissenschaften etabliert. Ausgehend von der
Detektion einzelner Proteine ist es heute moglich ganze Proteome nahezu umfassend
quantitativ zu untersuchen. Dieser enorme Fortschritt erlaubt es Wissenschaftlern

biologische Prozesse auf globaler Proteinebene zu erforschen.

Fir meine Doktorarbeit wendete ich modernste quantitative massenspektrometrische
Analyseverfahren (LC-MS/MS) auf zwei wichtige zellbiologische Phanomene an, Aneuploidie
und Apoptose. Beide Prozesse spielen eine entscheidende Rolle in der Entwicklung von
Krebs. So tritt Aneuploidie, ein Zustand unausgewogener Chromosomenanzahlen, in den
meisten Krebszellen auf. Die Funktion als potentieller Tumorinitiator wird jedoch noch
diskutiert. Im Gegensatz dazu ist Apoptose — eine Form des programmierten Zelltods - in
Krebszellen unterdriickt, und ebenfalls ein Markenzeichen vieler Krebsarten. Die
Entschlisselung fundamentaler Wirkungsweisen von Aneuploidie und Apoptose kann somit
zu einem besseren Verstandnis dieser medizinisch wichtigen zelluldren Prozesse beitragen

und kdnnte somit zur Entwicklung neuer Krebstherapien beisteuern.

Eine zentrale Fragestellung ist, wie bei Aneuploidie die Expression von Proteinen reguliert
wird, die auf dem zuséatzlichen Chromosom kodiert sind, und wie sich hierbei Protein- und
Transkriptionslevel zueinander verhalten. Ferner ist es wichtig zu verstehen in wie weit es
eine zellulare Antwort auf den unausgeglichenen Chromosomenzustand gibt. In meinem
ersten Projekt habe ich Massenspektrometrie-basierte Proteomanalysen auf humane
aneuploide  Zelllinien angewendet und konnte so erstmals proteom-weite
Proteinexpressionen quantitativ mit entsprechenden Genom- und Transkriptom-Daten
vergleichen. Es konnte gezeigt werden, dass mRNA Level mit der entsprechenden
Chromosomenanzahl korrelieren. Proteinexpressionslevel hingegen wiesen eindeutige
Regulationsmechanismen fir zahlreiche Proteine auf, insbesondere solche, welche
Untereinheiten von makromolekularen Komplexen bilden. Dies lasst darauf schlieBen, dass
zelluldare Regulationsmechanismen existieren um solche Proteine zu regulieren fir welche
eine spezifische Stochiometrie erforderlich ist. Die Untersuchung globaler Effekte

verdeutlichte (ibereinstimmende generelle Antwortmechanismen in allen untersuchten



aneuploiden Klonen. Folglich reagieren Zellen gleich auf einen aneuploiden Zustand,
unabhdngig von der Anzahl an zusatzlichen Chromosomen, dem Zelltypen oder dem
zusatzlichen Chromosom selbst. Interessanterweise sind in allen Klonen Proteine
lysosomaler Stoffwechselwege in ihrer Expression erhoht, wie unter anderem von
Autophagie. Dieser Abbauweg ist verantwortlich fir das ,Recyceln” von ubiquitinierten
Proteinen und ganzen Organellen. Wir vermuten daher, dass Autophagie in aneuploiden
Zellen als regulatorischer Mechanismus dienen kdnnte, um den Uberschuss an Proteinen

auszugleichen.

Mein zweites Projekt zielte auf die globale Analyse molekularer Verdnderungen in
apoptotischen Zelle ab. Ich fokussierte mich hierbei auf die Aktivierung von Apoptose
mittels TRAIL, einem wichtigen extrinsischen apoptotischen Liganden. Dieser ist dafiir
bekannt, Apoptose in Krebszellen, jedoch nicht in normalen Zellen auszulésen. Im
Mittelpunkt des apoptotischen Zelltods stehen spezielle Cystein Proteasen, so genannte
Caspasen, welche zelluldre Proteine proteolytisch schneiden um hierdurch die Zellen
kontrolliert in den Zelltod zu fihren. Aus diesem Grund fokussierte ich mich auf die
Identifizierung von Proteinen, welche durch Caspasen geschnitten werden um somit die
Zellantwort auf Apoptose-Induktion zu erforschen. Hierzu wendete ich SILAC-basierende
guantitative Massenspektrometrie in Jurkat T Zellen an, welche entweder mit TRAIL oder
einer Kontrolle behandelt wurden. Wir entwickelten einen Algorithmus einschlief3lich
statistischer Analysen welcher potentielle Caspase Substrate aus komplexen
Proteingemischen extrahiert. Die Anwendung dieses Verfahrens fiihrte nach weiteren
Validierungen zu einer Liste von nahezu 700 Substraten, welche nach TRAIL-Zugabe
proteolytisch gespalten wurden — das sogenannten ,Degradom”. Ferner wurden die
Substratproteine hinsichtlich ihrer zelluldaren Funktionen genauer charakterisiert. Die Daten
stellen somit eine proteom-weite Analyse TRAIL-induzierter Caspase Substrate dar und
kdnnen daher als Grundlage fiir weitere Untersuchungen an TRAIL und dessen Rolle in der
Krebsforschung dienen. Zudem kann die in dieser Arbeit entwickelte Methode zur Analyse
proteolytischer Abbaufragmente auf jegliches Thema angewendet werden, welches
proteolytische Spaltung untersucht, und kann deshalb als wichtiges Werkzeug in der

Degradomforschung eingesetzt werden.
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1. INTRODUCTION

1.1. Mass spectrometry-based proteomics

To better understand biological phenomena on a molecular level it is essential to analyze the main
players of cellular functions — the proteins — on a global scale. To fully describe the entire set of
proteins of a specific cell, tissue or organism, termed the ‘proteome’, required tremendous advances
in technology during the last 25 years. Mass spectrometry (MS) has become the central approach for
identifying and quantitatively analyzing proteins and has thereby contributed enormously to
establish proteomics as an independent scientific discipline. Accompanying developments in sample
preparation and separation preceding mass spectrometric analysis - such as isotopic labeling of
proteins or chromatographic improvements to separate highly complex peptide mixtures, but also
tremendous enhancements in the bioinformatics analysis and integration of the huge amount of
data produced by modern mass spectrometers - have turned MS-based proteomics in one of the
most powerful tools in modern cell and systems biology. In the following sections some major

aspects of MS-based proteomics will be highlighted.

1.1.1. Principles of MS-based proteomics

The general goal of mass spectrometry-based proteomics is the identification of proteins in complex
mixtures. Most approaches aim to cover the proteome of a certain species — for example tissues or
cell lines — as completely as possible, but also single proteins or certain subsets of proteins (sub-
proteomes) such as proteins from organelles (1, 2) or specific subfamilies of proteins (3) are
analyzed. In general, one can distinguish between two principles when analyzing proteins by MS. So-
called top-down approaches aim at analyzing complete full length proteins (4, 5). This procedure has
not been standardized yet and it requires sophisticated data analysis tools. A by far more common
procedure is the so-called shotgun proteomics approach, which identifies proteins in a bottom-up
manner. Peptides are analyzed that have been generated by cleavage of the proteins by e.g.
enzymatic digestion, and identification and quantification of the corresponding proteins is achieved

by MS as described later in more detail (see section 1.1.2. and 1.1.3.).

The typical workflow for a shotgun MS-based proteomics experiment is depicted in Figure 1. Initially,
proteins are extracted from the sample to be analyzed e.g. by lysis of cells. The next steps comprise
in most cases fractionation of the sample to reduce its complexity. Fractionation can be performed

for example at the protein level by applying electrophoresis techniques such as SDS-PAGE (6) to

(1]



separate the proteins according to their molecular weight. Subsequently, proteins are cleaved to
peptides and this step is normally performed by proteolytic digestion. Trypsin has turned out to be
the protease of choice as it generates peptides with lengths and charge states well suited for MS

analysis (7) but also other proteases or chemical cleavage are applicable.

Sample : Peptide Spray

preparation Protein <= Peptide | Sample neadle Mass Mass spectrum  Data
o) @ fractionation | digestion 7~ separation ) ionization __| . spectrometry = analysis
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Figure 1: Schematic workflow of a mass spectrometric-based LC-MS/MS approach. Adopted from (8).

The resulting highly complex peptide mixture can be further separated by various chromatographic
techniques or it can be directly subjected to liquid chromatography coupled to a mass spectrometer
(LC-MS/MS). This part of the workflow is described in detail further below. Data generated from a
mass spectrometric experiment is then processed with dedicated software packages to identify and
quantify the analyzed peptides and corresponding proteins (see 1.1.3.). By applying shotgun
proteomics, recently the first proteome has been quantitatively analyzed to near completion (9)
illustrating the tremendous power of this technique. Moreover, these data demonstrate that the
combination of applying state-of-the-art mass spectrometry with sophisticated up- and downstream

analyses yields the best possible results.

In the following, the most important features of the LC-MS/MS setup will be highlighted with
emphasis on electrospray ionization coupled to a hybrid Orbitrap mass spectrometer, as used in this

thesis.

1.1.1.1. Liquid chromatography

Since the peptide mixtures that are frequently analyzed in MS-based proteomics experiments, e.g.
derived from cellular lysates, are typically highly complex and contain up to hundreds of thousands
of peptides (10), chromatographic separation is indispensable before mass spectrometric detection.
Reversed phase (RP) chromatography represents the most commonly used separation method for
liquid chromatography (LC). It is based on hydrophobic interactions of peptides with alkyl chains
(usually C-18 groups) covalently linked to the stationary phase - beads packed within a column. After
binding to the RP material peptides are sequentially eluted from the column via a solvent gradient

and are then introduced into the mass spectrometer. When using electrospray ionization (see

[2]



section 1.1.1.2.) the chromatographic separation step is almost always coupled ‘online’ to the mass

spectrometric analysis (LC-MS).

As sensitivity is a key parameter in most proteomics experiments in order to analyze as many
proteins as possible in a wide dynamic range, chromatographic separation had to be miniaturized to
flow rates in the nano-liter (nl) per minute range and column dimensions had to be adjusted
accordingly. Over the last years, especially with the introduction of new ultra performance LC
systems (UPLC), which tolerate pressure limits of up to 1000 bar, there is a trend towards longer
column lengths and smaller bead size. Whereas, column lengths between 10 - 15 cm (inner diameter
(ID) 75 um) and bead sizes of 3 um were standard for many years, researchers now aim for longer
columns (up to 50 cm) in combination with smaller bead sizes (smaller than 2 um) to improve peak
shapes for better chromatographic resolution and thereby increasing peak capacity (11, 12). Inner
diameters of columns and flow rates can also be further reduced to gain sensitivity. To properly run
these columns which generate high backpressure in the LC system UPLC systems are indispensable.
In addition heating of columns, which has been commonly used in standard HPLC applications for
years, is now becoming available in nano-LC applications both reducing the backpressure and

improving chromatography (11, 13).

An alternative approach uses so-called monolithic columns which allow the application of extremely
long columns (up to several meters) and gradients (>8 hours) with unsurpassed separation
capabilities (14). However, the production and application of these columns is so far not in routine

use but holds great promise for future applications.

To further reduce the complexity of a sample that is investigated in an LC-MS experiment, additional
chromatographic separation steps can be combined. Several years ago two-dimensional separation
combining strong cation exchange (SCX) chromatography with RP chromatography coupled online to
the mass spectrometer has been introduced (15). However, nowadays the two dimensions are more
often separated and the first off-line separation step is included in the sample preparation before
LC-MS analysis. The separation may be performed at the protein or peptide level or both. SCX
chromatography has been used broadly, especially for the fractionation of post translational
modifications such as phosphorylation or N-terminal acetylation (16-20). In recent years, further
emphasis has been placed on alternative chromatographic techniques such as strong anion
exchange (21), hydrophilic interaction chromatography (22, 23) or high-pH reversed
chromatography (24).

(3]



1.1.1.2. lonization techniques

The first important step in the mass spectrometric analysis itself is the ionization of the analyte and
its transfer from liquid into gas phase enabling the analyte to enter the mass spectrometer. The
introduction of so-called soft ionization techniques in the late 1980s allowed the mass spectrometric
analysis of biopolymers such as proteins and peptides and is therefore a milestone in the
development of what we call today MS-based proteomics. The importance of these developments
was emphasized by awarding the Nobel Prize 2002 in chemistry to John Bennett Fenn and Koichi
Tanaka for their development of soft desorption ionization methods for mass spectrometric analyses

of biological macromolecules (25, 26).
Matrix-assisted laser desorption/ionization (MALDI)

Matrix-assisted laser desorption/ionization (MALDI) is an ionization technique to transfer peptides
into gas phase (27, 28). It relies on co-crystallization of peptides with an organic matrix (in most
cases aromatic acids such as sinapinic acid, a-cyano-4-hydroxycinnamic acid or 2,5-dihydroxybenzoic

acid) on a sample plate.

Directing a laser beam onto the crystallized sample leads to the formation of a hot plume. Peptides
are sputtered from the co-crystallized sample while the matrix transfers positive charges (protons)
onto the peptide. Since voltage is applied to the sample plate and the inlet of the mass
spectrometer, peptides are accelerated into the mass spectrometer by the resulting electrostatic
field (see Figure 2). In most applications, MALDI ionization is coupled to time-of-flight (ToF)
instruments, mainly due to its large mass range and because ion packages generated in pulses by the

laser are perfectly suited for detection via a ToF analyzer.

(4]
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Figure 2: General principle of the matrix assisted laser desorption/ionization (MALDI) process. Adopted from
(8).

Electrospray ionization (ESI)

The most widely used ionization technique is electrospray ionization (ESI) which ionizes molecules

directly from liquid phase and is therefore compatible with chromatographic separation techniques

(25).
+ —
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Figure 3: General principle of the electrospray ionization (ESI) process. Adopted from (8).

ESI is coupled to mass spectrometers that can deal with an ongoing flow of neutrals into the
instrument, thereby allowing the detection of a large variety of chemical substances, which are
entrained in the gas flow (29). As its name implies, electrospray ionization describes a process in
which an analyte solution is sprayed in front of the mass spectrometer when applying electric

voltage to the capillary from where the peptides are eluting (see Figure 3). The eluted analytes are

5]



thereby dispersed as a fine aerosol finally leading to charged gas phase ions after evaporation of the
solvent. Consequently, peptides are directly transferred from solution into gas phase. However, it is

still not clear how exactly this last process occurs in detail.

Two different models for the ionization mechanism have been proposed, the ion evaporation model
(30) and the charge residue model (31, 32). The first model assumes that a droplet is shrinking by
evaporation of the solvent until the droplet surface reaches a certain field strength which allows
single solvated ions to be expelled from the droplet. The charge residue model on the other hand
assumes that the electrospray generates droplets that only contain one analytical ion. Both models

could not fully be proven and are still discussed to date (29, 32).

A number of different parameters can influence the ionization process. The solvent needs to be free
of salts, otherwise the ionization process is impaired. Reversed-phase chromatography is commonly
performed under low pH conditions to ensure protonation of the peptides, an essential requirement
for the ionization process. Therefore, acids such as acetic or formic acid are frequently added to the
solvent. They reduce the pH and form salt bridges with the protonated residues — a process called
ion pairing. Since these reagents both influence the chromatographic retention and the ionization
process, they have to be handled with care. TFA, for example, is a very efficient ion pairing agent,
however, it negatively influences the ionization process when used in too high concentration due to

its ability to form gas-phase ion pairs with positively-charged analyte ions (33, 34).

1.1.1.3. Mass spectrometers

The heart of our proteomics experiment is formed by the mass spectrometer which measures the
molecular weight of the analytes — or more precisely their mass-to-charge ratio (m/z) - in order to
identify the peptides and the corresponding proteins in the analyzed sample. When analytes reach
the inlet of the mass spectrometer e.g. via electrospray ionization, ions are guided by a decreasing
vacuum gradient to the mass analyzer and subsequently by lenses and corresponding voltages (see

Figure 4). In the detector, the mass of all ions are recorded, forming the so-called MS spectra.

However, for unambiguous identification of a particular peptide, determination of its exact mass is
not fully sufficient, although mass accuracies in today’s instrumentation can reach the low ppm or
even the sub-ppm range. Instead, single ion populations are additionally isolated and fragmented
before mass detection generating a fragment spectrum (termed MS® or MS/MS spectrum) from
which some sequence information of the analyzed peptide can be deduced. Combining the

information of the exact mass with the sequence information of the analyzed peptide ion the

(6]



corresponding protein can be identified. This is normally done by applying designated search
algorithms that map the mass spectrometric information onto sequence databases (see section

1.1.3.).

|MS I b
2 |
___ T2 | . 2 | J|I|‘I‘l||||
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Mass analyser Collision cell Mass analyser
m/z

MS and MS/MS spectra

Figure 4: Schematic of the mass spectrometric analysis. lonized peptides reach the inlet of the mass
spectrometer and are guided to the Orbitrap cell. First, all ions are measured and a MS spectrum is generated.
Subsequently, single ion populations are isolated, fragmented in a collision cell and MS/MS fragment spectra
are recorded. Adopted from (35).

Many different types of mass spectrometers have been developed. During the last decade ‘hybrid
instruments’ - which combine different devices to separate analyte ions based on their m/z ratio -
have become increasingly popular. In MS-based proteomics quadrupole-time-of-flight (qTOF) and
especially the linear ion trap — Orbitrap analyzer are the most widely used mass spectrometers.
While the first instrument combines quadrupoles for mass selection and fragmentation with a ToF
mass analyzer, the latter instrument relies on a combination of a linear ion trap, which can trap,
isolate, fragment and scan ions, with an orbital cell named Orbitrap. The following sections are
focused on Orbitrap instruments as these were used throughout this thesis. Since its introduction in
2005 (36), this instrument type has undergone ongoing substantial improvements and nowadays

allows the application of highly sophisticated acquisition modes as described further below.
Orbitrap Mass Spectrometers

Mass resolution and mass accuracy are key parameters in mass spectrometry. The introduction of a
new concept of mass analyzer — the Orbitrap — in 2005, gave rise to instruments with performance
characteristics previously only reached by extremely expensive Fourier transform ion cyclotron
resonance -based instrumentation (37, 38). Orbitrap analyzers measure the frequency of ions
oscillating along an inner central spindle and finally calculate the peptide mass spectrum by Fourier
transformation (39-42). The axial frequency of oscillation of the ions on this trajectory is

proportional to the square root of their m/z (43, 44).

[7]



In mass spectrometry the resolution is usually defined as the full width of the peak at half maximum
(FWHM) divided by the mass of the peak (and therefore dimensionless) and indicates how well ions
with nearly similar m/z can be distinguished in one scan. This means, the better the resolution the
more ions can be distinguished and finally identified within the same spectrum. The resolution an
Orbitrap analyzer can achieve is directly proportional to the transient time, meaning the longer ions
are oscillating along the inner spindle of the Orbitrap mass analyzer, the better the resolution. The
resolution is not constant over the entire m/z range of the acquired spectrum but decreases
proportionately to the square root of m/z. Routinely, mass spectra are acquired with 30,000 to
60,000 resolution at m/z 400, which requires 0.5 to 1 sec transient time depending on the Orbitrap
type used in this thesis. Besides resolution, mass accuracy also plays an important role in mass
spectrometric analysis. The more exact a peptide or fragment mass can be measured the higher the
likelihood of correct identification of the underlying peptide, since less false positive candidate
possibilities arise during database search. Orbitrap mass analyzers now allow the mass

determination in sub-ppm range (41, 45).

The Orbitrap cell itself is a pure mass analyzer lacking capabilities for ion isolation and
fragmentation. The first Orbitrap mass spectrometer was thus introduced as a hybrid instrument
coupled with a linear ion trap — the LTQ Orbitrap (36). This combination enabled ion accumulation,
isolation and fragmentation in the linear ion trap, which can also be used as a highly sensitive and
fast mass analyzer by itself, however with drastically reduced mass accuracy and mass resolution. In
contrast, as already stated, in the Orbitrap analyzer ions are measured with high resolution and
accuracy, but the acquisition generally requires more time. The general architecture of a LTQ
Orbitrap mass spectrometer is depicted in Figure 5. For MS-based proteomics experiments the LTQ-
Orbitrap can be operated in a parallel mode, where the masses of the intact peptide ions are
accurately recorded in the Orbitrap while isolation and fragmentation of selected precursor ions and
acquisition of the fragment spectra happens simultaneously in the linear ion trap. This acquisition
mode is also called “high-low strategy” due to the high mass resolution and accuracy for the MS

spectra and low resolution for MS/MS spectra.
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Figure 5: Schematic architecture of an LTQ Orbitrap ETD mass spectrometer. Central parts are the ion source
for generating the analyte ions by ESI, the linear ion trap for trapping, isolating, fragmenting and scanning the
ions to record a fragment spectrum. The C-trap links the ion trap to the HCD collision cell or to the Orbitrap
cell, which is the central mass analyzer of the instrument. The reagent ion source at the rear end of the
machine is responsible for generating radical anions for the ETD fragmentation process (Thermo Fisher).

The fragmentation process that is performed in the liner ion trap is called collision induced
dissociation (CID). lons are collided with an inert gas (such as helium) at low pressure in this trap.
Newer LTQ-Orbitrap generations (LTQ-Orbitrap Velos) contain a dual ion trap cell - the steps of
isolation, fragmentation and detection are hereby split, since these processes perform best at
different pressures. After isolating a specific peptide ion species by resonant ejection, excitation by
an RF field increases the internal energy of the peptides. This finally results in fragmentation
primarily at the peptide bonds generating b- (N-terminal) or y-ions (C-terminal) as indicated in Figure

6.
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Figure 6: Fragmentation along the peptide backbone generating N-terminal b- and C-terminal y-fragment ions.
Adopted from (8).

Since peptides break at the most labile bonds in CID, fragmentation can lead to uninformative
spectra containing only few fragments, for instance indicating loss of a labile posttranslational
modification (PTM). To compensate for losses which occur frequently, such as water losses, specific

strategies, such as ‘wideband activation’, have been developed and implemented in the acquisition

[9]



software. Analysis of PTMs often requires more sophisticated features such as higher order
fragmentation modes (MS?) (46) or multistage activation (47), which will not be considered further
here. Beside reduced resolution and mass accuracy a further drawback of fragmentation in ion traps
is the so-called 1/3 cut-off, which refer to the fact that fragment ions which have a m/z value below
1/3 of the m/z of the parent ion are not stable in the ion trap and therefore cannot be detected. An
alternative fragmentation mode in the linear ion trap named pulsed Q dissociation (PQD) allows the

acquisition of fragmentation spectra without the loss of information in the low mass region (48).

To overcome the limitations of ion trap fragmentation spectra, a second fragmentation type — higher
energy collision dissociation (HCD) - was introduced. HCD has been established first on the LTQ-
Orbitrap instrument in the C-trap (49), which is located between the linear ion trap and the Orbitrap
analyzer (see Figure 5) and which is normally responsible for storing the ion beam before sending
the focused ion package into the Orbitrap cell. In HCD, selected ion populations were fragmented
and stored in this compartment. Several drawbacks of this initial setup led to the construction of a
dedicated collision cell which was placed behind the C-trap and termed HCD collision cell. HCD
resembles quadrupole-like fragmentation and, like CID, mostly generates b- and y-ions but unlike
CID, it also produces many internal fragment ion (50). In contrast to CID, there is no limitation on the
low mass range of the fragmentation spectrum. Consequently, low mass ions such as a2 and b2 ions
(see Figure 6) as well as immonium ions can be detected in the fragmentation spectra improving
peptide identification. Moreover, labile PTMs such as phosphorylation stay mostly intact during the
fragmentation process (50). After fragmentation, ions are sent from the HCD cell via the C-trap to
the Orbitrap analyzer and are measured with high resolution (7,500 — 15,000). This strategy is
therefore called “high-high” mode. The application of this acquisition type became even more
popular with the introduction of the LTQ-Orbitrap Velos in 2009 (51). This new generation
instrument comprised better ion transfer due to improved ion optics in the front part of the
instrument and consequently shorter ion accumulation times and scan cycles. In addition, more
efficient fragmentation in the new combined C-trap-HCD cell as well as better transfer of fragment
ions was achieved. Recent studies showed that HCD fragmentation on phosphorylated peptides
reaches at least equal identification rates without the need of specific features to track almost all

labile modifications (52).

Besides the HCD cell a further capability was added to the LTQ-Orbitrap mass spectrometer,
enabling a fragmentation type called electron transfer dissociation (ETD). ETD relies on a completely
different physical mechanism than CID or HCD. It was originally invented in the form of so-called

electron capture dissociation (ECD) and applied in Fourier transform instruments (53). Both ECD and
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ETD are based on a radical induced fragmentation process generating c- and z- fragment ions in
contrast to the CID or HCD process which generate predominantly b- and y-ions (see Figure 7) (54,

55).
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Figure 7: Alternative fragmentation along the peptide backbone generating N-terminal a-, b- and c-ions and C-
terminal x-, y- and z-fragment ions. Adapted from (8).

The ETD process is generally induced by fluroanthene ions reacting with electrons to generate
radical anions at the rear end of the HCD cell (see Figure 5). These are sent to the linear ion trap of
the instrument where they react with the peptides. Fragment ions can in principle both be read out
in the LTQ or the Orbitrap. ETD is mostly favorable for higher charged ions since one charge is
neutralized by the reaction (56). Moreover, activation times decrease strongly with higher charge
states, which recommend the technique for top-down analyses. Since labile PTMs remain linked to
the peptide during fragmentation, this fragmentation type is especially attractive for the analysis of

very labile PTMs such as o-linked 8-N-acetylglucosamine (o0-GlcNAc) or phosphorylations (57, 58).

Recently, a further new generation of the LTQ-Orbitrap mass spectrometer family, the Orbitrap Elite,
was introduced featuring improvements in resolution, mass accuracy and scanning speed (59).
Additionally, a new benchtop type of instrument, the Q Exactive, was recently developed (60). It
combines a quadrupole for ion isolation with an HCD collision cell which is linked via the C-trap to
the Orbitrap mass analyzer. This instrument exclusively allows HCD fragmentation and therefore
always produces data in the high-high mode. Scanning speed and sensitivity is unsurpassed as the
machine allows parallel fragmentation and MS/MS analysis, all with short transients due to its high

resolution.
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1.1.2. Quantification techniques in mass spectrometry

Besides identification of peptides or proteins by MS, another important aspect in the application of
MS-based proteomics is the quantification of the analyzed proteins. However, this also represents
one of the most challenging tasks in proteomics (61). Quantification in proteomics often aims at the
comparison of different cellular states e.g. due to different stimuli or changing environment
conditions. In this respect, it was fundamental to develop methods which allow the direct
comparison of protein abundances between different states. Starting in 1999 with developments
from independent groups (62, 63), over the last years the field has developed a variety of different

technological approaches for the quantitative analysis of proteomes by mass spectrometry (64).

Most approaches rely on the differential incorporation of stable isotopes into the proteomes to be
compared or on the use of isotopically labeled reference peptides. The advantage of using stable
isotopes lies in the fact that no changes of the physicochemical properties of proteins or peptides
are introduced besides generating a mass shift between the differently labeled isotopic analyte
species. Consequently, corresponding proteins or peptides behave nearly identically during the
processing steps - such as pre-fractionations or chromatographic separations prior to MS analysis -
and are finally simultaneously detected in the mass spectrometer. Quantification is achieved by
comparing the mass spectrometric responses of the corresponding isotopic peptide forms. The
isotopic information can already be introduced into the proteins metabolically during cell culturing.
Alternatively, proteins or peptides are labeled chemically or enzymatically at later stages of the
sample processing workflow. Labeled peptides or even proteins can also be spiked into the sample
which allows for absolute quantitation if the amount of the spiked reference is known. In addition,
label-free approaches have been established which correlate mass spectrometric signals between
different LC-MS runs. The different strategies for quantitative proteomics are summarized in Figure 8
and will be described in more detail in the following sections with emphasis on metabolic labeling

techniques which have been used in the projects of this thesis.
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Figure 8: Schematic overview of the different quantitation modes based on isotopic labeling. It is indicated at
which stage the samples to be compared are combined for further mass spectrometric analysis. Adopted from
(64).

S

1.1.2.1. Absolute quantification

In recent years, several improvements have been made in the field of absolute quantification of
protein amounts. In approaches using labeled standards, a stable-isotope labeled control whose
concentration is exactly known is mixed with the sample of interest. Absolute concentrations can
then be derived via the intensity ratios detected in the mass spectrometer. In absolute
guantification approaches, generally information is obtained for only a limited subset of proteins in

contrast with whole proteome-based relative quantification.

Based on a publication dating as far back as 1983 (65), absolute quantification was introduced to the
proteomic field via so-called AQUA peptides (absolute quantification of proteins (66)). These
synthesized isotopically labeled peptides are mostly spiked into the sample at the peptide level.
However, the earlier the standards are added to the sample during the sample preparation process
the smaller the quantitative errors of the measurement. An approach known as QconCAT (67) goes
beyond adding single peptides, by genetically constructing synthetic genes that express
concatenated standard peptides. These are cleavable by tryptic digestion resulting in several
peptides of either one or more proteins of interest. Consequently, these constructs can already be
added at the protein level to the sample and thereby avoid possible discrepancies arising during
protein digestion. More recent approaches are PSAQ (protein standard absolute quantification),

absolute SILAC and FlexiQuant, which do not use peptide standards but utilize metabolically labeled
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full-length proteins expressed in cell-free or bacterial systems, reviewed in (64). These standards can
be added directly to the cell lysates allowing fractionation of the sample without drawbacks on the
guantification. Recently, our laboratory has developed the PrEST approach (68), where protein
epitope signature tags (PrESTs) are produced to evaluate absolute numbers of proteins in higher
throughput since many PrESTs can be combined in one samples. These PrESTs are metabolically

labeled (see below) and are mixed to the protein sample before digestion.

1.1.2.2. Relative quantification

Relative quantification, in contrast to absolute quantification, aims for the identification of relative
changes between different samples. In this respect, the emphasis lies on a global quantitative
analysis of complete proteomes or sub-proteomes between different conditions. Different
methodologies have been developed for relative quantitation in MS-based proteomics experiments

over the last years.
Metabolic labeling

Metabolic labeling relies on the incorporation of different versions of stable non-radioactive
isotopically labeled amino acids into all of the proteins of the cell during the cell culturing process.
One of the most popular metabolic labeling methods is stable isotope labeling with amino acids in
cell culture (69) and this SILAC technology has been used in this thesis. Whereas one culture medium
contains normal amino acids (light condition), the other one contains certain essential amino acids
exclusively in their heavier isotopic forms (heavy condition). In most experiments, arginine and lysine
with 3C and/or *°N substitutions are added. When trypsin, which exclusively cleaves C-terminally
after arginine and lysine (7), is used as the protease, each generated peptide should exist in the
different isotopic forms (except the C-terminal peptide of the protein) originating from the

conditions to be compared.
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Figure 9: Triple SILAC labeling workflow. Different forms of isotopically labeled arginine and lysine are
incorporated during cell culture. Labeled proteins are extracted and digested with trypsin. Peptides are
subsequently analyzed in the mass spectrometer. Quantitative information is derived from the intensity ratios
between the different isotopically labeled versions of the peptide (light, medium and heavy — A, B, C).

For SILAC labeling, different cell populations are cultured in light and heavy medium, respectively
(see Figure 9). When full incorporation of the labeled amino acids has been achieved, cell cultures
can be compared, usually after stimulation of one condition. Both conditions are merged either
directly at the cell level or immediately after cell lysis. Thus, proteins from the different SILAC states
are processed together, including the proteolytic digestion step that generates the peptides. Errors
due to different sample handling are thereby avoided. Consequently, high quantification accuracy
and high precision can be obtained. As stated above, peptides containing different forms of the
isotopic label do not differ in their physicochemical properties but only in their mass. Thus, peptide
ratios can be calculated by comparing the different intensities of the light and heavy peptide forms

detected simultaneously in the mass spectrometer (70, 71).

Besides the combination of two samples, three different conditions can also be compared in a so-
called triple SILAC labeling experiment by introducing a third stable isotopic amino acid (see Figure
9). Higher number comparisons can be performed by combining several triple labeling experiments
with a shared reference condition (72, 73). This strategy can be applied for time-course experiments,

for instance.

Instead of the incorporation of isotopically labeled amino acids, metabolic labeling can also be
performed by directly feeding the organisms with stable isotopes, e.g. °N, which is mostly used for
microorganisms (63). In contrast to SILAC labeling, which ideally leads to the generation of peptides

containing only one modified amino acid, N labeling ideally generates fully °N labeled organisms,
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consequently generating peptides that vary in the number of incorporated °N isotopes (61). This
drawback combined with high reagent costs and experimental timelines limits the >N method,
especially for mammalian systems. Nevertheless, several studies have been performed using this

method, which are more comprehensively reviewed in (74).

One modification on SILAC is the pulsed SILAC method (pSILAC) (see Figure 10). Cells are cultured in
light medium which is exchanged at a certain time point against heavy SILAC medium. After a
predefined incubation time, proteins are analyzed to measure turnover rates in a global manner (75,
76). In an extended strategy by the Selbach group a differential treatment is incorporated (77). Cells
are first cultured in light medium and upon differential treatment they are transferred to medium
including either medium or heavy labeled amino acids. After a certain incubation time, cells are
combined, harvested and analyzed. Newly synthesized proteins all occur in the M or H states. The
H/M ratio reflects changes only induced by differential treatment. A further approach additionally
takes into account possible degradation of proteins and recycling of the amino acids into the
synthesis pathway which might otherwise result in underestimation of protein turnover rates (78).

Over the last few years, pSILAC has been applied in many studies in different formats (79-81).

One major drawback of the standard SILAC labeling approach is its limitation to cultured cell lines,
although, whole organisms such as mice and flies have also been successfully metabolically labeled
by using special diets which contain heavy forms of amino acids (82, 83). A more general approach
uses SILAC in a spike-in or super SILAC format (84-86) (84). It extends the classical SILAC approach to
tissue analysis without metabolically labeling the organism itself. In short, a heavy labeled SILAC
standard is generated from different SILAC-labeled cell lines, which are then used as an internal
reference to quantify proteins in each specific sample (see Figure 10). Ideally, the mixture of cell
lines covers the complete proteome of the tissue that is to be analyzed. For this reason, the standard
needs to be tested for the best combination of different tissue-resembling cell lines, to guarantee
optimal identification and quantification results. In the next step, the heavy super SILAC standard is
spiked into different tissue samples in equal concentration. For the analysis, ratios between the
tissue and the standard are quantified, often followed by a ratio-of-ratio quantification to unravel
differences between different tissue samples. This approach not only extends the SILAC technology
to samples to which it has not been applicable before, but also allows the direct comparison of many

samples in the same project.

[16]



Non stimulated

a "Down’ Stimulated
Vs P
Non stimulated State Stimulated state |
Light SILAC Heavy SILAC
m/z
b
Pulse with Heavy SILAC e
G rd ©  Newly synthesized
Light SILAC Heavy SILAC [
m/z
(o]
(O Ratio1
Q
> o} @]
Wz o o
Tissue 2 @
Ratio =
Tissue 1
."/
Ratio2 .~
C —> ° eo0
o]
Non labeled Tissue/Organism Super SILAC mix of
representative cell lines
Heavy m/z

Figure 10: Different SILAC approaches. (a) Standard SILAC approach with heavy and light conditions. (b) pSILAC
experiment. (c) Super SILAC approach. Adopted from (64).

Chemical labeling at the protein and peptide level

Chemical labeling methods can be generally applied to every sample source (e.g. tissue) and are
therefore advantageous when no metabolic labeling can be performed or when several different
samples need to be compared. Until the labeling step — which can either be performed at the

protein or peptide level - samples have to be processed in exactly the same manner in parallel,
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which can contribute to quantitative errors. In principle, any reactive group can be modified by the
chemical label, nevertheless, most approaches aim for targeting free amino groups -the g-amino
groups of lysines or the N-terminus of the peptide/protein. As soon as samples have been labeled,
they can be mixed and further processed together. The most prominent chemical labeling
techniques are tandem mass tags (TMTs) and isobaric tags for relative and absolute quantification
(iTRAQ) which are both applied at the peptide level (87-89). They target primary amines and are
isobaric tags, meaning that all versions of the tag have the same overall mass. However, certain
isotopes are localized in the tag at different positions and contribute either to the reporter group or
the mass-normalizer group (Figure 11). Consequently, peptide species from differentially labeled
samples appear in one peak in the mass spectrum. When peptides are isolated and fragmented, the
tags break and generate distinct reporter ions originating from the different samples in the lower

mass region of the fragment spectrum.

Figure 11: Chemical structure of one isobaric 2-plex TMT label. The reactive group covalently links to primary
amine groups (blue dashed line). The mass normalization spacer balances the mass of the reporter group
which is substituted with different isotopic forms of C and N. The isotopic modification is indicated by an
asterisk. In the corresponding TMT label, the isotopic modification is located within the reporter group and not
the mass-normalization spacer. Upon fragmentation the reporter group is released (dashed red line) and the
different isotopic reporter forms are recorded as a quantitative measure. Adopted from (90).

Depending on the intensity of the different reporter ions, relative quantitative information of the
peptides can be derived. Since all corresponding forms of each peptide elute at the same time,
several different conditions (up to eight in the latest iTRAQ version) can be compared without any
increase in complexity of the MS spectrum. The same holds true for the MS2 spectrum, which only
changes with regard to the number of reporter ions but not in peptide related fragment ions. For a
long time, one drawback of the method was that the reporter ions are detected in the low mass
region which is not frequently detectable in CID fragmentation due to the low mass cut-off (see
section 1.1.1.3.). To overcome this limitation, fragmentation was performed with pulsed Q
dissociation (PQD) in the linear ion trap (48, 91) as well as by HCD combined with read-out in the

Orbitrap analyzer. Especially over the last few years the HCD method has been greatly improved and
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is highly attractive for the analysis of chemically labeled samples since it generates high resolution
fragmentation spectra in combination with low cycle times (see paragraph 1.1.1.3.) (49, 92).
Although problems regarding the MS2 fragmentation are mostly solved, one common problem still
exists concerning co-eluting peptides of similar mass, leading to co-isolation followed by co-
fragmentation. The issue of the combined fragmentation of several two or more peptides lies in the
generation of overlapping reporter ions in the same MS2 spectrum which ultimately will lead to
suppression of reporter ion ratios and consequently wrong quantifications. However, also in this

respect methods have been developed which try to overcome these limitations (93, 94).

Beside the above mentioned techniques, several further approaches have been developed. These
will not be further discussed here, since in any case no chemical labels have been used in this thesis.

Detailed information on further chemical labeling strategies can be found in (61, 64, 95).

Label-free approaches

Label-free approaches, as the name suggests, do not rely on isotopic labeling of proteins or peptides
but aim at quantifying peptides and proteins from the MS signals alone, without chemical
manipulation of the sample. In principle, label-free approaches are either directly based on peptide
intensities derived from different LC-MS runs or they extract the quantitative information indirectly
for instance via spectral counts. Label-free approaches represent a specific, highly complex field of
computational data analysis and several successful applications of label-free algorithms have been
introduced (96-99). Label-free methods are mentioned here to give a complete picture on
guantitative proteomic approaches, nevertheless, they will also not be discussed further since this

sort of quantitative method was not used in this thesis.
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1.1.3. Bioinformatics analysis

The last but no less important step in an MS-based proteomics experiment is the analysis of the
enormous amount of data generated by the mass spectrometer with respect to protein
identification and quantification. Over the last years several software tools have been developed
that allow the identification of the proteins from the generated MS and MS/MS spectra such as
Mascot (95) and SEQUEST (100) just to name the most prominent ones. However, software tools
which allow for a comprehensive analysis and interpretation of the acquired data by combining
protein identification with robust quantification algorithms, statistical data assessment and intuitive
data visualization tools were lacking for a long time. With the development of software packages
such as MaxQuant (45), large scale quantitative MS-based proteomics experiments can now be
analyzed in an automated way in hours to days, a process that needed weeks to months with

conventional pipelines available before.

Some principles of bioinformatic analysis of mass spectrometric data are highlighted in the following
based on the MaxQuant environment which has been used for all analyses covered within this thesis

(see Figure 12).

MaxQuant
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Figure 12: MaxQuant workflow with the integrated Andromeda search engine. Adopted from (101)

In a first step, MS raw data are converted into peak list files, combining the information of the
precursor ion, which has been fragmented, with the information about fragment peaks and
corresponding intensities. Moreover, in SILAC experiments, the MS scans are filtered for the
characteristic mass gaps between the different isotopic states of the detected peptides thereby
classifying peptide populations based on their isotopic SILAC state which facilitates the identification

and quantification process. A first re-calibration step can be performed if no lock mass calibration
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(36) was performed during the mass spectrometry analysis. Accurate masses are extracted by peak
detection in a 3D matrix of retention time, m/z and corresponding intensities. The more intense a
peak, the more accurate the mass can be calculated. Since MaxQuant integrates the signal over the
whole chromatographic peak rather than deriving the relative quantities only from one single MS

scan (Figure 13), the mass detection is highly accurate (45, 102).
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Figure 13: Peak detection in MaxQuant. Data are displayed in 3D, recording m/z values, retention time (t) as
well as intensity (color code representing low intensities in yellow to high intensities in green) of any detected
ion. (a) 2D representation including color code. Accurate masses can be calculated performing intensity-
weighed algorithms. (b) 3D view of an elution profile. Adopted from (45).

The information on the fragmented peaks is further processed in the second main step, the
identification of the peptides. The MaxQuant software framework integrates a search engine called
Andromeda (101) and peak lists are directly submitted for the database search. Databases need to
be defined beforehand, as well as information about the specific labeling, the used enzyme, fixed
and variable modifications to mention just some parameters. Based on this information, candidate
peptides can be extracted for the identified spectra by directly matching the MS/MS spectra to the
supplied database. In other software packages, different identification strategies can be used, such
as de-novo-sequencing of sequence-tag strategies, however, matching to a common database is the
most common. When including a reversed database into the search, false-positive rates can be

calculated following a so-called target-decoy strategy (103, 104).

The peptide identifications generated are further statistically evaluated in a third step and protein
groups are assembled and quantified. For the calculation of protein ratios the median ratio (log2

scale) of all corresponding peptides is used. False-discovery rates are calculated for both peptides
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and proteins based on the target-decoy hits and used to filter the data. Moreover, for the

guantification, significances for fold changes are calculated and summary statistics are computed.

Generated lists of peptides and proteins are then used for downstream analyses. In a first step,
general information about the quality of the experiments are typically extracted including
reproducibility of replicates, overall identified and quantified proteins or modified peptides as well
as general information about the identification rates of the spectra. When these results are
satisfactory, identified proteins can be used to evaluate the coverage of certain pathways and
guantitative changes can be further inspected. The significant outlier populations, which represent
changes due to the different conditions in the experiment, are of special interest. Protein
interactions within this population can be extracted as well as pathways which are especially
affected by the treatment. In this respect, annotational databases such as Gene Ontology (GO; (105))
or pathway databases as KEGG (106) are required to gain information about enrichments in the
regulated fraction. Several bioinformatic tools from microarray analysis can in addition be refined for

proteomic data (107).

Nevertheless, experiments in the mass spectrometric field are quite heterogeneous so that no single
common standard workflow for data analysis can be provided. Generally each analysis needs to be
adapted to the underlying experimental question. For example in one topic of my thesis, the global
apoptosis analysis, an additional MATLAB script has been written to further analyze the MaxQuant
output data. In that script, mass spectrometric data were used to generate a 3D cleavage plot of the
data based on the identified peptides including their quantitative ratios, their localization along the
protein sequence and the localization in the SDS gel before mass spectrometric analysis (see

paragraph 2.2.).

Furthermore, mass spectrometric data can be stored in databases to combine different datasets and
to allow the extraction of general information derived from different experiments. One recently
published database is MaxQB (108), which allows not only storage of information but also
experiment-wide search for common characteristics such as identified peptides. Within the database
all information from the single experiments are stored such as annotated MS/MS spectra, but
MaxQB also allows the search of general features in all experiments. Moreover, general information

on the proteins is linked to the database such as information derived from Uniprot.
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1.2. Aneuploidy

Aneuploidy (an - not; eu - good; ploos - fold) describes the abnormal chromosomal state of a cell in
which the chromosome number does not correspond to a multiple of the haploid chromosomal
number. For instance, if one copy of a specific chromosome is present, this is called a monosomy for
that chromosome, and similarly for trisomies etc. (109) (see Figure 14). In a strict definition, genomic
alterations based on sub-chromosomal regions are not contained in the term “aneuploidy”,
nevertheless, researchers often include them as “partial” or “segmental” aneuploidies. Besides
chromosome gains, losses are also common, however, this phenomenon will only be addressed here

in passing.

Eupleidy — balanced
x*n polyploidy

n haploidy 2n diploidy 4n tetraploidy

Aneuploidy - unbalanced

n-1 nullisomy n+1 disomy 2n—1 monesomy - 2n+1 trisomy High-grade aneuploidy
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Sub-chromosomal Non-reciprocal Sub-chromosomal
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Figure 14: Graphical representation of aneuploidy and euploidy. Adopted from (110).

In contrast to aneuploidy, euploidy describes a cellular state with a multiple of the haploid content
(see Figure 14). Diploid, triploid or tetraploid chromosome sets and even higher folds are observed
(polyploid). In contrast to the unbalanced state of aneuploidy, the euploid genomic state represents

a balanced condition and is much better tolerated by the cell than aneuploidy.

Generally, aneuploidy is associated with disease and developmental abnormalities. All aneuploidies
in living humans are associated with rather small chromosomes, namely chromosome such as 13, 18

and 21. All other aneuploid states do not survive until birth, including higher multisomies, different

(23]



chromosomes or chromosome losses. Trisomy 18, better known as Edwards syndrome, has a low
percentage of live births and is fatal in about 90% of the cases in the first year of life due to severe
cardiovascular and brain defects. Likewise, survival rates in the first year are very low for the Patau
syndrome, a trisomy of chromosome 13 which occurs very rarely. One widely known case of
aneuploidy in humans is trisomy 21, better known as Down syndrome, in which chromosome 21
exists in three instead of two copies. It has severe effects in the human organism, leading to mental
retardation, heart defects and onset of Alzheimer’s disease significantly earlier compared to diploid
individuals. Nevertheless, survival rates are very good though individuals have reduced life

expectancy.

Although many affected individuals possess a complete set of aneuploid cells, aneuploidy can also
occur in only some cells of an individual. So-called mosaicism occurs in rare cases and is related to a
systematic predisposition to mitotic nondisjunction. In this special case aneuploid cells are not in
meiosis generated but in later steps of embryogenesis and individuals consequently have only a
certain percentage of aneuploid cells, whereas the other cells are the normal isogenic diploid

counterparts (see 1.2.2.). Often, individuals with mosaicism are predisposed to cancer.

Not only autosomal chromosomes are affected by aneuploidy but sex chromosomes can occur also
in multiple copies. These aneuploidies are much better tolerated by the cell perhaps because
mechanisms of dosage compensation are established and they result in milder consequences for the
affected individuals. Monosomy of the X chromosome (Turner syndrome) is tolerated for the
lifetime of viable organisms, however with stronger symptoms than for individuals with

chromosome gains in sex chromosomes (Klinefelter’s (XXY) and Triple X (XXX) syndrome) (111).

Independent of any disease, some tissues are naturally aneuploid, such as some percentage of
cerebral neuroblasts in embryonic brain of mice and humans (110, 112). Aneuploid cells also exist in
adult brains and seem to be functional and integrated into the neural circuitry. Mammalian
hepatocytes show aneuploidy as part of normal development and as response to ageing, for
instance. In general, chromosome losses seem to be more prominent than chromosome gains. Many
open questions are still to be elucidated - such as how apparently detrimental karyotypes can
existent in some tissues whereas they are not observed in others and whether or not they have

specific functionality.

[24]



1.2.1. Origin of aneuploidy

An interesting question in the field of aneuploidy research is how aneuploidy develops starting from
a normal cell. During the mitotic cell cycle chromosomes condense and sister chromatids align.
Chromatids are linked to each other by cohesins, which hold the strands together, and are also
bound to microtubules, which attach them to the mitotic spindle poles. The spindle-assembly
checkpoint (SAC) controls for correct connections and tension before proceeding in the cell cycle.
After this step, the anaphase-promoting complex or cyclosome bound to its activating subunit Cdc20
(APC/C-Cdc20) can degrade an inhibitory subunit of the separase protease. Subsequently, separase
cleaves cohesin and thereby initiates chromosome segregation. This simplified representation
already illustrates that out that malfunctions can occur at many steps of this cascade, for example
due to improper tension or missegregation and thereby contribute to aneuploidy (111). Improper
mitosis might be caused by the disruption of key regulatory genes and pathways, ultimately resulting
in cells with losses or gains of chromosomes (113). Specifically, loss or inactivation of cohesin,
deregulated activity of separase or defects in the spindle assembly checkpoint but also merotelic
attachments, the connection of a single kinetochore to microtubules from both poles, can be
reasons for missegregation. Merotelic attachments can occur due to increased numbers of

centrosomes or due to hyperstabilized kinetochore-microtubule attachments (113) (see Figure 15).
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Figure 15: Representation of cell division errors leading to aneuploidy. (a) Mutations in the SAC complex. (b)
Cohesin defects due to loss or mutation. (c) Merotelic attachment due to aberrant kinetochore attachments.
(d) Supernumerary centrosomes leading to merotelic attachment. Adopted from (111).
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In most cases aneuploidy arises already within the oocyte during maternal meiosis, either in meiosis
| or Il, most probably due to similar reasons as in mitosis (see Figure 16). Improper segregation
results in aneuploid gametes leading in the end to entire aneuploid organisms. This might also
explain the direct correlation of increased maternal age and elevated occurrence of aneuploidy
(109). However, detailed underlying mechanisms for the origin of aneuploidy still remain elusive.
Most probably not only one single effect but an accumulation of several different events leads to the

occurrence of aneuploid cells (109).
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Figure 16: Aneuploidy by missegregation of homologous chromosomes in meiosis | or of sister chromatids in
meiosis Il. Adopted from (111).

1.2.2. Generation of aneuploid cells and detection of aneuploid states

Aneuploidy models can be derived by several different methods (see Figure 17). In the last years a
variety of aneuploid clones have been generated in yeast strains. Aneuploid models of human cell
lines and MEFs have also been established. Random aneuploidies can be generated by mutations
causing increased chromosomal missegregation, for example by inactivation of proteins of the
chromosome segregation machinery (114) or the SAC complex (115). Moreover, aneuploidy can be
induced through meiosis of cells with an odd ploidy (116), however, these strains are known to be
rather unstable. In contrast to randomly generated aneuploidy, defined stable aneuploid clones can
be generated through single-chromosome transfer (such as micronuclei transfer (117)) or meiotic
nondisjunction. In microcell-mediated chromosome transfer (MMCT), single chromosomes are
transferred from a donor strain into a recipient strain (Figure 17a). First, micronucleation induced in

the donor cells is followed by enucleation and formation of microcells. Purified microcells are
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subsequently fused to recipient cells. Since the additional chromosome harbors selectable markers,
aneuploid cells can be selected by culturing in medium containing antibiotics (113, 118). A further
approach (119) takes advantage of Robertsonian translocations (Figure 17b) to generate aneuploid
mouse embryonic fibroblasts via meiotic nondisjunction. Tissue samples from aneuploid individuals
such as Down syndrome patients can also be used to generate aneuploid models (Figure 17c). In this
regard, an interesting example is the isolation of cells from individuals with mosaic aneuploidy. In
this case, both diploid and aneuploid cells can be extracted from the same individual allowing direct

comparison of these isogenic cells (113).
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Figure 17: Representative examples for the generation of aneuploid models. (a) Microcell-mediated
chromosome transfer (MMCT). (b) Strains carrying Robertsonian translocations are mated with wild type cells
generating trisomic strains by meiotic nondisjunction. (c) Tissue samples from aneuploid human individuals
can be used to study aneuploidy. Samples from individuals with mosaic aneuploidy provide both aneuploid and
corresponding diploid cells and can be used for direct comparison. Adopted from (113).

Not only the generation but also the proper detection of aneuploid states is of great importance for
research in the aneuploid field. Several approaches have been developed either based on the
visualization of chromosomes or direct identification of the chromosomal content. Karyotyping of
the chromosome content is performed as a standard method (120, 121). Cells are arrested during
division and chromosomes are stained and sorted according to their appearance. This method can
only detect additional or missing chromosomes as well as strong changes in the karyotype. In
multicolor fluorescent in-situ hybridization (multicolor FISH) (122), chromosome painting or spectral
karyotyping (SKY) (123), sub-chromosomal changes can be highlighted (124, 125). In addition to
different chromosome numbers, specific features of the chromosomes such as translocations can be
observed. Besides these visualizing methods, there are other approaches for the direct

measurement of the chromosome content (126). Comparative genomic hybridization (CGH) allows
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the detection of copy number changes in the DNA content, though without information on structural
re-arrangements. DNA from the specific sample and a reference sample are differentially
fluorescently labeled and mixed. The mix is then hybridized to either normal chromosomes or (in the
case of arrayCGH (aCGH)) to thousands of short defined DNA stretches (127). Fluorescent ratio
signals can subsequently be extracted and regional differences at the chromosome level can be
derived. A further approach is represented by SNP arrays, which are DNA microarrays that feature

high resolution including the detection of single nucleotide polymorphisms (SNPs)(128).

1.2.3. Pathologies of aneuploidy in different species

Apart from mammals, aneuploidy has been observed and studied in many other organisms, which
allows comparison across different species (111). As stated above, organismal aneuploidies are often
lethal already during early development or — if not lethal — lead to substantial developmental
defects. Very early observations in plants revealed poor growth of the aneuploid species in
comparison to equivalent euploid plants. Moreover, a direct proportionality was observed between
the additional chromosomal material and slower growth. Experiments in Drosophila melanogaster
indicated that monosomy for the smallest chromosome IV can result in viable flies with smaller size
and frequent sterility. Trisomies for chromosome IV show only slight morphological changes.
Aneuploidies for all other chromosomes were, however, lethal (129, 130). These studies revealed
that in general monosomies are much more pronounced than aneuploidies based on chromosome
gains, a trend which seems to be conserved across all species (111). Studies on aneuploidy have also
been performed in the nematode Caenorhabditis elegans. Both duplications and deletions can be
tolerated to some extent, however, many forms of aneuploidy are lethal. Studies in budding and

fission yeast show inhibited proliferation due to aneuploidy (131, 132).

Extensive research in mice revealed that for all autosomal chromosomes only trisomy of
chromosome 19 is not embryonic lethal. Nonetheless, also these individuals die shortly after birth.
Embryos containing different forms of aneuploidy show a variety of developmental abnormalities

and retardations (119).

In human, aneuploidy is known to be linked to congenital birth defects and miscarriages. However,
not all aneuploid cells result in cell death. As mentioned above, trisomy for chromosomes 13, 18 and
21 can to some extent be tolerated and the organisms survive embryogenesis (133-135). Several
links between clinical disorders and chromosome abnormality in surviving human embryos are

known. Constitutional trisomy leads to defects in development and increases the risk of specific
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pathologies. Among others, frequent symptoms are stunted growth, mental retardations and

decreased fertility.

All in all, throughout all species which have been studied, aneuploidy results in strong negative
effects for the cells, leading in all organisms to severe phenotypes such as developmental

abnormalities and growth retardations.

1.2.4. Aneuploidy in cancer and disease

Besides its causative role in disease and developmental abnormalities, aneuploidy is also a key
characteristic of cancer (110), a situation in which cells have an increased proliferative potential and
can evade elimination by apoptosis. More than 90% of solid tumors and 75% of blood cancers show
some degree of aneuploidy (136, 137). In addition, it seems that there is a correlation of the stage of
the cancer with increased aneuploidy (136). One obvious difference in cancer, however, is the
accumulation of many multisomies within the same cell in contrast to aneuploid cells in Down
syndrome or defined aneuploid clones generated by e.g. single-chromosome transfer. Cancer cells
can, in rare cases, also contain exact multiples of the haploid complement, however, aneuploid
states — ranging from “near-diploid” to “high-grade aneuploid” — are much more common.
Interestingly, whereas in Down syndrome individuals the risk of leukemia is increased, the risk for
solid tumors is significantly decreased. This raises interesting questions on the mechanistic linkage

between aneuploidy and cancer.

Already more than 100 years ago, first observations had been made regarding a role of aneuploidy in
cancer. This influenced the work of Boveri on sea urchins, in which he proposed that single
aneuploid cells may cause cancer (138, 139). Nevertheless, the exact role of aneuploidy in cancer
including whether or how it contributes to tumorigenesis is still not fully elucidated to this day. In
fact, many observations in the field of aneuploidy and cancer appear to contradict each other. One
guestion that is often raised is why so many tumors possess aneuploid states, if this is so deleterious
in aneuploid organisms. As stated before, aneuploid cells often show severe reductions in cell
proliferation, however, cancer cells must have evolved strategies allowing them to overcome this

barrier (140).

Studies in mouse models indicate that aneuploidy may not only be a by-stander effect of the tumor,
but that it may have direct tumor promoting effects. For instance, tumor formation in mice is
increased by aneuploidy (114, 141, 142). However, in some cases, aneuploidy also suppresses tumor

growth (114). Growth studies in yeast suggest that aneuploidy may facilitate tumorigenesis and that
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aneuploid cells can be generated via tetraploid states (143). Under certain conditions, aneuploid
states could also be a survival advantage, since they generate phenotypic variation and may help
cells to quickly adapt under strong selective pressure (116). Moreover, aneuploidy occurs in cancer
cells by certain mutations of proteins responsible for the proper segregation of chromosomes, such
as e.g. the protein STAG2, a component of the cohesin complex (144). It has been argued that they
then adapt to aneuploidy in combination with the occurrence of additional mutations of certain
genes, which then allow the cell to tolerate the aneuploid state or even take advantage of it. For
example, p53, a protein mutated in the majority of cancer cells, appears to limit growth in aneuploid
cells, which can be reversed by its deletion. However, knockout of TP53 does not induce aneuploidy
(113). Therefore, how exactly aneuploidy influences tumorigenesis despite its anti-proliferative
effect remains to be elucidated, especially, in view of the promoting and inhibiting effects (113, 114,

145).

The question of how aneuploid cancer cells can be explained and whether aneuploidy in cancer is a
cause or consequence is a driving force for aneuploidy research. At a minimum, it is clear that
aneuploidy possesses some driving functions which range from amplification of mutated oncogenes
and dosage-sensitive wild-type genes to loss of tumor suppressor genes and increased genomic

instability.

Based on the above observations, aneuploidy represents a highly attractive therapeutic target for
cancer treatment and offers several promising potential anti-cancer strategies. The aneuploid state,
even when not causing proliferative defects, appears to exert significant stress on the cells and
thereby could serve as a target for cancer therapies. One possible approach would be the
identification of single genes whose deletion is lethal only in aneuploid cells, and not in diploid cells.
Most of such genes would affect genome stability and would be linked to chromosome instability.
Alternatively, whole pathways might be attacked in case they are a general feature in all aneuploid
cells (140). As in the case of single genes, investigations focus on the identification of agents which
cause lethality in aneuploid cells and not in euploid cells to specifically target cancer cells (146).
Relevant pathways specifically sensitive to certain agents are determined, generally by identifying
the ones responsible for the survival of aneuploid cells. Several studies have focused on pathways
that deal with the excess of proteins, with the idea that this would be detrimental to aneuploid cells.
Proteasomal inhibitors have been tested, however, it seems that these inhibitors alone do not lead
to expected effects (113). Aneuploid trisomic MEF cells did show enhanced sensitivity to a number

of inhibitors and especially an Hsp90 inhibitor. These are currently tested in clinical trials (113).
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Besides aneuploidy’s role in cancer and its direct effects in congenital disease like Down syndrome,
there are increasing indications that it also plays important roles in neurodegenerative diseases such
as Alzheimer’s. The amyloid precursor protein APP whose cleaved products are responsible for the
formation of amyloid beta-plaques is encoded on chromosomes 21 (112). In Down syndrome
patients with three copies of chromosome 21, Alzheimer’s disease is indeed observed with a higher
frequency. Conversely, Alzheimer’s patients have a higher cellular occurrence of trisomy of
chromosome 21 (147). Trisomies of chromosome 17 have also been detected in higher frequency in

Alzheimer’s patients, and this chromosome harbors genes linked to the disease.

1.2.5. Current status in research and cellular response to aneuploidy

A major focus of current research is how cells deal with the extra number of chromosome at the
mMRNA and protein level. The question is how proteins encoded on the extra chromosome and the
corresponding transcripts are compensated. This could happen in a similar manner to compensation
for sex chromosome encoded proteins or it could not be controlled via compensation effects and

instead scale proportionally to the genomic content.

For the mRNA level, researchers have suggested that transcripts of genes encoded on the multisome
chromosome are not balanced to normal levels but rather reflect changes in gene copy numbers.
Many studies in yeast cells with an extra chromosome or complex aneuploid karyotypes, trisomic
mouse cells as well as in humans with trisomy 21 have investigated the correlation between gene
copy number and mRNA gene expression levels and all suggest strong proportionality (110, 118, 119,
132). This also holds true for several types of cancer and their aneuploidies. However, this may not
be the case for drosophila and plants since mechanisms for compensation have been described in

these species (148). These species dependent differences still have to be elaborated in more detail.

In contrast to transcript level analyses, there are far fewer investigations into how protein levels are
affected by aneusome chromosomes. Protein levels might be completely regulated back to disome
levels or directly correlate with gene copy numbers as described above for transcript levels. Partial
selective compensation of some proteins may also occur. In any case, in the absence of
compensatory mechanisms aneuploidy would lead to excess of proteins, potentially evoking

proteotoxic stress (Figure 18).
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Figure 18: Generation of proteotoxic stress in aneuploid cells due to an excess of proteins. In euploid cells
protein subunits from a complex located on different chromosomes are regulated by several degradative
pathways to maintain proper stoichiometry. In aneuploid cells, excess proteins may overburden these
pathways and result in protein misfolding and aggregation. Adopted from (113).

The few studies that have been performed on protein level so far show contradictory results. One
study in budding yeast observed few compensatory effects (149). It should be emphasized that in
this study only individual genes and not a complete chromosome have been investigated and even
more importantly, deletions were studies, which may have completely different response
mechanisms. Likewise, Pavelka et al. (116) see no balancing effects on protein level in yeast. In
contrast, Torres et al. also investigated yeast, but found slight balancing effects for some proteins,
especially for subunits of macromolecular complexes (132, 150). These studies used differently
generated aneuploid strains and different sensitivities in the protein detection techniques,
parameters which might be responsible for the different outcomes. In human aneuploid cells, no
comparable study has been performed prior to this thesis since the generation of stable aneuploid

clones is very difficult.

Besides the fate of proteins encoded on the supernumerary chromosomes it is of great importance -
especially for the development of therapeutic approaches — as to whether a general global response
to aneuploidy exists at the cellular level. If so, it would further interest if they are also responsible

for the reduced proliferation observed in the aneuploid state (146).

(32]



Analysis of global regulations in yeast also showed that strains with one additional chromosome
exhibit an “aneuploidy stress response”. This is defined by cell growth defects, altered metabolic
properties and proteotoxic stress, due to an accumulation of excess proteins (110, 116, 132, 151).
Aneuploid yeast strains were much more sensitive to certain stresses such as temperature changes
and inhibition of degradation pathways, for instance (132), respectively. However, also in this
respect, no clear picture emerges yet, because another study reported no indications of proteotoxic
or general stress response despite poor growth (116). It should be noted that these studies are not
fully comparable, since they deal with trisomies or mixed aneuploidies. Instability of the aneuploid

clones might be a further reason for discrepancies.

Experiments with trisomic mouse embryonic fibroblasts (MEFs) revealed impaired proliferation and
altered metabolism (119) as well as energy and proteotoxic stress and increased cell sizes (146).
Altered energy production, such as increased lactate production (aerobic glycolysis, also called
Warburg effect), is a common feature of cancer cells. Aneuploid yeast cells also show alterations in
carbohydrate metabolism. Inhibitors against autophagy, stress or heat shock response (Hsp90)
pathways showed increased sensitivity of aneuploid mouse cells (140). There was also a correlation
between the degree of the sensitivity against the agents and the size of the aneusome chromosome
(119, 146). However, unlike in yeast, proteasomal inhibitors did not result in increased sensitivity in

aneuploid MEFs.

Skin fibroblasts from Down syndrome individuals proliferate more slowly (152). In addition,
cytogenetic studies of early- and late-stage blastocysts including some aneuploid cells showed that
the percentage of aneuploid cells decreases over time. This suggests that euploid cells outcompete

aneuploid cells (124).

In summary, aneuploidy research has not yet drawn a clear picture of cellular responses to extra
copies of chromosomes in cells. In yeast and mice transcript levels of genes encoded on the
aneusome chromosomes appear to scale proportionally. At the protein level, some investigations
suggest slight protein compensation for members of macromolecular complexes. Aneuploid cells
show signs of proteotoxic stress response and increased sensitivity to agents inhibiting degradative
mechanisms in some but not all reports. No comparable studies have been performed in human cells
yet. It would clearly be important to investigate these questions in this medically relevant system.
MS-based quantitative proteomics would appear to be a method of choice to unravel protein
changes between aneuploid cells and their diploid counterpart cells. These data could be of great
relevance because defining general cellular states of the cells could potentially form a basis of an

aneuploidy-specific cancer therapy.
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1.3. Apoptosis

Apoptosis (apo — from, off; ptosis - falling) is a major mechanism of programmed cell death in
multicellular metazoan organisms. The purpose of this energy-dependent process is to guides the
cell to death in a controlled manner. Carl Vogt first described the principles of apoptosis in 1842,
although it took researchers more than hundred years to get further insight into the apoptotic
process. In 1972, John Kerr, Alastair Currie and Andrew Wyllie published a seminal article on
apoptosis, which marks the beginning of molecular research into programmed cell death (153). In
2002, Robert Horvitz, Sydney Brenner and John E. Sulston won the Nobel Prize in Medicine for their

pioneering research on apoptosis.

Cell death is an important mechanism to maintain a healthy state. Each cell has several control
mechanisms which together serve as guardians by monitoring crucial processes such as each step of
the cell cycle as well as the general state of the cell. Whenever the cell shows signs of misbalance
these control mechanisms attempt to detect and repair the disturbance, however, when the cell is
irreparably damaged or potentially dangerous to the organism, controlled cell death is initiated. As a
specific and programmed form of cell death, apoptosis effects cellular disposal. It relies on
proteolytic cleavage of specific protein substrates by proteases termed caspases as the central

mechanism.

Besides apoptosis, other cell death mechanisms include the uncontrolled, acute form of cell death by
necrosis, which results from acute cellular injury of the cell (154, 155). In this case, the cell loses its
membrane integrity and surrounding liquid can enter the cell finally leading to a bursting of the cell.
In contrast, apoptotic cells disperse stepwise in an orderly manner resulting in the formation of so-
called apoptotic bodies, which are finally engulfed by phagocytic cells. Molecules from the apoptotic
cell are thereby recycled and re-integrated into intact cells. Necroptosis is an additional type of

programmed cell death but it will not be further addressed here (156-158).

Apoptosis is not only a mechanism of cell death in unbalanced states, but functions as an essential
cellular mechanism during normal development, tissue homeostasis and immunity (159, 160). As a
classical example, the differentiation of limbs in the developing human embryo is driven by
apoptotic removal of the superfluous cells between the fingers and toes. Also in neuronal
development, cell death has an important task in matching neuron numbers with their targets. In

adults, it is required to maintain homeostasis in rapidly renewing tissues.

Disturbed regulation of apoptosis contributes to many pathological states and autoimmunity,

infection and degenerative disorders all involve apoptosis (156, 159). Whereas excessive apoptosis
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causes atrophy in tissues, in cancer the problem lies in evasion of normal apoptotic mechanisms.
One of the goals in cancer therapy by chemotherapy and irradiation is to kill cancer cells by inducing
apoptosis. It is thus important to determine affected proteins and pathways in apoptosis to allow

more specific treatments in cancer cells with least side effects in normal cells.

Apoptosis has been intensively studied in mammals and Drosophila (161). In addition, many
groundbreaking studies have been performed in the nematode Caenorhabditis elegans, in which the
apoptotic pathway is sufficiently conserved that the main discoveries could be transferred to the
human system (162-165). The following discussion will focus on studies and investigations in human

cells, as this thesis has been exclusively performed in the human system.

1.3.1. Morphological and molecular characteristics of apoptotic cells

Apoptosis induction results in several changes in the cell both on the morphological and molecular
level. In contrast to necrosis, these changes follow a strict order and step by step lead to a controlled

degradation of the cell. In the following, characteristic features of apoptosis are highlighted.

1.3.1.1. Morphological changes of apoptotic cells

Among the morphological changes observed upon apoptosis induction alterations of the nucleus and
cytoplasm are particularly prominent. Although the most dramatic changes occur at later stages of
the apoptotic process, already very early on, the induction of apoptosis can be recognized by
rounding of the cells and retraction from neighboring cells. No dramatic changes in mitochondria,
the ER or the Golgi apparatus were observed during the early stages of apoptosis (153). In later
stages, swelling of the mitochondrial outer membrane is evident, likely due to release of apoptotic
proteins into cytoplasm (160, 166-168). Fragmentation of the ER and Golgi has also been observed
(155). Cells then show shrinkage of the cytoplasm and nucleus due to a breakdown of the
cytoskeleton (153). Further characteristic features of the apoptotic pathway are nuclear breakdown,
due to condensation of the nucleus, and even fragmentation of the nucleus into smaller pieces (155)
(Figure 19). Accompanied the chromatin condensation, DNA is extensively fragmented by hydrolysis

and so-called DNA laddering can be detected on agarose gels (155).

Crucial feature of apoptosis is that the plasma membrane is not ruptured but stays intact during the
entire process, thereby limiting the release of inflammatory cellular content (169). Still, the
membrane starts to bleb extensively upon apoptosis induction, which can be detected via
microscopy (see Figure 19). Phosphatidylserine is a molecular indicator of apoptosis, because this

molecule occurs only on the cytoplasmic side of the membrane in intact cells. Upon apoptosis it
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swaps to the outer side of the membrane where it can be detected by binding of Annexin V, a

common assay for apoptosis induction.

Phase contrast

Figure 19: Morphological changes after apoptosis induction. Apoptotic cells show extensive membrane
blebbing as well as nuclear condensation and fragmentation. Arrows indicate condensed and fragmented
nuclei of apoptotic cells. Adopted from (155).

In the final stage of apoptosis, the complete cell disintegrates and the plasma membrane-bound
“apoptotic bodies” are cleared by engulfment and uptake by nearby phagocytic cells (phagocytosis),
such as macrophages (153). Some apoptotic bodies contain fragments of the nucleus, whereas
others contain only cytoplasm. Material internalized within the apoptotic bodies can be recycled and

re-used.

1.3.1.2. Extrinsic and intrinsic apoptosis

Along with morphological changes, apoptosis also dismantles the cell from within - on the molecular
level. Apoptosis can be induced either by diverse intracellular intrinsic stimuli such as DNA damage,
or by extrinsic stimuli. In the latter case, ligand binding to receptors of the tumor necrosis factor

receptor family on the cell surface induces apoptosis (170).

Extrinsic stimuli comprise the ligands FasL, TNF-alpha and TRAIL which all belong to the tumor
necrosis factor (TNF) superfamily and exist as stable homotrimers. They can occur both as
membrane proteins or soluble proteins after cleavage of the extracellular domain by proteases such
as metalloproteases. To initiate the apoptotic process, the apoptosis inducing factors bind with their
extracellular C-terminal TNF homology domain (THD) to the cysteine-rich extracellular subdomains
(CRDs) of their corresponding “death-receptors” (Figure 20) at the outer membrane of the cell (171-

173).
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Figure 20: Interaction of the tumor necrosis factor ligand (TNFL, gray shades) with the tumor necrosis factor
receptor (TNFR) as ribbon diagram representation. On the left, non-covalently linked THD domains of the TNFL
trimer are depicted. One trimer is encircled. On the right, the interaction of the ligand trimer with the CRDs
(each CRD encircled) of the TNFR is depicted. Adopted from (172).

Subsequently, these receptors — Fas (Apo-1, CD95), TNFR or TRAIL-R — cluster in the membrane as
trimers or higher oligomers. On the cytoplasmic side, receptors possess a cysteine-rich domain called
death domain, which is crucial for transmitting the signal from the extracellular to the intracellular
part. Formation of the ligand-receptor trimer triggers the recruitment of factors at the inner face of
the membrane forming the so-called DISC (Death-inducing signaling complex) complex (174, 175)
(see Figure 21). This complex consists of FADD, which binds to the intracellular death domain of the
receptor via its own death domain, as well as pro-caspase-8, the inactive form of caspase-8, which
interacts with FADD via its death effector domain (176). The formation of the complex leads to
activation, auto-cleavage as well as dimerization of caspase-8. After its cleavage, the initiator
caspase-8 it is released from the complex into the cytosol and cleaves further proteins such as
effector caspases. These downstream caspases subsequently cleave their own downstream
substrates thereby enforcing the cellular apoptosis. The detailed mode of action of caspases is

described in more detail in paragraph 1.3.2.

This study deals with apoptosis induced by TNF-related apoptosis inducing ligand (TRAIL). The 33 kDa
protein TRAIL, also known as Apo2L or TNFSF10, belongs to the TNF superfamily. It is classified as a
type Il membrane protein, since it is inserted in the cell membrane with its C-terminal domain

exposed to the extracellular side. It is expressed by cells of the immune system, such as T cells or
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macrophages. However, TRAIL can also be proteolytically cleaved off thereby generating a soluble 20
kDa TRAIL ligand (177). TRAIL triggers apoptosis by binding to its death receptors DR4 (TRAIL-R1) and
DR5 (TRAIL-R2). It can also bind to decoy receptors lacking cytoplasmic death domains, DcR1 and
DcR2, which therefore do not transmit an activating signal to the cytoplasmic side of the cell
membrane. Overexpression of these decoy receptors can protect the cell from TRAIL-induced
apoptosis. A secreted low affinity receptor for TRAIL also exists and is called osteoprotegerin (OPG)
(178). After binding of TRAIL to DR4 or DR5 and DISC formation at the cytoplasmic side of the
membrane, caspase-8 is activated by cleavage and the apoptotic cleavage cascade is induced.
Subsequent cellular mechanisms are likely similar to FasL induced signaling, but the precise
underlying mechanisms still need to be fully elucidated. TRAIL signaling is of special interest for
clinical researchers, since TRAIL has been shown to induce apoptosis in cancer cells without killing

normal cells (see paragraph 1.3.3.).

As mentioned above, apoptosis is not only extrinsically induced but can also be initiated by an
intrinsic signal (Figure 21). Among others, cytotoxic insults, such as exposure to DNA damage
(irradiation) or growth factor deprivation, and also activation of the tumor suppressor p53, trigger
pro-apoptotic members of the Bcl-2 protein family and thereby induce the apoptotic process (178).
In this process, the interplay of pro- and anti-apoptotic Bcl-2 family members is crucial for the
execution of apoptosis. The pro-apoptotic proteins Bax and Bak translocate from the cytosol to the
mitochondrial membrane. Moreover, interaction of pro- (such as Bax and Bak) and anti-apoptotic
members (such as Bcl-2 and Bcl-X,) leads to an oligomerisation of Bax and Bak in the outer
mitochondrial membrane (179) and formation of pores therein. How Bax and Bak are activated and
oligomerize, is not fully resolved yet (159, 180). Pore formation results in the release of pro-
apoptotic proteins from the mitochondrial intermembrane space, such as SMAC/DIABLO which
blocks XIAP, an inhibitor of apoptosis. A further crucial factor that is released from the mitochondria
is cytochrome c. In the cytosol, it induces the assembly of a complex with Apaf-1, pro-caspase-9 and
dATP, forming the so-called apoptosome. As a consequence, caspase-9 is auto-cleaved and thereby
activated and can cleave further downstream substrates, including effector caspases. This pathway is
also termed “mitochondrial pathway” because the proteins involved are responsible for the integrity

of the mitochondrial outer membrane.
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Figure 21: Schematic overview of the intrinsic (mitochondrial) and extrinsic apoptotic pathway. Modified from
(159).

Although there are two distinct initiating events for apoptosis, the resulting pathways finally
converge upon effector caspase activation. Moreover, even extrinsic and intrinsic activation events
are not strictly separated. One protein influencing the pore formation in the mitochondrial
membrane is Bid, which is cleaved by caspase-8, the initiator caspase of the extrinsic pathway (see
Figure 21). The truncated active C-terminal segment called tBid translocates to and accumulates at
the mitochondria, promotes Bax/Bak-mediated mitochondrial outer membrane permeabilization
(MOMP) and thereby induces formation of pores in the outer membrane. Thus Bid cleavage
interlinks the extrinsic and intrinsic pathways already at the initial steps. In some cells, so-called type
2 cells, activation of the intrinsic pathway by Bid is required to amplify the caspase cascade. Cells
that are not dependent on this pathway after extrinsic apoptosis induction are called type 1 (181,

182).

Absence of one of the two pathways still allows accurate function of the other (183-187). Defects in
caspase-8 results in resistance to extrinsic stimuli and apoptosis induction (186, 188-190). However,
there is no similar silencing of the intrinsic pathway, in which mitochondrial outer membrane

permeabilisation can be effected in multiple and redundant ways (191-196).
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1.3.2. Caspases and their function

Regardless of the apoptotic stimulus, apoptosis culminates in the fragmentation of several hundred
proteins and of the DNA and this effect is driven by proteolytic executioners. The main players are
caspases, cysteine-dependent aspartate-specific proteases, which are represented by 11 functional
genes in the human genome. As their name suggests, caspases cleave C-terminally after an aspartate
and have a cysteine in their reactive center which is important for the cleavage process (197).
Caspases are indirectly also responsible for the fragmentation of the DNA by activating a DNAse in a

proteolytic manner (198, 199).

1.3.2.1. Caspase structure and function

In healthy cells, caspases are present as inactive zymogens with little or no proteolytic activity. By
structure and function, caspases relevant in apoptosis can be separated into upstream initiator
caspases, caspases -8, -9, -10 and -2, and downstream effector or executioner caspases, caspases-3,-
6 and -7 (197, 200). Further caspases have non-apoptotic functions and are, among others, relevant
for inflammatory responses, such as caspase-1 (201). Caspase-8 in combination with its adaptor
FADD can also have other functions such as in the development of blood vessel, macrophage

differentiation or proliferation of specific cell types (185-187).

Initiator caspases in their inactive form have a long pro-domain. After induction of an apoptotic
signal, initiator caspases can bind to specific scaffold proteins via their long pro-domains and form
death-inducing complexes. In the extrinsic pathway, caspase-8 binds to FADD via its death effector
domain and forms the above mentioned DISC. Activation is thought to follow an induced proximity
model, which leads to the auto-proteolytic activation of pro-caspase-8. Multistep cleavage results in
the formation of a heterotetramer, consisting of two large p20 subunits and two small p10 subunits
(202) (see Figure 22). Similarly, caspase-9, which is the main player in intrinsically induced apoptosis,
can bind to Apaf-1 and form the apoptosome in combination with cytochrome c and dATP. Complex
formation subsequently induces conformational changes which lead to the activation of the

caspases by auto-cleavage (200).
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Figure 22: Overview of caspases in mammals. Initiator and effector caspases are distinguished. Adapted from
(203).

Active initiator caspases can cleave executioner/effector caspases - which are as well synthesized as
single-chain inactive zymogens containing short pro-domains - into about 20 (p20) and about 10

(p10) kDa fragments. These assemble into an active tetrameric protease (p20,p10,) (159).

1.3.2.2. Downstream cleavage substrates

After effector caspases such as caspase-3 have been activated by cleavage and extrinsic and intrinsic
pathways converge on the same downstream events, downstream substrates spanning a wide range
of functions are cleaved. In this process, not all cleavage events result in an inactivation of the
corresponding protein. Instead, cleavage can also have activating effects or induce translocations of

proteins into different compartments of the cell (197, 204-206).

The morphological changes due to apoptosis induction (see 1.3.1.1.), can be linked to cleavage of
specific proteins (166) (see Figure 23). Many constituents of the cellular cytoskeleton are cleaved.
These include components of the actin microfilament, microtubular and intermediate filament

proteins with their respective substrates, actin itself and myosin, tubulins as well as vimentin.
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Figure 23: Schematic overview of the controlled disintegration of the cell. Both molecular cleavage events and
their consequences at the morphological level are indicated. Adopted from (155).

(155). Cleavage of these proteins contributes to the rounding of the cell, cell shrinkage as well as
membrane blebbing, although detailed mechanisms have not been identified yet. In addition,
cleavage of nuclear lamins contributes to nuclear fragmentation and the collapse of the nuclear

envelope. In many of these cases, protein functions are inhibited by cleavage.

A well-studied example of protein inhibition is the substrate PARP1 whose DNA-binding domain is
cleaved off by caspases (154). PARP1 then can no longer bind to DNA, which is required to fulfill its
catalytic function in DNA damage repair. The most prominent examples of protein activation by
cleavage in apoptosis are the caspases themselves. One example of indirect activation and
translocation of a protein is the cleavage of the inhibitor of the caspase-activated DNAse CAD (ICAD).
At normal conditions ICAD forms a stable complex with CAD, however, upon apoptosis induction,
ICAD is cleaved by caspases. This cleavage inactivates the inhibitor, thereby releases CAD from the
complex and initiates the translocation of CAD to the chromosomes where it induces DNA
fragmentation. These examples highlight the broad range of apoptotic cleavage events and their

consequences for the cell. In addition, many more pathways, especially RNA-related processes as
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well as transcription and translation machineries have variously been described as affected by

caspase cleavage.

In recent years, several methods for the identification of cleaved caspase-dependent substrates have
been developed. In vitro approaches attempt to identify substrate motifs, but have the disadvantage
that it is not clear if they represent in vivo events. In contrast, MS-based proteomics can elucidate
cleavage events in vivo. Most of the studies published so far have investigated intrinsically induced
apoptosis by stimuli such as staurosporine. One approach aims at the identification of the explicit
apoptotic cleavage sites by enriching N-termini newly generated after apoptosis induction. A second
strategy searches for cleavage events without enrichment by taking into account further protein
level information. Caspase cleavage detection assays are thoroughly discussed in the results section
(see section 2.2.). The above assays have allowed the detection of many substrates, but they have

several drawbacks, in particular the lack of a quantitative global whole protein approach.

1.3.3. Apoptosis and its relevance in cancer

Evasion of apoptosis is one of the accepted hallmark of cancer (207). One of the first inks between
cancer and apoptosis has been the observation that overexpression of the anti-apoptotic protein
Bcl-2 prevented the cell from initiating apoptosis (208, 209). In mice, further anti-apoptotic proteins
have been linked to increased tumorigenesis after their overexpression (210-213) whereas pro-
apoptotic family members were shown to be tumor suppressors. Deletion of pro-apoptotic proteins
even accelerated the generation of lymphomas (214-216). In human cancer loss or suppression of
pro-apoptotic family members has likewise been observed (210, 217, 218). In addition to defects in
the intrinsic pathway, alterations in the death receptor pathway are also known to promote
tumorigenesis. For example, mutations in the Fas death receptor or the Fas ligand have been linked

to increase cancer incidence (219).

Although evasion from apoptosis is driving cancer development, the opposing effect of excessive cell
death has also recently been associated with cancer development. Upon chemotherapy or low-dose
gamma-irradiation in radiotherapy many cancer survivors eventually develop more tumors (220,

221).

Several anti-cancer strategies specifically trigger apoptosis for therapeutic effect. Even today, the
most common treatment of solid tumors uses chemotherapeutic drugs or gamma-irradiation. These
induce DNA damage and cellular stress or block DNA replication, thereby triggering cancer cell

death. However, these treatments involve a high degree of systemic toxicity and often become
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ineffective due to anti-apoptotic mutations in the cell. Tumor resistance can occur after repeated
treatments. For these reasons, many strategies now directly target molecular changes in the

apoptotic pathway of cancer cells.

Since apoptosis depends on the tightly controlled interplay between pro- and anti-apoptotic
proteins (see 1.3.1.2.), several strategies have been developed to target anti-apoptotic proteins in
cancer cells - proteins that are known to trigger tumorigenesis when overexpressed (see above).
Substances are pursued that mimic BH3-only proteins and target these pro-survival proteins at the
level of protein-protein interactions. These interactions are thought to directly flip the Bcl-2-
regulated apoptotic switch. A few of these mimetics are already in clinical trials (222-224). Further
studies focus on antisense RNAs to target the expression of the pro-survival genes and some of these
strategies are likewise in clinical trials (225-227). Synthetic ribozymes have also been studied (228,
229) as has the inhibition of apoptotic inhibitors, which are often elevated in cancer cells similar to
anti-apoptotic proteins. In this respect, recent clinical trials try to mimic natural antagonists of

inhibitor of apoptosis proteins (IAPs) such as SMAC/DIABLO (targeting XIAP) (230).

Targeting the death receptor pathway, rather than the intrinsic apoptotic pathway, could potentially
directly trigger cell death in cancer cells. Unfortunately, induction via the Fas receptor (e.g. by
antagonistic CD95L antibodies) has led to liver damage (231) and this problem of toxicity still needs
to be overcome (202). In contrast, the TRAIL receptor is emerging as promising agent, since TRAIL is
known to induce apoptosis in a wide variety of tumors while exhibiting little or no toxicity in normal
cells (232, 233). TRAIL's limited effects on normal cells, may be due to the restriction of the TRAIL
death receptors DR4 and DR5 expression to transformed cells, whereas normal cells only express the
decoy receptors (234). However, the exact underlying mechanisms still need to be fully identified.
Furthermore, not all tumor cells are sensitive to TRAIL and resistance occurs in some cancer types,
such as chronic lymphocytic leukemia (CLL), despite the expression of TRAIL receptors on the surface
of the tumor cells (202, 235). One possible explanation may be the expression of decoy receptors
also in cancer cells. For this reason it would be of great importance to screen for resistant tumors
before treatment with TRAIL. However, no clear picture has emerged so far on the correlation of
decoy receptor expression and tumor resistance (235). Anti-apoptotic proteins within the cell might
also add to TRAIL resistance but again further studies have to be performed to unravel their specific
role (178). Recombinant human TRAIL (rhTRAIL) as well as DR4-/DR5-specific agonistic antibodies are
in early clinical trials. TRAIL versions used in clinical trials represent the extracellular region of the
ligand stabilized with a zinc atom to retain the active trimeric conformation. Tagged versions of the

ligand with e.g. FLAG are no longer used since hepatotoxicity and other side effects have been
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observed (177). Since TRAIL induces apoptosis independently of the intrinsic pathway, including the
p53-regulated Bcl-2 family members, TRAIL treatment may offer an approach to target p53-deficient
tumor cells which are often resistant to chemotherapies and irradiation (178, 236). Enhanced
apoptosis induction may be obtained by combined treatments with for example BH3 mimetics or
chemotherapeutic agents in some cancer cells (226, 237, 238) and could even re-sensitize resistant

tumor cells (178).

Many other strategies to induce apoptosis in tumor cells without general cytotoxic effects to normal

cells are also pursued. Figure 24 gives an overview of different approaches used to date.
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pathway can be attacked. Adopted from (178).

For cancer therapy, the development of novel drugs is crucial. However, when targeting the

apoptotic pathway, there is still debate in the field about the most efficient strategies. For instance,
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it has to be evaluated whether combined therapies are more efficient than single treatment
strategies, such as targeting one specific gene/protein only, which strategies work best under certain
conditions, including cell type, cancer type and many more parameters and what the side effects
are. For these reasons, it is crucial to investigate basic apoptotic processes in detail. Only when
detailed mechanisms can be identified it will be possible to rationally develop new therapies for
cancer based on the direct targeting of the apoptotic process (226). In particular we here wanted to

develop strategies that allow the comparison of cleavage events for different conditions.
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2. RESULTS AND DISCUSSION

2.1. Global analysis of genome, transcriptome and proteome reveals the
response to the presence of extra chromosomes in human cells

2.1.1. Aim and Summary

Aneuploidy, the state of unbalanced chromosome content, plays an important role in cancer and
disease. Nevertheless, no studies had been performed yet in human cells to unravel proteomic
changes upon the introduction of extra chromosomes. For this reason, we generated stable
aneuploid clones of HCT116 and RPE-1 cell lines, which differed in the number of extra
chromosomes and the specific chromosome. Our aim was to analyze these cells in comparison to
their diploid counterpart cells on the genome, transcriptome and proteome levels. In particular, we
performed SILAC-based quantitative proteomics to directly compare proteomic changes between
corresponding diploid and aneuploid cells. These data were merged with the genomic information
derived by aCGH and the mRNA data from microarray data from exactly the same cell populations.
This dataset allowed us to investigate the fate of both proteins and mRNAs encoded on the extra

chromosome and to determine regulations in aneuploid cells on a global scale.

We found that mRNA levels corresponding to coding regions on the extra chromosome scale
proportionally to the chromosome number. However, on the protein level, partial balancing effects
of certain proteins could be observed. Especially proteins in complexes exhibited strong balancing
towards the diploid abundance levels. In addition, our study revealed a general response to
aneuploidy in all aneuploid clones. In all clones, lysosomal pathways were elevated. Interestingly, all
aneuploid clones up-regulated the important autophagic markers LC3 and p62. The autophagic
pathway is responsible for the degradation of organelles as well as certain ubiquitinated proteins.
We further investigated the autophagic effects by biochemical methods and confirmed the

activation of autophagy in all aneuploid clones.

Our study makes an important contribution to aneuploidy research by providing quantitative data at
the genome, transcriptome and proteome level in human cell lines for the first time. Our data
suggest that autophagy plays an important role in the balancing of protein levels in aneuploid
human clones. Although this phenomenon needs to be further elucidated in detail, the identification
of autophagy as an important, general response in aneuploid cells may already provide new insights

for the treatment of aneuploid cancer cells.
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2.1.2. Contribution

This study was a collaboration between Zuzana Storchova, Silvia Stingele and myself. Whereas Silvia
Stingele focused on cell characterization and biochemical assays, my contribution centered around
SILAC-based quantitative proteomics. | analyzed the LC-MS/MS data and performed the downstream
data analysis. Additionally, | also analyzed the CGH and microarray data and combined all results for
further analyses and provided most of the figures based on the CGH, mRNA and protein data.

Biological interpretation and composition of the paper involved contributions from all collaborators.

2.1.3. Publication

The following paper was published in 2012 in Molecular Systems Biology:

Global analysis of genome, transcriptome and proteome reveals the response to the presence of
extra chromosomes in human cells

Stingele Silvia*, Stoehr Gabriele*, Peplowska Karolina, Cox Juergen, Mann Matthias and Storchova
Zuzana

*these authors contributed equally

Mol Syst Biol. 2012 Sep 11;8:608.

[50]



Molecular Systems Biology 8; Article number 608; doi:10.1038/msb.2012.40
Citation: Molecular Systems Biology 8:608

© 2012 EMBO and Macmillan Publishers Limited Al rights reserved 1744-4292/12
www.molecularsystemsbiology.com

molecular
systems
b|0|ogy

Global analysis of genome, transcriptome and
proteome reveals the response to aneuploidy

in human cells

Silvia Stingele'®, Gabriele Stoehr**, Karolina Peplowska', Jiirgen Cox?, Matthias Mann? and Zuzana Storchova'*

' Group of Maintenance of Genome Stability, Max Planck Institute of Biochemistry, Martinsried, Germany and 2 Department of Proteomics and Signal Transduction,

Max Planck Institute of Biochemistry, Martinsried, Germany
3These authors contributed equally to this work

* Corresponding author. Group of Maintenance of Genome Stability, Max Planck Institute of Biochemistry, Am Klopferspitz 18, 82152 Martinsried, Germany.
Tel.: +49 89 8578 3145; Fax: + 49 89 8578 3022; E-mail: storchov@biochem.mpg.de

Received 5.4.12; accepted 1.8.12

Extra chromosome copies markedly alter the physiology of eukaryotic cells, but the underlying
reasons are not well understood. We created human trisomic and tetrasomic cell lines and
determined the quantitative changes in their transcriptome and proteome in comparison with their
diploid counterparts. We found that whereas transcription levels reflect the chromosome copy
number changes, the abundance of some proteins, such as subunits of protein complexes and
protein kinases, is reduced toward diploid levels. Furthermore, using the quantitative data we
investigated the changes of cellular pathways in response to aneuploidy. This analysis revealed
specific and uniform alterations in pathway regulation in cells with extra chromosomes. For
example, the DNA and RNA metabolism pathways were downregulated, whereas several pathways
such as energy metabolism, membrane metabolism and lysosomal pathways were upregulated. In
particular, we found that the p62-dependent selective autophagy is activated in the human trisomic
and tetrasomic cells. Our data present the first broad proteomic analysis of human cells with
abnormal karyotypes and suggest a uniform cellular response to the presence of an extra

chromosome.

Molecular Systems Biology 8: 608; published online 11 September 2012; doi:10.1038/msb.2012.40
Subject Categories: proteomics; genome stability & dynamics
Keywords: aneuploidy; autophagy; pathway analysis; proteomics; p62

Introduction

Aneuploidy is detrimental to eukaryotic cells. Chromosome
number changes are the main cause of spontaneous mis-
carriages and surviving embryos are born with severe
disabilities, but the reasons for the incompatibility of the
karyotype changes with normal development are not well
understood (Hassold et al, 2007). Cells isolated from patients
with Down syndrome (trisomy of chromosome 21) grow
substantially slower (Segal and McCoy, 1974) and addition of
even a single chromosome to mouse cells causes multiple
defects, such as growth delay or increased sensitivity to certain
drugs (Williams et al, 2008; Tang et al, 2011). Abnormal
karyotypes were also shown to affect cell physiology in yeasts
and plants. Addition of chromosomes leads to growth defects
(Torres et al, 2007), phenotypic variability (Selmecki et al,
2006; Pavelka et al, 2010; Chen et al, 2012) and increased
genome instability that likely contributes to evolution (Niwa
et al, 2006; Selmecki et al, 2006; Huettel et al, 2008; Sheltzer
et al, 2011). On the other hand, variable aneuploid karyotypes
can be found in tumors without an obvious adverse effect on
cell proliferation and it has been hypothesized that aneuploidy

© 2012 EMBO and Macmillan Publishers Limited

facilitates tumorigenesis (Storchova and Pellman, 2004).
Despite the frequent occurrence of aneuploidy and its link to
pathological states, molecular mechanisms underlying the
observed phenotypes remain unclear.

One of the important questions is how the presence of an
extra chromosome affects the mRNA and protein content of a
cell, and what is the physiological response to these changes.
Transcriptome profiling suggests that the mRNA levels from
genes encoded on the extra chromosomes mostly scale up
proportionally with the gene copy numbers in various
organisms such as in vitro generated aneuploid yeast, mouse
and human cells (Upender et al, 2004; Torres et al, 2007;
Williams et al, 2008), pathogenic Candida strains (Selmecki
et al, 2006) and aneuploid plants (Makarevitch et al, 2008).
Other reports suggest a feedback control that buffers the
mRNA levels of amplified or underrepresented chromosomal
regions in naturally occurring aneuploid yeast strains (Kvitek
et al, 2008), plants (Birchler et al, 2005) or in Drosophila
with partial or whole chromosomal aneuploidy (Stenberg et al,
2009). Detailed analysis of Down syndrome patients suggests
that the transcription levels of some of the genes on
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chromosome 21 are compensated as well (Ait Yahya-Graison
et al, 2007). So far, only little is known about the changes in
protein content and pathway regulation in aneuploid cells.
Recent studies in aneuploid budding yeasts yielded partially
contradictory results. On one hand, an artificial introduction of
a single chromosome into haploid cells led to a growth delay,
general stress response and proteotoxic stress (Torres et al,
2007). Moreover, mRNAs and proteins coded on the disomes
were expressed proportionally to the chromosome copy
numbers with exception of the protein levels of subunits of
multimolecular complexes that were partially compensated to
maintain the stoichiometry (Torres et al, 2010). On the other
hand, meiotically generated multi-chromosome aneuploidy
resulted in a proportional scaling of protein expression with no
significant compensation of the abundance of subunits of
protein complexes, and no indications of proteotoxic stress or
general stress response were identified (Pavelka et al, 2010).
No similar analysis has been performed in human aneuploid
cells so far.

To uncover the fate of the transcripts and proteins encoded
on the extra chromosome and to investigate the global changes
in human cells in response to supernumerary chromosomes,
we created model tri- and tetrasomic cells derived from two
different human chromosomally stable cell lines, HCT116 and
RPE-1. We quantified the changes of genome, transcriptome
and proteome and determined specific pathways whose
regulation is altered in these cell lines. This analysis suggests
a specific cellular response to the presence of extra chromo-
somes in human cells. In particular, we show that p62-
dependent autophagy is activated in cell lines with extra
chromosomes, where it may contribute to the maintenance of
normal protein levels.

Results

Generation and characterization of human
trisomic and tetrasomic cell lines

A detailed analysis of aneuploidy in human cells is hampered
by the lack of an appropriate model with matching diploid and
aneuploid cells. To circumvent this limitation, chromosome
transfer via micronuclei was used to add an extra chromosome
into HCT116 (Haugen et al, 2008) or HCT116 stably expressing
H2B-GFP (Supplementary Figure S1A). This approach gener-
ated cognate trisomic and tetrasomic derivatives that carry
additional copies of chromosome 3 (labeled HCT116 3/3) or
chromosome 5 (trisomy: HCT116 H2B-GFP 5/3, tetrasomy:
HCT116 5/4 and HCT116 H2B-GFP 5/4). HCT116 is a
transformed cell line with several previously identified
chromosomal changes such as the chromosome Y loss and
amplified regions of chromosomes 8, 10 and 17 (Masramon
et al, 2000). These aberrancies are mostly present in the new
aneuploid cell lines (Supplementary Figure 1B) and thus likely
do not affect the results. Nevertheless, to strengthen our
analysis and to overcome this possible drawback, we
generated cell lines trisomic for chromosomes 5 and 12, and
another cell line trisomic for chromosome 21, both derived
from the diploid primary epithelial cell line RPE-1 that
was immortalized by the expression of hTert and that
lacks substantial chromosomal aberrancies. The successful
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chromosome transfer was verified by chromosome paints
(Figure 1A), comparative genomic hybridization (CGH) and
multicolor fluorescence in situ hybridization (Supplementary
Figure S1B and C). The analysis confirmed that original cell
lines and their derivatives differ only by copy number of a
specific chromosome.

All trisomic and tetrasomic cell lines display marked growth
impairment as previously observed (Segal and McCoy, 1974;
Guo and Birchler, 1994; Torres et al, 2007; Williams et al,
2008), with tetrasomic cell lines growing significantly slower
than the trisomic ones (Figure 1B). We found that the
aneuploid cells progress slowly and less synchronously
through G1 and S phase, with a delay of 5 and 4h,
respectively (Figure 1C). On the contrary, the progression
through G2 phase and mitosis is not noticeably affected
(Figure 1C; Supplementary Figure S1D and E) and there
is no marked accumulation of dead and non-proliferating
cells (Supplementary Figure S1F and G). Similar delay in cell-
cycle progression was observed in the RPE-1 5/3 12/3
(Supplementary Figure S1H). Thus, the presence of an extra
chromosome impairs the growth of human cells.

Comparison of genome, transcriptome and
proteome of cells containing extra chromosomes

Using the series of isogenic diploid and aneuploid cell lines we
asked how the mRNA and protein levels changed in response
to the chromosome copy number changes. We examined the
tetrasomic cell line HCT116 5/4, which guaranteed larger
dynamic range of measured changes than in trisomic cells. To
quantify the DNA levels, we used high-resolution CGH
(Supplementary Table S1). To measure the corresponding
mRNA, we determined the medians from microarray analysis
of three independent samples (Supplementary Table S1). To
compare the protein levels, we used stable isotope labeling
with amino acids in cell culture (SILAC) followed by high-
resolution mass spectrometry (Ong et al, 2002) and quantified
the proteome to a depth of ~6000 proteins (Supplementary
Table S1). In total, we performed three biological replicates
with six measurements for HCT116 5/4; all other cell lines
were analyzed less extensively (up to three biological
replicates, see Supplementary Table S1). The analysis of
variability in technical and biological replicates demonstrated
high quantification accuracy and reproducible measurements
for all experiments including the reverse labeling, with
Pearson correlation factors between 0.64 and 0.90 (Supple-
mentary Figure S2A). We then determined the medians of
quantitative protein changes. The log2 ratios of aneuploid-
to-diploid abundance changes of DNA, the corresponding
mRNAs and the proteins were matched directly using the
annotated chromosomal positions (Figure 2A; Supplementary
Figure S2B). In the case of equal levels in aneuploid and
diploid cells, we expect the median aneuploid-to-diploid ratio
(log2) to be 0 and this is observed for all DNA, mRNA and
proteins coded on the disomes (DNA: 0.005, median mRNA:
—0.03; proteins: —0.06; Figure 2B). The median ratio of
mRNA encoded on the tetrasomic chromosome 5 is 1.09—very
close to the expected value of 1.0—but in contrast, the median
ratio of protein level changes is only 0.69 (Figure 2B). Indeed,
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Figure 1

Characterization of HCT116 and its tri- and tetrasomic derivatives. (A) Chromosome paints of used tri- and tetrasomic cell lines. Bar—10 pm. (B) Growth

curves of tri- and tetrasomic cell lines in comparison with their diploid counterparts. Each point represents the mean with standard deviation of three independent
experiments. (C) Cell-cycle progression of HCT116 (left panel) and HCT116 5/4 (right panel) after release from thymidine block, analyzed by flow cytometry. The major
delay occurs in the G1 and the S phase. The length of each cell-cycle phase is indicated above the graph. Population was considered to enter a specific phase of cell
cycle if at least 50% of cells showed corresponding DNA content. See also Supplementary Figure S1. Source data is available for this figure in the Supplementary

Information.

53 out of 197 proteins (27%) coded on the tetrasomic
chromosome 5 are present at levels expected for disomes
(median of diploid levels * twice the standard deviation). The
calculated median of protein abundance of these 53 proteins is
0.26, whereas the median of the corresponding mRNAs is 1.16,
further strengthening the idea that their expression is adjusted
at the protein level. Similarly, 25% of proteins coded on
chromosome 3 are present at diploid levels in HCT116 3/3
(Supplementary Table S1). We determined that the proteins
coded on the multisomic chromosome are present at a lower
level than expected in all analyzed cell lines (Supplementary
Figure S3). In conclusion, whereas the mRNA expression
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corresponds to the increased chromosome copy numbers,
approximately a quarter of the proteins are present at levels
lower than expected and more similar to the disomic levels.

Specific proteins are maintained at stoichiometric
levels

The fact that most proteins coded on the extra chromosomes
are more abundant than proteins from diploid chromosomes

indicates that there is no general efficient mechanism for ‘gene
dosage compensation’ of the analyzed tri- or tetrasomies.
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Nevertheless, a remarkable proportion of these proteins are
present at levels lower than expected according to the gene and
mRNA copy numbers, suggesting that some proteins or protein
categories might be adjusted to normal abundance. A long
standing hypothesis posits that free subunits of multimole-
cular complexes may be degraded in cells (see e.g., Goldberg
and Dice, 1974 and Guialis et al, 1979). Analysis of our
data confirmed that the abundances of subunits of protein
complexes (as annotated in the CORUM database; Ruepp et al,
2010) that are encoded on the tetrasomic chromosome are
lower than expected based on the gene copy number, and more
similar to the protein abundances observed in the parental cell
line HCT116; the median of proteins of CORUM complexes
coded on chromosome 5 is shifted down to 0.43 (Figure 3A).
A similar shift toward the diploid levels for the CORUM-
annotated proteins can be detected in all analyzed cell lines
(Supplementary Figure S4A). We examined 14 different
macromolecular complexes with at least one subunit coded
on the tetrasomic chromosome and found that 8 of them
(57%) maintain stoichiometry by decreasing the protein
abundance close to the normal, disomic levels, while the
mRNA levels vary (Figure 3B; Supplementary Figure S4B;
Supplementary Table S3).

Moreover, we found that protein kinases coded on the
supernumerary chromosomes shift toward near-diploid
expression levels in HCT116 5/4 as well (Figure 3C).
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Interestingly, the abundance distribution shows a bi-modal
pattern. Remarkably, the uncompensated kinases are prefer-
entially associated with pathways that we determined to be
globally upregulated in aneuploid cells (e.g., JNK2, see
below); other kinases coded on chromosome 5 were present
at near-diploid levels. A similar trend was observed in other
cell lines, but the limited number of proteins did not allow
evaluation of the statistical significance of these changes. In
conclusion, trisomic and tetrasomic human cells maintain
normal levels of proteins coded on chromosomes present in
extra copies, but the levels are adjusted only for specific classes
of proteins.

General cellular response to the presence of extra
chromosomes in human cells

Next, we asked how aneuploidy affects global pathway
regulation. To this end, we used a recently developed software
called ‘2-D annotation enrichment analysis’ (see Supple-
mentary Information). For each clone, we identified all
significantly altered pathways (as defined by Gene Ontology
categories, KEGG pathways and CORUM database) and ranked
the relative abundance changes of proteins within the category
compared with the complete measured data set. The resulting
score is on the scale from — 1to + 1, where the pathways close
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CORUM database) encoded on all disomic chromosomes compared with non-CORUM proteins (left panel); the same for proteins encoded on the tetrasomic
chromosome 5 (right panel). The differences between CORUM and non-CORUM populations of chromosome 5 are statistically significant (Wilcoxon rank sum test).
Dashed lines indicate medians of the populations. (B) Examples of protein complexes with at least one subunit coded on the tetrasomic chromosome 5. Each dot
represents abundance changes of one gene (black), its corresponding mRNA (blue) and protein (red). Subunits coded on chromosome 5 are indicated with an arrow
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this figure in the Supplementary Information.

to —1 are most downregulated and pathways close to +1
are most upregulated (see Supplementary Information for
further details). Plotting these calculated scores revealed
remarkable similarities in pathway regulation among the
analyzed aneuploid cell lines (Figure 4A and B). We found that
pathways involved in DNA and RNA metabolism, such as
replication, DNA repair, transcription and mRNA processing,
were significantly downregulated (Figure 4A, B and D;
Supplementary Figure S5A), which is consistent with the
observed growth delay in the G1 and S phase (Figure 1C;
Supplementary Figure S1D, E and H). Upregulated categories
identified in all analyzed cell lines included pathways required
for lipid and membrane biogenesis, endoplasmic reticulum,
Golgi vesicles and lysosome functions as well as energy
metabolic pathways such as mitochondrial respiratory
metabolism and carbohydrate metabolism (Figure 4A-C;
Supplementary Figure SSA). Remarkably, the 2-D enrichment
analysis of the transcriptome data determined similar changes
in the pathway regulation, suggesting that the pathway
response cannot be caused by a bias in protein detection
(Supplementary Figure S5B and C). The observed alterations
in pathway regulation were not an artifact of the chromosome
number changes, since excluding the proteins coded on
chromosome 5 from the analysis did not affect the identified
pathways (Supplementary Figure S5D). Additionally, we
found a remarkable overlap in pathway alterations between

© 2012 EMBO and Macmillan Publishers Limited

all RPE-1- and HCT116-derived trisomic and tetrasomic cell
lines (Figure 4B; Supplementary Figure S5A). Taken together,
the uniformity of the response in different human trisomic and
tetrasomic cells demonstrates that the presence of an extra
chromosome itself, and not individual chromosome or cell
types, is an important determinant of the general cellular
response.

Autophagy is activated in aneuploid cells

The analysis of the altered pathways indicates that lysosome
proteins are upregulated in all aneuploid cell lines (Figure 4C;
Supplementary Figure S5). The lysosome is essential for
autophagy, a pathway involved in removal of damaged or
superfluous proteins and organelles (He and Klionsky, 2009).
A detailed analysis of the proteins involved in autophagic
processes suggested that autophagy might be more active in
aneuploid cell lines (Figure 5A). To substantiate this finding,
we performed functional analysis of autophagy in aneuploid
cells in comparison with parental diploid cell lines. By
immunofluorescence, we observed an increased number of
LC3 foci in HCTI116 5/4 in comparison with HCTI116
(Figure 5B). Similarly, immunoblot analysis of protein lysates
from aneuploid clones showed accumulation of the autophagy
marker LC3-II (Figure 5C), which is the lipidated form of LC3
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Figure 4 Uniform global response to presence of an extra chromosome. (A) Two-dimensional annotation enrichment analysis. Pathways altered in the cell line with
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that is conjugated to phosphatidylethanolamine (PE) when
integrated into the membrane destined for autophagosomes
(Kabeya et al, 2000). By monitoring the doubly tagged mRFP-
GFP-LC3 (Kimura et al, 2007) we found that the turnover of
LC3 in aneuploid clones is similar to that of the diploid control
(Figure 5D and E) and can be blocked by inhibition of
autophagy with Bafilomycin A1 (Supplementary Figure S6), a
drug inhibiting the acidification of lysosomes and fusion of
autophagosomes to lysosomes (Klionsky et al, 2008). This
confirms that the elevated numbers of autophagosomes are
not due to a defect in autophagosome-to-lysosome fusion, but
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indeed due to autophagy activation. In conclusion, our data
suggest that autophagy is activated in trisomic and tetrasomic
human cells.

Markedly, the expression of p62/sequestosome (SQSTM1)
was enhanced in all analyzed trisomic and tetrasomic cells
(Figure 5C). p62 is a cytoplasmic stress response receptor that
is activated by various cellular stresses such as oxidative stress
(for review, see Lamark and Johansen, 2009). Misfolded or
damaged ubiquitylated proteins are sequestered by p62 into
aggregates, and targeted to autophagy via a direct interaction
with LC3 (Pankiv et al, 2007). Immunoblotting (Figure 5C) as
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figure in the Supplementary Information.

well as immunofluorescence staining showed a significant
increase in p62 levels, which could be further enhanced by
treatment with Bafilomycin Al (Figure 6A). Moreover, indirect
immunofluorescence revealed an increased co-localization of
p62- and ubiquitin-positive foci in both the HCT116- and the
RPE-1-derived cell lines, which is also enhanced by Bafilomy-
cin (Figure 6B; Supplementary Figure S7A and B). Thus, our
results suggest that cells with supernumerary chromosomes
accumulate ubiquitylated proteins in the cytoplasm, likely as a
consequence of the protein imbalance. The increase of p62-
dependent autophagy could provide a new understanding
of the pathways that allow aneuploid cells to maintain

© 2012 EMBO and Macmillan Publishers Limited

protein homeostasis despite chronic elevated expression of
multiple genes.

Discussion

To investigate the response of human cells to the presence of
extra chromosomes, we generated human tri- and tetrasomic
cell lines derived from diploid chromosomally stable cell lines
HCT116 and RPE-1. The presence of additional chromosomes
resulted in significant growth defect in particular in the G1
and S phase, further confirming the adverse effects of extra

Molecular Systems Biology 2012 7
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chromosomes on cellular growth that was observed in cells
derived from Down syndrome patients (Segal and McCoy,
1974) or yeast and mouse cells with extra chromosomes
(Torres et al, 2007; Williams et al, 2008). The cause of the
growth delay remains unclear, but it has been proposed that it
might result from a lack of energy, as these cells produce and
degrade more proteins (Torres et al, 2007). Alternatively, the
progression through the cell cycle might be delayed due to
abnormal levels of cell-cycle regulators. Interestingly, highly
aneuploid cancer cells do not show significant growth defects
that would correlate with the extent of chromosomal altera-
tions. This suggests that cells can adapt to the abnormal
karyotype, and indeed, disomy tolerating mutations were
recently identified in budding yeast (Torres et al, 2010). Our
model tri- and tetrasomy cell lines provide a useful tool to
identify the adaptations to abnormal karyotype in human cells
and compare them with mutations frequently found in highly
aneuploid cancers.

The comparison of DNA, mRNA and protein levels revealed
that whereas mRNA abundance increases accordingly to the
chromosome copy number changes, the abundance of ~25%
of the proteins coded on the extra chromosomes is lower than
expected. This adjustment of the protein abundance is found
specifically for protein kinases and subunits of protein
complexes. Our results show that the previous notion that
multimolecular complexes often maintain stoichiometric
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levels despite excess of one of the subunits can be generalized
to most protein complexes. This question has been so far
addressed only in budding yeast. On one hand, analysis of
macromolecular complexes in disomic budding yeast revealed
partial compensation of subunits of macromolecular com-
plexes (Torres et al, 2010), whereas another study found no
significant dosage changes in the protein abundance in
budding yeast with complex aneuploid karyotype (Pavelka
etal, 2010). Although some of these differences might be due to
the technical issues as the changes in gene expression in
aneuploids are subtle, another possible explanation is that in
cells with multiple aneusomies more than one subunit of a
multimolecular complex may be expressed at increased level.
This would make the stoichiometry maintenance more
complex and difficult to detect. Our results suggest that in
human trisomic and tetrasomic cells the stoichiometry of
protein subunits is often maintained despite the changes in
gene copy numbers. Further analysis will be required to
determine the underlying mechanisms.

Next, we asked whether there are global changes in pathway
regulation in response to aneuploidy. Several pathways linked
to RNA and DNA metabolism as well as cell-cycle regulators
were strongly downregulated. This is in accordance with the
growth defect of the model aneuploid cell lines. On the other
hand, we observed upregulation of carbohydrate and oxidative
metabolic processes, membrane metabolism, vesicle transport

© 2012 EMBO and Macmillan Publishers Limited



and lysosome-related pathways. Neither general stress
response pathways nor heat-shock response was activated,
supporting the idea that chronic protein overexpression does
not trigger the same stress response as an acute proteotoxic
stress (Gidalevitz et al, 2006). Remarkably, the changes in
pathway regulation were very similar in all HCT116- and RPE-
1-derived cell lines. Thus, this first pathway analysis in human
trisomic and tetrasomic cells showed that there is a general
cellular response to abnormal karyotype regardless of the type
of chromosome or origin of the cells. As the trisomy of
chromosome 21 elicits the same signature response, one can
hypothesize that some of these alterations might contribute to
the pathology of the Down syndrome. It should be noted that
some of the observed changes in pathway regulation might
be an indirect consequence of the altered phenotypes of
aneuploid cells, such as the growth defect. We propose that the
effect is rather modest, because the changes in pathway
regulation are not proportional to the growth defects.
Previously, a transcriptional analysis of yeast disomic strains
revealed general environmental stress response (Torres et al,
2007), whereas no aneuploidy-specific signature was identi-
fied in budding yeast strains with complex whole chromosome
aneuploidies (Pavelka et al, 2010). Thus, it will be important to
compare the identified signature response with pathway
regulation changes in human cells with more complex
aneuploid karyotypes.

The existence of specific response to aneuploidy suggests
that aneuploidy itself might be a useful target in cancer
therapy. Markedly, the pathways identified by our approach
indeed point to the growth requirements of aneuploid cells. We
found upregulation of energy metabolism pathways and
increased activation of autophagy in human trisomic cell
lines, which corresponds with the recent finding that the
energy stress inducer 5-aminoimidazole-4-carboxamide ribo-
side (AICAR) and the autophagy inhibitor chloroquine impair
the growth of trisomic mouse cells (Tang et al, 2011).
Autophagy inhibiting drugs are considered for cancer therapy,
and human tri- and tetrasomic cell lines might provide a useful
model for elucidating the molecular mechanisms underlying
their effect.

What is the function of autophagy activation in human tri-
and tetrasomic cell lines? Autophagy increases in response to
nutrient deprivation, which might exist in human cells with
extra chromosomes since they activate energy metabolism
pathways. However, starvation-induced autophagy usually
results in decreased levels of p62 due to its increased turn-over,
whereas we identified elevated amounts of p62 in all analyzed
tri-and tetrasomic human cell lines. We propose that the
p62-mediated selective autophagy is specifically activated to
maintain protein homeostasis in cells with extra chromo-
somes. Future research should address how autophagy is
activated in aneuploid cells and whether it contributes to the
dosage compensation of proteins that are coded on the extra
chromosomes.

In summary, model human tri- and tetrasomic cell lines
presented in this study provide a novel system to analyze
the cellular response to the presence of an extra chromo-
some. Identification of pathways altered in the cell lines
with supernumerary chromosome may help to elucidate
the pathological changes associated with aneuploidies and
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identify possible treatments for related pathologies such as
trisomy syndromes or cancer.

Materials and methods

Cell lines

The cell lines HCT116, HCT116 5/4 and HCT116 3/3 were kindly
provided by Minoru Koi, Baylor University Medical Centre, Dallas, TX,
USA. The cell line RPE-1 hTERT (hereafter RPE-1) and RPE-1 hTERT
H2B-GFP were a kind gift of Stephen Taylor (University of Manchester,
UK). HCT116 H2B-GFP as well as RPE-1-derived cell lines were created
in our laboratory. HCT116 H2B-GFP was generated by lipofection
(FugeneHD, Roche) of HCT116 (ATCC No. CCL-247) with pBOS-H2B-
GFP (BD Pharmingen) according to manufacturer’s protocols. All tri-
and tetrasomic cell lines were generated by microcell fusion as descri-
bed below. The donor mouse cell lines A9(Neo5) were purchased from
the Health Science Research Resources Bank (HSRRB), Japan; the
donor mouse cell line for a transfer of chromosome 21 was a kind gift of
Professor Oshimura, Tottori University, Japan. All cell lines were
maintained at 37°C with 5% CO, atmosphere in Dulbecco’s Modified
Eagle Medium (DMEM) containing 10% fetal bovine serum (FBS),
100U penicillin and 100U streptomycin. The cell lines HCT116 3/3,
HCT116 H2B-GFP 5/3, HCT116 H2B-GFP 5/4, RPE-1 5/3 12/3, RPE-1
3/3, RPE-1 H2B-GFP 21/3 and A9(Neo5) were grown in media
supplemented with 400 pg/ml G418. The cell line HCT116 5/4 as well
as the cell lines stably transfected with H2B-GFP were grown in media
supplemented with 6 pg/ml blasticidin S. Before each experiment, tri-
and tetrasomic cells were grown for two passages in medium lacking
the antibiotics to avoid any effect on protein levels.

Antibodies and reagents

As primary antibody anti-LC3 (115-3) from Medical & Biological
Laboratories, anti-p62 from BD Transduction Laboratories (610832,
for western blot), anti-p62 from Progen (GP62-C, for Immunofluores-
cence), anti-Ubiquitin (P4D1) from Santa Cruz, anti-p-Tubulin
(ab21057) from Abcam, anti-Cyclin B (05-373) from Millipore and
anti-GAPDH (ab9483) from Abcam were used. As secondary anti-
bodies for western blotting, we applied goat anti-mouse IgG HRP
affinity purified PAb (HAF007) and donkey anti-goat IgG HRP affinity
purified PAb (HAF109) from R&D systems, Minneapolis, USA. For
immunofluorescence analysis, we used anti-mouse FITC (Abcam),
anti-guinea pig dylight649 and anti-mouse dylight649 (Jackson
ImmunoResearch). 5 pug/ml tunicamycin (Sigma) in dimethylsulfoxide
(DMSO) was used to induce autophagy in HCT116. Bafilomycin
(Sigma) was applied for 16-18h to a final concentration of 50 nM.

Microcell fusion

To generate cell lines containing an additional chromosome, microcell
fusion (Supplementary Figure S1A) was performed as described previ-
ously (Fournier, 1981). In brief, mouse A9(Neo5) donor cells containing
an additional human chromosome with an antibiotic resistance gene
were treated for 48 h with colchicine (final concentration 60 ng/ml).
Donor cells were trypsinized and seeded on plastic bullets. After the
cells attached to the surface, bullets were centrifuged at 15000r.p.m.
for 30min at 30-34°C in DMEM supplemented with 10 pg/ml
cytochalasin B. Cell pellets were resuspended in serum-free DMEM
and filtered (Whatman, pore size 8 and 5 pm) to clear suspension from
mouse cells. Filtered microcells were mixed with phytohemagglutinin
(PHA-P) and added to the recipient cell line HCT116 H2B-GFP, RPE-1 or
RPE-1 H2B-GFP. Fusion of microcells with the recipient cells was
facilitated by polyethylene glycol 1500 (PEG 1500).

Genomic analysis

Genomic DNA for aCGH analysis was extracted using the Qiagen
Gentra Puregene Kit following manufacturer’s instructions. The aCGH
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analysis was performed by IMGM laboratories, Martinsried, Germany.
Multicolor FISH (mFISH) was performed by the Chrombios GmbH,
Raubling, Germany. For further details on the procedures, see
Supplementary Experimental Procedures.

Microarrays

mRNA was purified using the Qiagen mRNeasy mini kit. mRNA array
analysis was conducted by IMGM laboratories, Martinsried, Germany;
see Supplementary Experimental Procedures. The data have been
deposited in NCBI’s Gene Expression Omnibus (Edgar et al, 2002) and
are accessible through GEO Series accession number GSE39768
(http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc = GSE39768).

Cell-cycle analysis

Growth of the cells with extra chromosomes, cell-cycle progression
after thymidine block release, cell death and number of senescent cells
were analyzed according to previously established protocols. For
details, see Supplementary Experimental Procedures.

Live-cell imaging

Freshly cultured cell were seeded sparsely in a 6 channel p-slide
(ibidi, Martinsried, Germany) 24 h before the experiment. Time laps
movies were taken by imaging asynchronous cells in a 10 min or 4 min
interval for 72 or 48 h, respectively. The slide was placed onto a sample
stage with an incubator chamber (EMBLEM, Heidelberg, Germany)
maintained at a 37°C, 40% humidity, in an atmosphere of 5% CO,.
Imaging was performed using a Zeiss Axio Observer Z1 microscope
equipped with a Plan Neofluar 20 x air objective. Metamorph 7.1
software (Molecular Devices) was used to control the microscope.
Movies were evaluated using the ImageJ 1.42I software.

Indirect immunofluorescence

Cells were seeded either on glass slides or in an ibidi 8-well slide,
grown to 50-70% confluency. The cells were fixed 2 days after seeding
by 3.7% paraformaldehyde. To inhibit autophagy, cells were treated
18 h with bafilomycin at a final concentration of 50 nM and then fixed.
Cells were labeled with anti-LC3, anti-p62 or anti-ubiquitin using the
described antibodies. For p62 immunofluorescence intensity analysis,
the cell cytoplasm was additionally stained by HCS cell mask red
dye (Invitrogen) before fixation to allow automated cell segmentation.
Mean intensity of p62/cell was analyzed using Cell Profiler
software. Details on the quantitative analysis are in Supplementary
Experimental Procedures.

Autophagy flux assay

Cells were seeded 1 day before transfection to achieve 40% confluency
at the day of transfection. The ptfLC3 plasmid (mRFG-GFP-LC3,
Addgene) was transfected using Lipofectamin LTX™ and PLUS™
reagent according to manufacturer’s protocol. Images were taken 2
days later. We quantified the number of GFP-positive and mRFP-
positive LC3 foci within a fixed area (2500 voxels) and the co-
localization of GFP- and RFP-positive foci. Details on the quantitative
analysis are in Supplementary Experimental Procedures.

Fluorescence microscopy

The images were taken by a fully automated Zeiss inverted microscope
(AxioObserver Z1) equipped with a MS-2000 stage (Applied Scientific
Instrumentation, Eugene, OR), the CSU-X1 spinning disk confocal
head (Yokogawa), LaserStack Launch with selectable laser lines
(Intelligent Imaging Innovations, Denver, CO) and an X-CITE
Fluorescent Illumination System. Images were captured using a
CoolSnap HQ camera (Roper Scientific) under the control of the
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Slidebook software (Intelligent Imaging Innovations, Denver, CO).
Signals were imaged with a 100 x oil objective by using a 561 nm
(mRFP) and 473 nm (GFP) laser and a UV light.

SILAC labeling

Cells were cultured in DMEM (high glucose) devoid of arginine
and lysine supplemented with 10% dialyzed FBS (10kDa cutoff;
Invitrogen), 1 x penicillin/streptomycin. Arginine and lysine (Sigma-
Aldrich) were added in either light (Arg0; Lys0) or heavy (Argl0; Lys8)
form to a final concentration of 33.6 pg/ml for arginine and 73 pg/ml
for lysine. The cells were tested for full incorporation after the labeling.
All experiments were performed with double labeling.

Protein sample preparation and analysis

Samples were prepared following the filter-aided sample preparation
(FASP) protocol. In brief, the cells were lysed with 4 % sodium dodecyl
sulfate (SDS), 0.1 M dithiothreitol (DTT) in 100 mM Tris/HCl pH 7.6
followed by an incubation for 5 min at 95°C and subsequent sonication
for 15 min. Heavy and light samples from one experiment were mixed
with equal protein amounts. In all, 200-300 ug protein mix was
alkylated and digested overnight with trypsin on Microcon YM-30 filter
tubes (Millipore). Peptides were eluted from the membrane using
0.5M NaCl or ddH,0 and separated either using the OFFGEL
fractionator (HCT116-derived samples) or a strong anion exchange
fractionation (RPE-1-derived samples). Fractions were desalted
with StageTips (Empore disk, C;g Reversed phase) before liquid-
chromatography mass spectrometry (LC-MS)/MS analysis using CID
fragmentation.

Liquid-chromatography mass spectrometry

Peptide mixtures were analyzed using nanoflow liquid chromatogra-
phy (LC-MS/MS) on an EASY-nLC™ system (Proxeon Biosystems,
Odense, Denmark) online connected to the LTQ Orbitrap XL or LTQ
Orbitrap Velos instrument (Thermo Fisher Scientific, Bremen, Ger-
many) through a Proxeon nanoelectrospray ion source. Peptide
samples were directly autosampled onto a 15-cm in-house packed
column (75ul inner diameter; Proxeon Biosystems) with 3 pum
reversed phase beads (ReproSil-Pur C18-AQ, Dr Maisch). Using a
170-min gradient (2-30% ACN), peptides were directly electrosprayed
(2.2 kV) into the mass spectrometer. Mass spectrometer was operated
in data-dependent mode switching automatically between one full
scan MS and 7-15 MS/MS acquisitions. Instrument control was
through Tune 2.6.0 and Xcalibur 2.1.0. Full scan MS spectra (m/z 300-
1650) were acquired in the Orbitrap analyzer after accumulation
to a target value of 10° in the linear ion trap (resolution of 60000 at
400m/z). Fragmentation was performed in CID mode applying 35 %
normalized collision energy after accumulation of the parent ions to a
target value of 5000.

Data analysis

All double labeling SILAC experiments were analyzed together per cell
line using the in-house developed software MaxQuant (version
1.0.14.10 and 1.2.0.25) with standardized workflow. Data were
searched against the human International Protein Index protein
sequence database (ipi. HUMAN.v3.62.dec) supplemented with fre-
quently observed contaminants and concatenated with reversed
copies of all sequences (target-decoy database). False discovery rates
on peptide and protein level were fixed to 1%, including automatic
filtering on peptide length, mass error precision estimates, and peptide
scores of all forward and reversed peptide identifications. Reported
protein groups had to be identified by at least one unique peptide to be
accepted. Quantitation was based on unique and razor peptides only
and a minimum of two ratio counts was required. Complete protein
and peptide lists as well as the underlying *.RAW files are available on
the TRANCHE database (https://proteomecommons.org/tranche/).
For details, see Supplementary Experimental Procedures.
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Statistics

All statistically evaluated experiments were performed in at least three
independent biological replicates. The statistical evaluation was
performed using GraphPad Prism 5 software, or R. All details on
statistical analyses are in Supplementary Experimental Procedures.

Supplementary information

Supplementary information is available at the Molecular Systems
Biology website (www.nature.com/msb).
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2.2. ASILAC-based approach identifies substrates of caspase-dependent
cleavage upon TRAIL-induced apoptosis

2.2.1. Aim and Summary

Apoptosis is a crucial mechanism in multicellular organisms to maintain cell homeostasis and remove
damaged or possibly dangerous cells. On the one hand, during the apoptotic process caspases,
aspartate-specific proteases, cleave hundreds of proteins to effect the demolition of the cell. On the
other hand, evasion of apoptosis represents a hallmark of cancer. For this reason, it is important to
elucidate basic processes after apoptosis induction to support research into the development of
cancer therapeutics. The extrinsic death ligand TRAIL is of special interest in this context, since it has
been shown to specifically induce apoptosis in cancer cells without causing cytotoxic effects in

normal cells.

So far, no global proteome study has yet characterized cleavage events induced by TRAIL by focusing
on all cleavage substrates and corresponding pathways. We therefore performed quantitative mass
spectrometry-based proteomics on TRAIL-induced SILAC-labeled Jurkat T cells and compared them
to untreated cells. We separated proteins via SDS-PAGE and excised the gel along the molecular
weight into several slices. Each slice was subsequently subjected to tryptic digestion and resulting
peptides were analyzed by mass spectrometry. In addition to standard MS data analysis we
developed a bioinformatic algorithm to extract cleaved proteins. In our study, we identified close to
700 cleaved substrates upon TRAIL induction. We further inspected the individual substrates and
investigated the fate of protein complexes in cell death. We found that generally not only single
components of a complex are cleaved by caspases but several subunits are attacked. These,
however, are cleaved with lower stoichiometry than proteins which are not in complexes. As an
interesting example, we studied condensin I, of which hitherto only one component has been
identified as a known substrate. With our approach, we identified four additional subunits of the

complex as cleavage substrate after TRAIL-induced apoptosis.

Our study provides for the first time an in-depth catalog of cleaved substrates in response to
extrinsic, TRAIL-induced apoptosis. This was made possible by the development of a sophisticated
algorithm for the extraction of cleaved proteins that can be applied to any topic of proteolytic
cleavage. Our investigation thus sheds new light on an important and biomedically relevant cellular

pathway.
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2.2.2. Contribution

This work resulted from my second main thesis project, the identification of caspase-dependent
cleaved substrates after TRAIL-induced apoptosis. Johannes Graumann provided substantial
intellectual input at the initial phase of the project. | designed and performed all experiments and
developed the ideas for the cleavage site extraction. Christoph Schaab provided the hard core
bioinformatics input and wrote the MATLAB script for the identification of cleaved substrates. | then
carried out the downstream analyses. Moreover, | designed all figures and tables for the publication

and wrote the manuscript with the help of Matthias Mann.

2.2.3. Manuscript

This manuscript is currently in revision in Molecular and Cellular Proteomics:

A SILAC-based approach identifies substrates of caspase-dependent cleavage upon TRAIL-induced
apoptosis

Stoehr Gabriele, Schaab Christoph, Graumann Johannes and Mann Matthias

Submitted to Mol Cell Proteomics
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Summary

The extrinsic, extracellular ligand induced pathway of apoptosis is executed by caspase
protease cascades activating downstream effectors by site-directed proteolysis. Here we
identify proteome changes upon induction of apoptosis by the cytokine Tumor Necrosis
Factor-Related Apoptosis Inducing Ligand (TRAIL) in a Jurkat T cell line. We detect caspase-
dependent cleavage substrates by quantifying protein intensities before and after TRAIL
induction in SDS gel slices. Apoptotic protein cleavage events are identified by a
characteristic SILAC ratio pattern across gel slices that results from differential migration
of the cleaved versus the uncleaved protein. We apply a statistical test to define apoptotic
substrates in the proteome. Our approach identified more than 650 of these cleaved
proteins in response to TRAIL-induced apoptosis, including many previously unknown
substrates and cleavage sites. Inhibitor-treatment combined with triple-SILAC
demonstrated that the detected cleavage events are caspase-dependent. Proteins located
in lumina of organelles such as mitochondria and endoplasmic reticulum were significantly
under-represented in the substrate population. Interestingly, caspase cleavage is generally
observed not only in one but several members of stable complexes, but often with lower
stoichiometry. For instance, all five proteins of the condensin | complex were cleaved
upon TRAIL treatment. The apoptotic substrate proteome data can be accessed and
visualized in the MaxQB database and may prove useful for basic and clinical research into
TRAIL-induced apoptosis. The technology described here is extensible to a wide range of

other proteolytic cleavage events.
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Apoptosis is an essential cellular mechanism regulating normal physiological processes, for instance
in development (1, 2). As a specific and programmed form of cell death, apoptosis leads to a
controlled disposal of cells relying on proteolytic cleavage of specific protein substrates as the
central mechanism. Moreover, selective induction of apoptosis plays an important role in diseases
such as cancer. It is thus important to determine the proteins and pathways involved in apoptosis
and to characterize their relevance for induction of the pathway by different stimuli. The main
players in apoptosis are caspases (Cys-dependent Asp-specific proteases), which specifically cleave
C-terminally of an aspartate, and are represented by 11 functional genes in the human genome.
Auto-cleavage of upstream caspases in response to induction of apoptosis initiates a cascade of
downstream cleavage events resulting in activation or inactivation as well as translocation of these

substrates (3-6).

In recent years several methods have been introduced to identify substrates cleaved in a caspase-
dependent manner as well as the exact location of cleavage sites. In vitro approaches such as
incubation of peptides or protein libraries with the active protease of interest have led to the
identification of substrate motifs but do not necessarily represent in vivo events in the context of an
intact cell (7). Mass spectrometry (MS)-based methods employed may be divided into those directed
towards the detection of the peptides cleaved by the protease and those applied at the proteome
level for the identification of substrates and down-stream effects. The former methods generally
chemically block all pre-existing N-termini and subsequently take advantage of the de novo
generation of N-termini by the protease, which serves as a handle to enrich and detect the
corresponding peptide. The original method in this class was N-terminal COFRADIC (8, 9) and it was
used to detect Fas-induced cleavage events in Jurkat T cells (10). Recent peptide selective methods
include exclusive labeling of novel N-termini by biotin, followed by capturing the peptides on avidin
columns (11), but others — using both positive as well as negative selection strategies — have also

been described (12-15). Peptide-based methods have the advantage of directly identifying the
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cleavage site. Information about the substrate protein, however, is limited to a single peptide per

cleavage event and this peptide may not be readily detectable.

Global approaches applied on the proteome level, on the other hand, attempt to identify as many
cleaved proteins as possible without necessarily determining the exact cleavage site within the
protein (16, 17). In many cases, two-dimensional gel electrophoresis has been used to differentiate
cleaved and uncleaved protein states (18-20). This approach, however, lacks reproducibility,
sensitivity and throughput. A pioneering study based on single dimensional SDS page identified
several previously known cleaved proteins in Fas-induced Jurkat T cells by their molecular mass shift,
yet remained small in scale (21). The approach was further extended by using quantitative ratio

information of the proteins in combination with offline LC-MALDI-MS/MS (22).

Building on these studies, Cravatt and coworkers extended the global approach that takes into
account information about molecular weight differences between uncleaved and corresponding
cleaved proteins — termed PROTOMAP (23). Identified peptides were mapped onto the protein
sequences to provide information about the location of the cleavage products. Since label-free
guantitation was used and samples consequently processed in parallel, the approach is labor-

intensive and requires high reproducibility of the experiments.

To circumvent limitations of the methods mentioned above, we set out to develop a quantitative
SILAC-based method for the identification of apoptosis-dependent substrates of protein cleavage on
the proteome level but making use of accurate peptide-based ratio information for each substrate
protein. In this way we aimed to combine advantages of each of the above approaches.
Furthermore, we included in our analysis a combination of a high-resolution LC-MS/MS workflow

with stringent statistical analysis of the results.

Several previous proteomics studies of apoptosis have investigated the effects of intrinsic stimuli. In

contrast, despite its importance for the development of cancer therapeutics, no global proteome
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study has characterized cleavage events induced by the extrinsic stimulus TRAIL, apart from one
targeted study focusing on cleavage kinetics (24). In that study, TRAIL (extrinsic) and staurosporine
(intrinsic) treated samples were compared by using selected reaction monitoring of approximately
1,000 caspase-derived peptides. In our study, we performed triple SILAC-labeling in the well-
established system of TRAIL-induced apoptosis in Jurkat T cells, which allowed us to validate the
caspase dependence of the detected cleavage events. Our study sheds light on the fate of protein
complexes in cell death and provides a first in-depth overview of cleaved substrates in response to

extrinsic, TRAIL-induced apoptosis.

During preparation of this manuscript, a report by Cravatt group extended their PROTOMAP
approach (23) using SILAC, thereby making it quantitative (25). That study elegantly extracted
information on the crosstalk between phosphorylation events in the cleavage motifs and the
regulation of the proteolytic pathway in apoptosis. It thereby underscored the necessity and

potential of quantitative approaches for the study of proteolytic events in a global manner.

EXPERIMENTAL PROCEDURES

Evaluation of TRAIL treatment and inhibitor concentrations — Jurkat T cells (0.4xE6 cells/ml) were
treated with either 50 ng/ml, 100 ng/ml, 200 ng/ml, 500 ng/ml Human TRAIL Apo-Il Ligand
(PeproTech, Inc., Rocky Hill, NJ; 50 ug; stock 100 ng/ul) or mock and incubated at 37°C, 5% CO, for
24 h. Cell growth was regularly examined and cell morphology was checked by 5 h light microscopy
and cell counter (Countess; Invitrogen). Based on these experiments, a concentration of 100 ng/ml

was selected for further analyses.

Jurkat T cells were treated with varying concentrations of the pan-caspase inhibitor z-VAD-FMK (0.1

UM, 1 uM, 10 uM and 50 pM in 2ml (0.75xE6 cells/ml); R&D Systems; 1 mg) 10 min prior to 5 h
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incubation with 100 ng/ml TRAIL and mock, respectively. Cells were washed twice with ice-cold PBS

and cell pellets were frozen at -80°C until further analysis using western blotting.

Flow cytometry analysis — For the detection of apoptotic and necrotic cells, the Annexin V-FITC Kit
(Apoptosis Detection Kit; Beckman Coulter; Immunotech) was used. Cells were washed and
resuspend in ice-cold water. An antibody mix for PI/Annexin V-FITC (1:20 Pl and 1:100 Annexin-V
FITC) was prepared and added to the cells in Binding Buffer. Cells were kept on ice until flow

cytometric analysis. Cells were analyzed after 0, 1, 2, 4 and 5 h of TRAIL induction.

SILAC labeling — Jurkat T cells were cultured in RPMI medium (Gibco® Invitrogen; High glucose;
GlutaMAX™: devoid of arginine and lysine) supplemented with 10% dialyzed fetal bovine serum
(FBS; Invitrogen; 10 kDa cut-off) and 1X penicillin/streptomycin. For SILAC labeling, arginine and
lysine were added in either light (Arg0; Lys0) or heavy (Argl0; Lys8) form to a final concentration of
33.6 pg/ml for arginine and 73 pg/ml for lysine. For triple labeling, cells were additionally cultured in
medium containing Arg6 and LysD4 using the same concentrations. L-arginine (Arg0), L-lysine (Lys0),
L—13C6—arginine (Arg6), L-D4-lysine (LysD4), L-13C515N4-arginine (Arg10) and L-13C615N2-Iysine (Lys8)
were purchased from Sigma-Aldrich. Prior to treatment Jurkat T cells were grown for 8-10 passages

in SILAC medium and tested for full incorporation.

Treatment with TRAIL — Equal numbers of Jurkat T cells (0.4-0.6 x E6 cells/ ml) were treated for 5 h
with 100 ng/ml TRAIL and mock in heavy and light medium, respectively. For the inhibition study,
medium labeled cells were additionally pre-treated for 10 min with 50 uM z-VAD-FMK. TRAIL
treatment was stopped by adding ice-cold PBS to the cells. Cell suspensions were centrifuged (5 min,
4°C, 400 g) and the supernatant was discarded. Cell pellets from the corresponding heavy and light

cultures (or heavy, medium and light for triple labeling experiments) were resuspended in a small
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aliquot of ice-cold PBS and combined in one tube. Cells were once more washed with ice-cold PBS

and centrifuged. Cell pellets were shock-frozen in liquid nitrogen and stored at -80°C.

Cell lysis and protein digestion — Proteins were extracted and digested following the first steps of
the filter-aided sample preparation (FASP) protocol (26). Cells were lysed with 4% SDS, 0.1 M DTT in
100 mM Tris/HCl pH 7.6 followed by incubation for 5 min at 95°C. Lysates were sonicated and
cleared by centrifugation with high speed (16 000 x g). Protein concentrations were measured by a
tryptophan-fluorescence assay. 150 pg of the samples were used for further analyses. Proteins were
reduced with DTT (10 mM) for 45 min at room temperature, followed by alkylation for 30 min in the
dark (55mM iodoacetamide (IAA)).

Proteins were mixed with LDS sample buffer (final: 1x; Invitrogen) and samples were boiled at 70°C
for 10 min. 50 pg of protein per sample were loaded on a polyacrylamide gel (Invitrogen, Bis-Tris Gel,
4-12%, MOPS; 10 pockets) in each of three adjacent lanes (total 150 pug per sample). Proteins were
separated with 180 V for 45 min. Proteins were fixed and stained in the gel using standard protocols
(Colloidal Blue Staining Kit, Invitrogen).

The gel was cut in 28-36 slices and corresponding slices from the three lanes were combined in one
tube. Proteins in the gel were digested following standard in-gel protocols (27). Briefly, gel pieces
were destained in consecutive wash steps and dehydrated using 50% and 100% Ethanol (EtOH),
respectively. Gel pieces were dried in a SpeedVac concentrator for 5 min. Proteins were digested by
adding sequencing grade-modified trypsin (12.9 ng/ml; Promega, Madison, WI) to the gel pieces
followed by an overnight incubation at 37°C. Peptides were subsequently extracted from the gel
pieces using increasing concentrations of ACN (30% - 100% ACN) in separate steps. Organic solvent
was removed in a SpeedVac concentrator and peptides were desalted on reversed phase Cig

StageTips (Empore disk; (28)) prior to LC-MS/MS analysis.
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Western Blot experiments — Cell pellets were lysed and proteins were separated by SDS-PAGE as
mentioned before. As positive and negative controls 10-15 ul Jurkat Apoptosis Cell Lysates
(Etoposide-treated and untreated; Cell Signaling) were used. For CASP8 detection 12% NuPAGE Bis-
Tris Gels (Invitrogen) were used. For PARP1 analysis 4-12% Bis-Tris gels were used. All gels were run
with MOPS buffer. Proteins were transferred onto a nitrocellulose membrane using a vertical
Blotting system for 1 h at 100 V. Primary antibodies in 1% BSA or nonfat dry milk were added to the
membrane for 1 h at RT or overnight at 4°C. The 2" antibody (in T-TBS (Tween 20 Tris-buffered
saline buffer)) was added for 30 min-1 h at RT. Antibodies were used as follows: PARP (46D11)
Rabbit mAb (Invitrogen), 1:1000 in milk; Caspase-8 (1C12) Mouse mAb (Invitrogen), 1:1000 in BSA;
GAPDH Rabbit, 1:1000 in milk or 5% BSA (Invitrogen), 1:3000 2™ Ab rabbit (GE Healthcare); 1:10000

2" Ab mouse (Jackson ImmunoResearch Laboratories, Inc.).

Liquid-Chromatography Mass Spectrometry (LC-MS) — Peptide mixtures were analyzed using
nanoflow liquid chromatography (LC-MS/MS) on an EASY-nLC system (Proxeon Biosystems, Odense,
Denmark; now Thermo Fisher Scientific) on-line coupled to an LTQ Orbitrap XL or LTQ Orbitrap Velos
instrument (Thermo Fisher Scientific, Bremen, Germany; (29, 30)) through a nanoelectrospray ion
source (Proxeon). Approximately 4 pg of the peptide samples in 5 ul were directly loaded onto a 15
cm column with 75 ul inner diameter, packed in-house with 3 um reversed phase beads (ReproSil-
Pur C18-AQ, Dr. Maisch GmbH). Peptides were separated and directly electrosprayed into the mass
spectrometer using a 145 min method including a linear gradient from 5% to 30% ACN in 0.5% acetic
acid (AcOH) over 93-97 min at a constant flow of 250 nl/min.

The LTQ Orbitrap XL and LTQ Orbitrap Velos were operated in data-dependent mode switching
automatically between full scan MS and MS/MS acquisition. Instrument control was through Tune
2.6.0. and Xcalibur 2.1.0. Full scan MS spectra (m/z 300 — 1650) were acquired in the Orbitrap
analyzer after accumulation to a target value of 10° in the linear ion trap. Spectra were acquired with

a resolution of 60,000 at 400 m/z. The 5 (LTQ Orbitrap XL) and 15 (LTQ Orbitrap Velos) most intense
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ions with charge states > +2 were sequentially isolated with a target value of 5,000 and fragmented
using collision-induced dissociation (CID) in the linear ion trap with normalized collision energy of
35%. The activation g was set to 0.25 and the activation time was set to 30 ms and 10 ms for LTQ
Orbitrap and LTQ Orbitrap Velos, respectively. The ion selection threshold was set to 500 counts for
CID-MS/MS. Maximum ion accumulation times of 1000 ms and 500 ms for full scans and 150 ms and
25 ms for CID-MS/MS scans were set for the LTQ Orbitrap XL and the LTQ Orbitrap Velos,
respectively. Dynamic exclusion was 90 s with early expiration enabled (count: 2; S/N threshold: 2).
Standard mass spectrometry parameters were set for all experiments as follows: 2.2 kV spray
voltage; no sheath and auxiliary gas; 200°C heated capillary temperature; predicted and normal
automatic gain control (AGC) enabled for Velos analyses, for Orbitrap data normal AGC was enabled;
110 V Tube lens voltage (LTQ Orbitrap) and 50-60% S-lens RF level (LTQ Orbitrap Velos), respectively;
if used, a lock mass of m/z 445.120024 was applied (29); for LTQ Orbitrap Velos measurements, the

lock mass abundance was set to 0%.

Sample processing — For the experiments DOUBLE_E1 ROKO, DOUBLE_E2 ROKO and
DOUBLE_E2 R10K8, Jurkat T cells were labeled in both heavy and light SILAC medium. Amino acids
marked in the experiment title indicate the labeling of the TRAIL-induced cells. Reverse labeling was
performed as well. For triple labeling experiments (TRIPLE_Inh_TRAIL_M1-3), light cultures were

treated with mock, heavy with TRAIL and medium cultures with both z-VAD-FMK inhibitor and TRAIL.

Data analysis — Raw files of each double and triple labeling Jurkat T cell experiment were analyzed
together using the in-house built software MaxQuant (version 1.1.1.35; (31, 32)). Each raw file from
a particular slice was defined as a separate experiment in the experimental design file to obtain
peptide ratios for each peptide in each slice. The derived peak list was searched with Andromeda
(33) against the human International Protein Index protein sequence database

(ipi. HUMAN.v3.68.fasta; 87,083 entries) supplemented with 262 frequently observed contaminants
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such as human keratins, bovine serum proteins and proteases and concatenated with the reversed
copies of all sequences. We required strict enzyme specificity with cleavage C-terminal after K, R or
D (trypsin + Asp-C), allowing up to two missed cleavage sites. Fixed modification of cysteine
carbamidomethylation (Cys 57.021464 Da) and variable modifications for N-acetylation of proteins
(N-term 42.010565 Da) and oxidation of methionine (Met 15.994915 Da) were specified. Double or
triple labeling was defined accordingly. The minimum peptide length was set to 6 amino acids.
Scoring was performed in MaxQuant as described previously (31). Parent masses and fragment ions
were searched with an initial mass tolerance of 7 ppm and 0.5 Da, respectively. False discovery rates
(FDRs) at the peptide and protein levels were fixed to 1%, including automatic filtering on peptide
length, mass error precision estimates, and peptide scores of all forward and reversed peptide
identifications. The re-quantification feature was enabled. Reported protein groups had to be
identified by at least one ‘razor peptide’ (peptide most likely belonging to the protein group) to be
accepted. Quantitation was based on unique and razor peptides only and a minimum of 2 ratio
counts was required. Complete protein and peptide lists as well as the underlying RAW files are

available on the TRANCHE database (https://proteomecommons.org/tranche/).

Statistical identification of cleavage events — The obtained lists of peptides and proteins were
further processed with an in-house developed program implemented in MATLAB (MathWorks,
Natick, Massachusetts). All ratios were converted into log2 values. Ratios of reverse labeling
experiments were inverted beforehand. A protein is an apoptosis substrate if the peptides in the
slices representing molecular weights smaller than the one of the full length protein are more
abundant in apoptotic cells than in untreated cells. A statistical, non-parametric test was applied to
determine the confidence of identification of cleaved proteins. In brief, for each identified protein
group, the slice with the most peptides, which had SILAC ratios smaller than 1 between TRAIL
treated cells and untreated controls, was selected as the slice sy containing the uncleaved protein.

The t-test statistics was calculated between the ratios of peptides in slice sq and ratios of peptides in
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slices s<s,, for which the average ratio was larger than 1.5. The statistical test was repeated 1000
times with randomly permutated slices to evaluate the false discovery rate (FDR). Finally, this value

was corrected for multiple hypotheses testing by the Benjamini-Hochberg method ((34)).

For each protein group a plot presenting the identified peptides as boxes in a two-dimensional map
was generated. The x-axis of the map represents the position of the peptide with respect to the
protein sequence. The y-axis represents the slice in which the peptide was detected. The boxes were
color-coded by the ratio between TRAIL-treated and untreated cells. If peptides cleaved at the C-
terminus of aspartic acid were identified, the corresponding cleavage site was marked by a solid line
if the SILAC ratio of the cleaved peptide was greater than 1.5 and by a dotted line otherwise.
Similarly, potential cleavage positions that match the sequence motif x[ET]xD and known cleavage
positions were marked in the plots as additional information for the reader. Protein sequences and

domains were obtained from Uniprot web services.

The second y-axis in the plots represents the estimated molecular weight. The mapping of slices to
molecular weights was obtained by linear regression. For each protein group, the intensity weighted

YR Kkl

average of slices, s; = SE_ 1 was determined, where k = 1, ..., K enumerate the slices, and [;; is
k=11lik

the XIC (extracted ion current) of protein i in slice k. The linear function In(m) = a + bs with the
parameters a and b was then fitted to the data (s;,In(m;)), where m; is the molecular weight of

protein i.

The MaxQuant results, the results of the filtered substrates including statistical information, and the
list of known cleavage sites were uploaded to the publicly available database MaxQB (35).
Additionally, the 3D cleavage plots of all identified cleavage substrates are visualized in MaxQB and
can be obtained at http://www.biochem.mpg.de/maxqgb. Instructions on how to use MaxQB for

visualizing and extracting cleavage information are provided as supplemental information. In
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addition, all .m files for the MATLAB script are provided on the MaxQB web page to allow
researchers to analyze their data in regards to proteolytic cleavage events at the following link:

http://www.biochem.mpg.de/maxagb/mxdb/project/show/TRAIL%20induced%20Apoptosis

Data representation — Data were depicted using GraphPad Prism (version 5.04;

www.graphpad.com) and the free software environment R (http://www.r-project.org/).

Enrichment analyses — Cleavage events are more likely to be detected in highly abundant proteins.
In order to remove this effect of the abundance as confounding variable we first generated a
background distribution of the whole proteome data with identical intensity distribution as the
cleaved proteins. To this end, the intensity range was binned and each protein group from the whole
dataset was randomly drawn with the probability equal to the proportion of cleaved proteins in the
corresponding bin compared to the total number of cleaved proteins. The Fisher exact test was then
used to identify gene ontology categories that are significantly enriched or depleted (Benjamini-

Hochberg FDR 0.02) in the cleaved population compared to the background population.

RESULTS AND DISCUSSION

Development of a SILAC-based quantitative approach to detect proteolytic substrates — \When
proteolytically cleaved proteins change their molecular weight in comparison to their uncleaved
counterpart this can be detected in an SDS gel by a shift of the cleaved protein to a lower molecular
weight region. We took advantage of this fact to extract information about cleaved proteins from
complete proteome datasets. For direct comparison we combine treated and untreated states in

one quantitative SILAC experiment. As both samples are merged at the cell level, this eliminates
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errors due to lack of reproducibility and differences in sample processing. In our SILAC experiments,
untreated cells are labeled with light RPMI medium (Arg0; Lys0), whereas cells used for treatment
are labeled in heavy medium (Arg10; Lys8) before induction of apoptosis (Fig. 1A). We also included

label swap experiments as an additional check of the method (supplemental Fig. S1A).

We applied the SILAC-based approach to investigate cleavages induced by treatment with TRAIL.
Populations of SILAC labeled Jurkat T-cells, which were treated with TRAIL or mock control for 5 h,
were merged and their lysates separated by 1D SDS gels. To achieve high molecular weight
resolution, we cut the gel into 28-36 horizontal slices, followed by standard in-gel digestion and LC-
MS/MS analysis on ion trap-Orbitrap instruments. Data were analyzed with the MaxQuant software
as in our standard workflows; however, the output data was further processed to identify cleaved
caspase substrates (EXPERIMENTAL PROCEDURES) by sophisticated filtering. For this processing step,
we developed a statistical algorithm that specifically extracts proteins with a distinct peptide
distribution pattern as a function of gel slice position. In gel digestion of a particular gel slice creates
peptides from the embedded proteins, which represent a certain mass range (the apparent
molecular weight of that gel position). The software provides the localization of all detected
peptides from each protein in two dimensions: within the gel according to the apparent molecular
weight region and along the protein sequence according to the location of the identified peptide
(Fig. 1B). Peptides from the uncleaved protein are expected to be located in higher molecular weight
regions and to cover the protein sequence without bias to sequence location. In contrast, cleaved
apoptotic fragments of the same protein should have migrated to a lower molecular weight region
and the identifying peptides should span only a certain part of the protein sequence in accordance
with the cleavage position. The quantitative information by SILAC labeling then provides a third
dimension. These SILAC peptide ratios encode information about the extent to which the protein or
fragment comes from the treated or untreated state. Peptides from the uncleaved protein are
mainly derived from the untreated cells (negative treated/untreated ratio after log transformation)

when they are from a high mass region, whereas peptides derived from corresponding cleaved

[77]



SILAC-based approach to globally detect protease substrates

fragments are mainly derived from the apoptotic state (positive treated/untreated ratio) if they are
from the relatively lower gel position. The slice with the highest sequence coverage combined with a
median log ratio around zero corresponds to the uncleaved protein. Slices at lower molecular
weights with median positive ratios correspond to the cleaved fragments. The third dimension is
represented in our plots as a heat map value (red for positive SILAC log ratios to blue for negative log
SILAC ratios; Fig. 1B). Importantly, the above mentioned criteria should be fulfilled concurrently, i.e.
the uncleaved protein and its SILAC and sequence values should be consistent with the cleaved
product or products and their location, SILAC ratios and distributions of peptides in the protein

sequence.

To statistically formalize these criteria, the software defines these cleaved and uncleaved regions of
a protein and calculates p-values and a false discovery rate (FDR) for the significance of being a
cleavage product (EXPERIMENTAL PROCEDURES). Only proteins with an FDR value below 5% were
considered as significant candidates and only for these graphs were created. We marked
theoretically detectable peptides to give an impression of the highest possible sequence coverage of
the protein. In addition to the experimental data we also included literature knowledge into the
graphs. For instance, known cleavage sites of proteins in the substrate database that we created
(see below) as well as possible cleavage sites following the x[ET]xD caspase cleavage motif are
indicated as red lines. Known domains of the protein derived from Uniprot are depicted as small
blue boxes. In addition, we marked the specific protein position with a red line where peptides show
a cleavage according to enzymatic digestion with Asp C. This is because caspase cleavage followed by
tryptic digestion creates semitryptic peptides in shotgun proteomics experiments, which, if detected,
can mark the exact site of caspase cleavage. For these peptides, we distinguish cleavages with high
confidence (ratio [log2] > 1.5) and intermediate confidence (ratio [log2] < 1.5); these values were
chosen based on the distribution of known caspase cleavage products. For high confident cleavages,
the explicit cleavage site is denoted in the output table as well as the sequence window of +/-3

amino acids surrounding the cleavage site. In addition, we calculated molecular weight distributions
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that relate the position on the 1D SDS gel to the molecular weight of the proteins detected in the
entire proteome dataset of this experiment. This relationship is depicted in supplemental Fig. S1B
and is used to provide a molecular weight scale on the right y-axis of each plot. We further manually
inspected the automatically filtered candidates for consistency across all six experiments (see below)

and verified them for inclusion in the final substrate list.

Identification and characterization of TRAIL induced proteolytic substrates — Since no global whole
proteome studies have been reported on the specific proteolytic substrate spectrum of TRAIL-
induced apoptosis so far, we treated Jurkat T cells with different concentrations of TRAIL and
monitored their state over time by light microscopy (EXPERIMENTAL PROCEDURES). Based on the
results, we chose a TRAIL concentration of 100 ng/ml and stimulation for 5 h. Microscopic, flow
cytometric and immuno blotting results (Fig. 2A, B, C) showed that this time point optimally covers
both upstream and downstream apoptotic events (initiating caspases and substrates downstream of
caspases, respectively), which should allow us to cover a broad spectrum of apoptotic cleavage
events. In addition, our results with H,0, treatment — an unspecific cytotoxic agent — show that we

clearly separated apoptosis from uncontrolled necrotic cell death (Fig. 2A + C).

Next, we applied the above mentioned conditions in a SILAC experiment treating Jurkat T cells for 5
h with TRAIL (100 ng/ml) and mock, respectively. We performed three biological double labeling
experiments and three biological triple labeling experiments comparing TRAIL-treated and mock-
treated states. From the triple labeling experiments we only used the light and heavy channels, the

medium condition was additionally inhibitor treated as mentioned below.

For substrate identification, we combined all six experiments. When we identified a candidate in one
of the experiments as significant (FDR < 5%), the software created a 3D cleavage plot also for the
other experiments (even if they were not significant) to allow better comparison between the
different experiments. We derived significances for each plot from the FDR columns of the output of

our script and counted how often each protein had been identified as statistically significant in the
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six experiments. In final manual validation, only candidates with an appropriate peptide distribution
pattern that were found to be significant at least three times were designated as TRAIL-induced

apoptosis substrates and considered for further analyses (supplemental Table S1).

This procedure identified a plethora of positive controls known to be proteolytically cleaved during
apoptosis, prominent examples of which are presented in Fig 3A. CASP8 shows a clear uncleaved
region with good sequence coverage. The N-terminal cleaved fragments in the range of 43 kDa and
24 kDa corresponding to the most probable cleavage at D374 and D216 are present (4). These two
cleavage sites correspond to the first and second cleavage of CASP8, for which another cleavage at
D384 is known. For the well-studied downstream substrate PARP1 we covered nearly the complete
sequence in the uncleaved region (113 kDa) with highly negative ratios (indicating absence of the
protein in the treated state and therefore almost complete cleavage). In addition, we also obtained
high sequence coverage of the fragments and the mass of the fragments fit with their sequence
region of the protein (89 kDa and 24 kDa). The region of the cleavage site is clearly visible and is in
agreement with a known cleavage site on PARP1. This site — DEVD[214] — is located directly within
the DNA-binding region. By cleavage of the N-terminal part of the protein, PARP1 therefore is no
longer recruited to the DNA and consequently loses its catalytic activity in DNA damage repair. We
also detected Caspase-3, Caspase-6 and Caspase-2 and many other well documented caspase
substrates of both early and late cleavage events such as BID, DFFA, PAK2, VIM, LMNB1/B2 and
ROCK1 (supplemental Table S1). BID mediates the crosstalk between the extrinsic and intrinsic form
of cell death via accumulation of its 15 kDa fragment tBid at mitochondria, initiating mitochondrial
outer membrane permeabilization (MOMP) (36). DFFA (ICAD) is an inhibitor of the DNase CAD,
which is inactivated by cleavage. Cleavage of this inhibitor then allows free CAD to translocate to the

DNA and degrade chromosomes into nucleosomal fragments, a characteristic feature of apoptosis.

After statistical filtering and manual inspection we obtained 693 cleaved substrates in response to

TRAIL-induced apoptosis (Fig. 3B; supplemental Fig. S2A). To generate a list of known substrates for
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comparison, we accessed the caspase substrate database CASBAH (http://bioinf.gen.tcd.ie/casbah/)
(37) and data from two large-scale investigations (11, 23). This analysis showed that 304 of our
substrates were already known as verified or potential caspase substrates, whereas 389 of our
candidate proteins were entirely novel. Together, these results demonstrate that our screen covered
a substantial part of the known substrates of all caspase substrates while identifying a very large set
of novel TRAIL-induced cleavage products. This attests to the sensitivity of our approach but also

suggests that only a fraction of all cleaved substrates may be described to date (38, 39).

We next plotted the intensity distribution spanned by the complete proteome experiment in
comparison to the intensity fraction covered by the statistically significant cleaved substrates (Fig.
3C). Cleavage substrates are distributed towards the higher abundant area of the complete
proteome. This is not surprising as verification as a substrate requires substantially more information
than mere identification in the proteome. Interestingly, although our data are biased toward the
more abundant part of the proteome, the substrates are relatively flatly distributed across the
accessible abundance range. This shows that the tendency to be a caspase substrate is not strongly

correlated with protein abundance, at least in this abundance range covered by this study.

Detected substrates span a broad molecular weight range and encompass proteins ranging from
about 20 kDa to up to 200 kDa. Nevertheless, very small proteins are underrepresented within the

substrate population, which may be due to limitations of the gel-based MS-approach (Fig. S2B, C).

Proteolytic substrates are not necessarily the result of caspase cleavage but might also be cleaved by
other proteases, which could either be activated by or independent of upstream caspase cleavage.
To verify that the cleaved substrates are truly caspase-dependent, we incubated Jurkat T cells with
the pan-caspase inhibitor z-VAD-FMK before treatment with TRAIL. We determined best inhibitor
conditions by different concentrations of z-VAD-FMK, using the known caspase substrate PARP1 (Fig.
4A). Based on these results, we performed a triple SILAC approach treating SILAC labeled cells either

with mock (light SILAC condition), TRAIL (5 h; heavy SILAC condition) or TRAIL (5 h) and z-VAD-FMK
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at 50 uM (medium SILAC condition). We performed three biological replicate experiments and
analyzed the samples as described in EXPERIMENTAL PROCEDURES. TRAIlL-treated samples
(heavy/light ratio) showed clear cleavage patterns (Fig. 4B, left panel), whereas inhibitor treated
samples showed no peptide ratio difference in comparison to the mock treated population (Fig. 4B,
right panel) (medium/light ratio). Note that peptides of caspase dependent substrate such as PARP1
could also be found in molecular weight regions of the cleavage fragments; however, these have
one-to-one SILAC ratios [0 in log2] between inhibitor treated and control conditions, showing that
they originate from background (TRAIL-independent) cleavage. Because all significant cleavage

events were abolished by the inhibitor, we conclude that they are all caspase-dependent.

Identification of proteolytic cleavage sites — In addition to identifying cleavage substrates of caspases
our approach might allow identification of specific caspase cleavage sites in a subset of cases. To test
this, we searched for peptides with either an N- or C-terminal caspase cleavage site and a tryptic site
on the other terminus. We also required that the peptide was located in the region indicated by our
statistical algorithm as the probable cleave region (EXPERIMENTAL PROCEDURES). Using this
approach we were indeed able to identify 93 explicit cleavage events in 86 proteins, including known
ones that served as positive controls and novel ones. These sites, including the sequence windows of
+/- 3 amino acids are listed in supplemental Table S3. Several novel potential substrates such as the
cell growth-regulating nucleolar protein LYAR were also found in this way (Fig. 5A). For this protein,
we mapped the cleavage site to the position D281 overlapping with the hypothetical cleavage motif

X[ET]xD. A sequence logo analysis (http://weblogo.berkeley.edu/logo.cgi; Fig. 5B) supported earlier

findings on intrinsically induced apoptosis that characterized cleavage motifs as diverse (6). Cleavage
is common at an aspartate C-terminal to a small amino acid such as serine, glycine or alanine, as
reported previously (6, 11). We conclude from this that TRAIL-induced cleavage patterns are similar

to those observed in intrinsic caspase mediated events.

[82]



SILAC-based approach to globally detect protease substrates

In cases where the caspase cleaved peptide was not confidently identified, the cleavage event was
often still mappable to a particular region of the protein. In 159 proteins the cleavage was mapped
to a region of about 100 amino acids (Fig. 5C; supplemental Table S3). In 50 of these cases the
cleavage area overlapped with only one x[ET]xD motif (implicit sites). In 85 proteins there was more
than one motif in the cleavage area (area). In the remaining cases, a different cleavage motif was

presumably used by the responsible protease.

In several cases we determined multiple cleavage events within the same protein (Fig. 5D). We
found, for instance, two cleavage events in the DNA replication licensing factor MCM6, one of which
was already known and could directly be mapped as an explicit site - D274. For the second cleavage
two possible motifs match within the C-terminal region close to the position 770. From the positions
of the fragments in the gel, we determined that either or both cleavages can occur, indicating that
there appears to be no preference for one of them as an initiator site (Fig. 5D). Since either cleavage
presumably inactivates the protein such a cleavage pattern is functionally sensible for substrate

inactivation.

As the above results show, our whole protein approach is not necessarily limited to the identification
of cleaved proteins, but may in many cases yield detailed information about the cleavage site or
region. Even the identification of cleavage regions can already be of great importance for tracking

the effect of the cleavage by providing information of cleaved domains or motifs, for instance.

Global analysis of detected proteolytic events — Bioinformatic analysis of our substrate proteome
revealed that it covered a broad range of different pathways with known and novel substrates
showing similar trends (supplemental Table S4). In particular, many substrates belong to RNA-
dependent pathways, endocytosis and spliceosomal as well as cell cycle-related processes. We next

extracted protein populations enriched and depleted in our substrate population compared to the
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complete detected proteome using Fisher Exact testing (Benjamini-Hochberg FDR: 0.02). Since the
substrate population is biased towards higher protein expression as determined earlier (Fig. 3C), we
first created a background protein population spanning the same intensity region as the cleaved
substrates (Fig. 6A) to serve as reference population. Interestingly, the substrates showed an
asymmetric distribution between depleted and enriched categories (supplemental Table S5). TRAIL-
induced apoptosis appears to target a broad range of functions without strong preferences whereas
a small number of pathways and compartments were clearly selected against. The latter

encompassed the ER, mitochondria and inner membrane proteins in general, as discussed below.

Especially RNA-regulated processes including RNA helicase activity and RNA splicing but also
pathways such as endocytosis (CLTA, AP2A1, AP2A2, DNM2) (40) were significantly enriched in
cleaved substrates. Nuclear proteins were slightly but statistically significantly enriched, as were
proteins in complexes (derived from the CORUM database (41)) (Fig. 6B). In contrast, proteins
intrinsic to membrane were significantly under-represented and proteins in mitochondria and
endoplasmic reticulum (ER) were more than two times under-represented within the cleaved
substrate fraction (Fig. 6B). Proteins in ER and mitochondria may either not be accessible for
caspases or they may not contain as many cleavage sites (cleavage motifs) because they have to
fulfill important tasks in controlled cell death. In any case this is an interesting observation given that
mitochondria dynamics and fission are known apoptotic effects (42). Regardless of the mechanism,
our data indicate that the mitochondria are protected from caspase cleavage, which appears
reasonable given the central function of mitochondria in intrinsically induced — but also extrinsically
caused — apoptosis. In contrast, nuclear pore proteins are preferentially cleaved by caspases and
nuclear proteins are enriched as substrates, which agrees with the fact that nuclear breakdown is a

hallmark of apoptosis.

The previous analysis was focused on the identity of the substrate proteins only. In a next step, by

evaluating the SILAC ratios of the apoptotic substrates at the gel positions of the full length proteins
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(uncleaved ratios), we noticed that they displayed in all experiments a bimodal distribution (Fig. 6C).
Classical upstream (e.g. caspases) as well as downstream substrates (e.g. PARP1, LMNB2, ROCK1)
were observed with strong negative ratios, indicating that a large percentage of these substrates had
been cleaved at this time point (5 h). In contrast proteins in the right hand peak had ratios around
zero, indicating that most of these proteins remained uncleaved, even though fragments with clear
positive ratios marked them as apoptotic substrates. Splitting the population into novel and known
substrates showed a clear tendency of novel substrates towards the right hand distribution (low
percentage of substrate cleavage; supplemental Fig. S3A). This may reflect the sensitivity of our
approach since proteins cleaved with lower stoichiometry are more difficult to detect. Bioinformatic
analysis of the enrichment of protein classes within the two different peaks with a Fisher Exact test
(Benjamini-Hochberg FDR: 0.02), revealed that proteins in complexes are highly enriched in the right
hand peak (Fig. 6D; supplemental Fig. S3B). Thus complex members often appear to be cleaved with

lower efficiency than proteins not involved in complexes.

Caspase cleavage of the condensin complex — To perform a physical and functional interaction
analysis of our substrate population, we used the STRING database (STRING 9.0; http://string-
db.org/; highest confidence (score 0.90)) and visualized and analyzed results in Cytoscape (version

2.8.2.; www.cytoscape.org). We grouped the substrates into known and novel proteins (green and

red, respectively, in supplemental Fig. S4). The center of the interaction network was formed by
Caspase-3 surrounded by many known substrates such as CASP6, BID, LMNB1, PAK2 and ROCK1.
Novel substrates created additional links between known cleavage substrates but also spanned
further networks at the periphery of the graph. Protein clusters highlighted interactions of ribosomal
and nuclear pore proteins as well as of proteins involved in protein biosynthesis, DNA replication,
transcription, vesicle transport and endocytosis, defined by both known and novel substrates. We
also noticed entire macromolecular complexes, among which proteasomal proteins and the
condensin | complex were prominent. The latter is of special interest because it plays a crucial role in

the formation of structurally stable mitotic chromosomes and their segregation but also in gene
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regulation and DNA repair (43, 44). The pentameric condensin | complex is highly conserved and
ubiquitously found among eukaryotes. It consists of two structural maintenance of chromosome
ATPase subunits and three auxiliary subunits. Only one component of the complex, the kleisin
subunit NCAPH, has been reported to be cleaved upon apoptosis induction to date. This cleavage
was thought to be responsible for the loss of the condensin | complex in apoptosis, contributing to
loss of chromosome structure and chromosomes susceptibility to DNA fragmentation induced by a

caspase-activated DNase (45).

Interestingly, we identified not only NCAPH but also all other components of the complex as cleaved
substrates after TRAIL induction (Fig. 7A; supplemental Fig. S5). To better understand the process of
condensin | complex cleavage we extracted the 3D cleavage plots of all of its members. The known
substrate NCAPH was strongly cleaved in the middle of the protein as already described in the
literature. However, our detected cleavage site (D380), which matches with a potential cleavage
motif, does not overlap with the known cleavage site at D366. The novel substrates of this complex
SMC2, SMC4, NCAPD2 and NCAPG showed cleavage at the N- or C-termini, resulting in a slight shift
of the uncleaved protein. Theses substrates were cleaved with lower efficiency compared to the
known substrate NCAPH. Both the structural maintenance of chromosome ATPase subunits (SMC2
and SMC4), have nucleotide-binding domains at their N- and C-terminus, termed Walker A and B
motifs. Within each protein, these domains interact with each other and form so-called head
domains. We detected cleavages in both proteins at their N- and C-termini. Interestingly, for SMC2
we could even map an explicit cleavage site at the C-terminal part of the protein located exactly
within the Walker B motif at D1116. This is remarkable since ATP-binding pockets should be difficult
to access. For NCAPD2 and NCAPG we also detected cleavage at their N- and C-terminus,
respectively. These cleavage sites appear to overlap with important intra- and inter-molecular
interaction sites to the other proteins of the complex. Interestingly, NCAPD3 from the related

condensin Il complex was cleaved as well. However, in this case we located this cleavage site to
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position D529 in the middle part of the sequence rather than the termini. This may indicate different

modes of association of NCAPD2 and NCAPD3 with their corresponding kleisin subunits.

A recent paper investigated the function of yeast condensin by introducing several TEV cleavage
sites into Brnl (NCAPH-homologue) (46). Interestingly, cleavage of NCAPH leads to opening of the
condensin ring, without, however, releasing subunits of the complex. Intriguingly, after cleavage of
NCAPH the complex is still associated with the chromosome if the two NCAPH fragments are held
together by interactions with NCAPD2, at least in vitro. After additional cleavage of NCAPD2,
condensin was released from the chromosomes. Also, in case of the SMC2 coiled coil artificial
cleavage of both strands was necessary for inactivation. In light of these findings and our data we
suggest that simple cleavage of NCAPH by caspases might not be sufficient to release condensin
from the chromosome. Additional proteolytic cleavage events in other subunits — preferentially at
the interaction sites — might be necessary to fully inactivate the complex and disengage its
components. Sites in condensin | complex subunits other than NCAPH were observed with lower
SILAC-fold changes, suggesting that the specific location of cleavage is less important than the fact
that a second cleavage occurs. While these mechanisms are speculative, the cleavage sites identified
here are mechanistically plausible and may serve as starting points for further functional dissection

of the cleavage of the complex.

Caspase cleavages of the proteasome - Recently, several groups have suggested that protein
degradation by caspases and by the proteasome are interlinked by reciprocal cleavage of some of its
components and several proteasomal subunits were identified as apoptosis substrates (6). Here we
identified cleavage events in the 20S core particle and in the 19S regulatory particles, covering both
base and lid proteins (47, 48) (supplemental Fig. S6). Similarly to the condensin complex,
stoichiometries of substrate cleavages were relatively low. From the regulatory particles we
determined as previously known substrates the subunits Rpn2, Rpn3, Rpn10, Rptl, Rpt5, Rpt6 and

Rpt4 as well as the novel substrates Rpn5 and Rpt2 (6). From the core particle we identified PSMAS5
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and in addition also observed cleavage of the 11S regulatory cap, PA28y. These findings support the
hypothesis of a negative feedback loop in which caspases and the proteasome are interlinked in the
process of apoptosis (49). In healthy cells, caspases as the effectors of apoptosis are tightly regulated
by the proteasome and their protein levels are reduced by proteasomal control. Upon caspase
activation by apoptosis, proteins mainly within the regulatory part of the proteasome are cleaved in
a caspase-dependent manner and proteasomal degradation is inhibited. Our findings support this

general picture and supply a number of specific substrates and sites in the proteasome.

An earlier study identified caspases cleavage of three proteins of the 19S RP complex of the 26S
proteasome. PSMC3 (Rpt5) and PSMD4 (Rpn10) most probably recognize the polyubiquitinated
proteins, while PSMD1 (Rpn2) most likely holds together the lid and the base of the 19S RP (49).
Their cleavage may inactivate this process and may partially detach the 19S RP from the 20S core
particle. Our data substantiates the cleavage sites of PSMC3 and PSMD1. For PSMD4, two possible
cleavage sites were posited in the earlier study. Our results clearly identify cleavage at one of them,

D258.

The SILAC ratios observed in our data are relatively low, suggesting sub-stoichiometric cleavage at
different sites for each member protein of a complex. To compensate for this lower cleavage
efficiency, caspases appear to cleave several members of the same protein complex such as the

proteasome, perhaps with a more robust inactivation effect as the cleavage of one specific protein.

Caspase cleavages of the autophagy apparatus - The link between apoptosis and autophagy is also
of special interest (see for instance (50)). Autophagy is cytoprotective, whereas apoptosis inhibits
autophagy when activated, counteracting its effects. Important points of crosstalk include the
interaction of the autophagy protein Beclin-1 and the anti-apoptotic factor Bcl-2, as well as direct
interactions of caspases and autophagic components. A recent study described cleavage of the early
autophagy marker ATG3 by CASP8 (51) as an important link between both pathways. The authors

focused on the in silico derived site D169 and in an experimental follow up defined it as cleavage site
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of CASP8 leading to the inactivation of the autophagic process after TNF or TRAIL induction. Here,
we also detected ATG3 cleavage after TRAIL-induction in our Jurkat T cell system and we identified a
cleavage region including two possible sites, D169 being one of them (Fig. 7B, supplemental Table
S1). Furthermore, we mapped an explicit cleavage site of ATG3 at D104. That site had also been
found in another study (23), supporting our results. Based on the peptide information from the
cleaved fragments, the cleavage at D104 appears to be more prominent than that at D169. Since
peptides from the counterpart of the D169 cleavage are absent in the gel, we speculate that this
cleavage is secondary. In any case, the detection of two cleavage events by our method illustrates its

depth and its unbiased nature.

CONCLUSIONS AND OUTLOOK

Here we have described a quantitative SILAC-based approach for the identification of proteolytically
cleaved substrates and used it to investigate the events of apoptosis induced by extrinsic stimulus
TRAIL. Our approach determined nearly 700 cleavage substrates, a dataset which can serve as a
resource for studying TRAIL-induced cleavage events, for the community of cell death researchers. It
may also be clinically relevant because TRAIL is of great importance for cancer therapy research
aiming to preferentially inducing apoptosis in tumor cells but not in normal cells (52, 53). In addition,
our approach can be applied to any system in which proteolytic cleavage occurs and could therefore
also be of interest in fields such as embryogenesis or neurodegenerative diseases.

After this study had been finished, Cravatt and co-workers incorporated SILAC into their PROTOMAP
approach (23) and elegantly used it to discover the requirement for priming phosphorylation events
for apoptotic cleavage events (25). These researchers investigated staurosporine — induced

apoptosis, rather than extrinsic, ligand-induced apoptosis. They detect about 700 cleaved substrates,
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which reduces to about 500 substrates, when requiring an indication of cleavage products in lower
molecular weight gel regions as we have done here. About 300 substrates are common to both
approaches, indicating that many of the same substrates are cleaved following intrinsic and extrinsic
stimulation of apoptosis. Nevertheless, it is clear that neither approach reached completion nor that
there is a large number of apoptotic substrates still to be discovered. Already from the data acquired
here, several features of the apoptotic substrate proteome have become apparent. For instance, we
found the fact that mitochondria are clearly underrepresented as cleavage substrates and that
stable complexes appear to be disabled by several apoptotic cleavage events in different complex
members, each with less than full stoichiometry. Our data also support the notion that apoptotic
cleavage events are not randomly distributed in the cellular proteome but instead target specific
proteins and pathways (39). In this regard it is interesting to note that many of the novel substrates
discovered here link to already known targets or networks. In conclusion, we note that MS-based
proteomics is still increasing in speed and depth of analysis and that it should soon be possible to
investigate and compare different apoptotic stimuli and conditions as well as inhibitors, providing

valuable input to studying the mechanisms of apoptosis.
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FIGURE LEGENDS

FIGURE 1: Representation of the SILAC-based approach for the detection of proteolytic substrates.

A. Schematic overview of the SILAC experiment followed by stringent statistical data filtering to
extract caspase-dependent cleavage substrates. In a SILAC double-labeling experiment the cells are
treated with an apoptotic stimulus (light condition) or mock (heavy condition). Cells are combined
and lysed and proteins are separated via SDS-PAGE. After in-gel digest, each slice is analyzed via LC-
MSMS. Cleavage candidates are identified requiring specific cleavage criteria and by applying
statistics to the data. Graphs are generated for each candidate and manually inspected before
generation of a final substrate list. DR, death receptor B. 3D cleavage plot representation. The plot
combines both experimental data and background information. Detected peptides are depicted as
squares defined by slice and sequence localization including the color coded corresponding ratio.
Detected cleavages C-terminal of Asp are highlighted within the plot by red lines. Supplemental
information includes theoretical cleavage of the protein (peptides are plotted as squares), known
and hypothetical cleavage sites along the protein sequence as well as known protein domains and
motifs. Blue and red arrows indicate the location of the uncleaved and cleaved regions, respectively.
Information provided within the graph is explained below the 3D cleavage plot. Experimental data

are depicted in the main upper part of the plot and specific information at the bottom of the plot.

FIGURE 2: Apoptosis verification after TRAIL-induction.

A. Viability study after induction of apoptosis or necrosis compared to mock treatment. Cells were
treated with 0.1% H,0,, 100 ng/ml TRAIL and mock, respectively, for several hours. Permeability of
the cells was checked by using the cell counter, cell numbers are plotted. B. Western blot analysis of
apoptotic markers. Cleavage of the upstream substrate CASP8 and the downstream substrate PARP1
was detected after TRAIL treatment within 24 h. Arrows point to the treatment of 5 h, the time point

that was used for the SILAC experiments. C. Flow cytometry analysis distinguishing between
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apoptosis and necrosis. Experiments show response to Pl and Annexin V-FITC for mock, TRAIL and
H,0, treatment, respectively. 5 h TRAIL treated cells revealed clear response to Annexin V, however,

no necrotic effects were detected.

FIGURE 3: Identification of TRAIL-induced cleaved substrates.

A. Positive markers of apoptotic cleavage. 3D cleavage plots are depicted for the substrates CASP8
and PARP1. For both substrates strong negative ratios were identified in the uncleaved region
whereas cleaved fragments showed high positive ratios indicating a strong cleavage. B. Identification
of known and novel substrates. Substrates detected in our dataset were compared with a list of
known substrates. Slightly more than half of the substrates are novel cleavage substrates induced by
TRAIL treatment. C. Comparison of the whole proteome and the identified substrates. The intensity
distribution of all proteins is depicted, highlighting the population of cleaved substrates in green.

Cleavage substrates span the higher intensity region of the complete detected proteome.

FIGURE 4: Identification of caspase-dependency of the cleaved substrates.

A. Inhibition of apoptosis by z-VAD-FMK. Different concentrations of the pan-caspase inhibitor z-
VAD-FMK were tested and cleavage was detected by Western Blot against the known caspase
substrate PARP1. The arrow points to the condition used for the SILAC experiments. B. Comparison
of TRAIL-treated and inhibitor treated samples. TRAIL treatment generated a clear cleavage pattern,
as for example for PARP1, including characteristic ratios in the uncleaved and cleaved region (left
panel). Inhibitor treated samples showed no characteristic ratio pattern (right panel). In some cases
slight background cleavage could be detected in both mock and treated samples generating peptides
in the fragment slices with 1:1 ratios. Red arrows highlight the localization of the known cleavage

site.
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FIGURE 5: Localization of cleavage sites.

A. Detection of explicit cleavage sites. As representative example of explicit cleavage site detection,
the novel substrate LYAR is depicted for which an explicit cleavage was detected at D281. The
peptide cleaved C-terminally of Asp was identified with high confidence and matched with a
hypothetical cleavage site, whereas the uncleaved peptide was identified in the slice containing the
uncleaved protein with a negative ratio. B. Evaluation of caspase specificity by sequence logo
representation. We extracted the sequence windows (Asp +/- 3aa) of all explicit cleavage sites and
generated a sequence logo for the substrates. The output data matched with current knowledge and
supported besides others the preference for small amino acids at position P1’. C. Representation of
categories providing information on cleaved regions. Besides explicit cleavage sites cleaved regions
could be narrowed down to small regions along the protein sequence. We defined four different
categories describing the information obtained about the cleavage position. D. Multiple cleavages by
caspases. In several cases, multiple cleavage events could be located within one protein. Protein
MCMS6, for example, was cleaved at the same time either once or twice along its protein sequence,
generating five different cleavage fragments. The explicit cleavage site D274 is indicated by a red

arrow, the black arrow highlights the approximate second cleavage site.

FIGURE 6: Global analysis of cleaved substrates.

A. Calculation of a background population for enrichment testing. To perform unbiased enrichment
testing of cleavage substrates versus the whole proteome a background population was extracted
from the whole proteome data spanning equal intensity ranges as the substrate population. All three
categories are depicted. B. Enrichment analysis of substrates. Proteins in complexes are slightly
enriched within the substrate population. Proteins assigned to mitochondrion are significantly de-
enriched within the substrate population. Bg population, Background population C. Distribution of
uncleaved ratios of all substrates. Median ratios of the uncleaved protein regions follow a clear

bimodal distribution in all experiments. D. Representation of uncleaved protein ratios with regard to
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proteins in complexes. Substrates annotated in CORUM showed clear tendencies towards the right

hand peak, substrates not assigned to complexes had a tendency to stronger negative ratios.

FIGURE 7: Investigation of specific cleavage substrates in a biological context.

A. Cleavage of the condensin | complex members. All components of the condensin | complex were
identified as cleavage substrates. For the novel substrate SMC2 an explicit cleavage site was
identified within the C-terminal Walker B motif (upper panel) at D1116. The known cleavage
substrate NCAPH was strongly cleaved in the middle of the protein sequence, however, the detected
explicit cleavage site at D380 did not exactly match with literature (lower panel). B. Identification of
the autophagic protein ATG3 as caspase substrate. We mapped an explicit cleavage site to D104
within the ATG3 sequence. Cleavage fragments indicate an additional cleavage within the C-terminal

fragment.
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2.3. Analysis of high-accuracy, quantitative proteomics data in the MaxQB
database

2.3.1. Aim and Summary

In recent years, data derived from quantitative MS-based proteomics has increased exponentially.
Many of the studies generate precise highly accurate datasets that are of great importance to
researchers. Although many of these data are already deposited in generic databases, comparison
and storage of the information across different proteome measurements still presents many
challenges. A particular problem occurs with the accumulation of low quality peptide identifications,
which can significantly increase false positive rates. In addition, the incorporation of quantitative

data is a great challenge for many databases.

We therefore generated a database termed MaxQB, which has been specifically designed for
guantitative and high resolution data generated according to stringent protocols. The database
allows both storage and presentation of large proteomics datasets and enables the comparison of
results of all uploaded data. The different underlying tools are illustrated using proteomic data of 11
human cell lines as well as 28 mouse tissues. Proteins can be searched in all data and general
parameters from several experiments can be extracted, for example signal reproducibility of
identified peptides. Project specific cutoff scores are adjusted for the combined data sets to better
control global false discovery rates. Moreover, individual protein expression levels can be displayed
for each cell line derived from label-free quantification. All information contained in MaxQB is
accessible to the community via a user-friendly web interface at

http://www.biochem.mpg.de/maxgb.
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2.3.2. Contribution

Christoph Schaab developed the MaxQB database. Tamar Geiger provided the 11 cell lines data. |
contributed to the design, testing and implementation of the database. In particular, | provided input

on how to structure the database and which features to include.

2.3.3. Publication

This paper was published in Molecular and Cellular Proteomics 2012:

Analysis of high-accuracy, quantitative proteomics data in the MaxQB database
Schaab Christoph, Geiger Tamar, Stoehr Gabriele, Cox Juergen and Mann Matthias
Mol Cell Proteomics. 2012 Mar;11(3):M111.014068.
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Analysis of High Accuracy, Quantitative
Proteomics Data in the MaxQB Database*

Christoph Schaab1§, Tamar Geigert, Gabriele Stoehrt, Juergen Coxt,

and Matthias Manntq]

MS-based proteomics generates rapidly increasing
amounts of precise and quantitative information. Anal-
ysis of individual proteomic experiments has made great
strides, but the crucial ability to compare and store
information across different proteome measurements
still presents many challenges. For example, it has been
difficult to avoid contamination of databases with low
quality peptide identifications, to control for the inflation
in false positive identifications when combining data
sets, and to integrate quantitative data. Although, for
example, the contamination with low quality identifica-
tions has been addressed by joint analysis of deposited
raw data in some public repositories, we reasoned that
there should be a role for a database specifically de-
signed for high resolution and quantitative data. Here
we describe a novel database termed MaxQB that stores
and displays collections of large proteomics projects
and allows joint analysis and comparison. We demon-
strate the analysis tools of MaxQB using proteome data
of 11 different human cell lines and 28 mouse tissues.
The database-wide false discovery rate is controlled by
adjusting the project specific cutoff scores for the com-
bined data sets. The 11 cell line proteomes together
identify proteins expressed from more than half of all
human genes. For each protein of interest, expression
levels estimated by label-free quantification can be vi-
sualized across the cell lines. Similarly, the expression
rank order and estimated amount of each protein within
each proteome are plotted. We used MaxQB to calculate
the signal reproducibility of the detected peptides for
the same proteins across different proteomes. Spear-
man rank correlation between peptide intensity and de-
tection probability of identified proteins was greater
than 0.8 for 64% of the proteome, whereas a minority of
proteins have negative correlation. This information can
be used to pinpoint false protein identifications, inde-
pendently of peptide database scores. The information
contained in MaxQB, including high resolution fragment
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Bottom-up proteomics consists of the MS analysis of en-
zymatically digested proteomes. During the last few years,
measurements have increasingly been performed in a high
resolution, quantitative format (1-3). Each proteomic experi-
ment typically generates large amounts of raw MS and
MS/MS data, which should be made available with each
experiment (4). Computational proteomics is then used to
extract high confidence peptide and protein identifications
and relative ratios between conditions, as well as to distill
biological implications from the data (5-8). Apart from the
analysis of individual projects, several repositories for pro-
teomic experiments have been developed, each with different
purposes in mind. The Global Proteome Machine (9) and
PeptideAtlas (10, 11) are two of the earliest such collections,
with the primary goal of providing a collection of peptide
identifications. These collections can, for example, be mined
for the design of multiple reaction monitoring experiments in
targeted proteomics (12). In contrast, TRANCHE (proteome-
commons.org/tranche) is a repository for the raw mass
spectrometric data (13). PRoteomics IDEntifications data-
base (PRIDE) is a large effort at the European Bioinformatics
Institute, which has collected peptide and protein identifi-
cation data from more than 10,000 experiments (14, 15).
PRIDE, PeptideAtlas, and TRANCHE are also part of the
ProteomeXchange consortium, whose objective is to pro-
vide a single point of submission for MS-based proteomics
data (www.proteomexchange.org). Many dedicated data-
bases for specific organelles or organisms also exist (see for
example Refs. 16 and 17).

Most of these databases accept data from heterogeneous
sources, which presents a challenge in analysis. For instance,
data acquired with different proteomics technologies, differ-
ent computational pipelines and different quantification strat-
egies may be combined in the database. Although these
problems have been addressed to some degree by open
standards and joint analysis of deposited raw data, we rea-
soned that there should be a role for a database designed for
homogeneous, quantitative, high resolution data, which nev-
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ertheless covers a large part of diverse proteomes. Here we
describe the construction of the MaxQB database, which is
meant to address the above challenges, allow novel types of
analyses, and serve as a public resource via a versatile web
interface. We illustrate MaxQB with deep proteome data gen-
erated in an accompanying paper (18). In that study, the
proteomes of 11 widely used cell lines were mapped in depth
with high resolution MS and MS/MS data. We describe anal-
ysis and visualization tools of MaxQB, a solution to the prob-
lem of inflated false positive protein identifications, and ex-
amine the reproducibility of peptide intensity rank order for
each protein in different proteomes.

EXPERIMENTAL PROCEDURES

Database Implementation—MaxQB is structured as a classical
three-tiered application consisting of data, application logic, and
presentation. The data tier is a relational database managed by Ora-
cle Standard Edition Database 11g (Oracle, Redwood Shores, CA).
Because only standard SQL features are used, it is in principle pos-
sible to port the database to other relational database management
systems like the free and open source MySQL database (Oracle). The
application logic tier is implemented in Java 1.6 (Oracle) and Groovy
(http://groovy.codehaus.org) using the Grails web application frame-
work version 1.3.3 (http://grails.org). The web application runs on a
Tomcat 7 web server (http://tomcat.apache.org). Finally, the presen-
tation tier is comprised of dynamically generated html pages and
JavaScript.

Protein Index and Mapping to Genome —Several human proteome
databases were uploaded to MaxQB to build a comprehensive pro-
tein index: Uniprot version 09/2011 (including variants), Ensembl build
64, and International Protein Index (IPI) version 3.87. Identical entries
were collapsed to a single logical protein entry where identity of
entries is defined by strict sequence identity. For example, the entry
for the human protein CDK2 refers to the Uniprot accession number
P24941, the Ensembl protein accession number ENSP00000266970,
and the IPl accession number IPI00031681. All three database entries
have identical sequences. The sequences were first transformed to a
hash key using the Secure Hash Algorithm, which dramatically in-
creased the speed of mapping identical sequences. The locations of
the genes on the chromosomes were obtained from Ensembl (19),
and the ortholog pairs of proteins in different organisms were ob-
tained from InParanoid eukaryotic ortholog database (20).

Cell Line Data—MaxQB already serves as a general repository for
experiments performed in our laboratory. Therefore, it will contain an
increasing number of deep proteome mapping experiments of hu-
man, mouse, and other cell types and species in the future. The data
analyzed here are mainly from a proteome profiling experiment of 11
cell lines described in the accompanying paper (18). Briefly, A549,
GAMG, HEK293, Hela, HepG2, Jurkat, K562, LnCap, MCF7, RKO,
and U20S cell lines were grown in standard conditions, lysed, and
prepared according to the Filter Aided Sample Preparation method
(21) and fractionated by pipette-based strong anion exchange into six
fractions. Resulting peptide mixtures were analyzed on-line by LC-
MS/MS on a linear ion trap Orbitrap (VELOS, Thermo Fisher Scientific)
in higher energy collisional dissociation mode (22). Each proteome
measurement—consisting of six 200-min gradients—was repeated in
triplicate. Analysis of the results was performed in MaxQuant (23)
using the Andromeda search engine (24). The results that are pre-
sented here and are accessible in MaxQB are based on data pro-
cessed with the “match between runs” feature enabled. However, the
increase of identifications for additional analyzed cell lines (see Fig. 2)
and the correlation analysis (see Fig. 7) is based on data processed

with this feature disabled. For details see Ref. 18. MaxQB and the
results of the 11-cell line proteome can be accessed freely upon
publication at http://www.biochem.mpg.de/maxgb.

Mouse Tissue Data—In addition to the cell line data, we also
analyze data from a proteome profiling experiment of 28 mouse
tissues (18). Briefly, 28 tissues were dissected from C57BL/6 mice
and snap frozen in liquid nitrogen. The tissues were homogenized,
lysed, and mixed with a SILAC" spike-in standard. Protein digestion
was performed with endoprotease Lys-C, followed by peptide frac-
tionation by isoelectric focusing. The resulting peptide mixtures were
analyzed on-line by LC-MS/MS on a linear ion trap Orbitrap (XL,
Thermo Fisher Scientific) in CID mode. Each proteome measure-
ment—consisting of twelve 100-min gradients—was repeated in trip-
licate. Analysis of the results was performed in MaxQuant (23) using
the Andromeda search engine (24).

RESULTS AND DISCUSSION

Database Architecture—MaxQB serves as a generic repos-
itory and analysis platform for high resolution MS-based pro-
teomics experiments. As such, it stores details about protein
and peptide identifications together with the corresponding
high or low resolution fragment spectra and quantitative in-
formation, such as SILAC ratios or label-free intensities. To
enable smooth upload of data, MaxQB is tightly integrated
with MaxQuant (23) (Fig. 1). At the end of data processing, the
user of MaxQuant is asked whether she wants to upload the
data to the database. In this case, the data is submitted by
calling a simple object-based protocol (SOAP)-based web
service. Alternatively, the data can be manually uploaded
through the user interface of MaxQB. In either case, the user
is asked to enter additional meta information, such as the
project name, experiment name, and workflow parameters. All
of the data are stored in a relational SQL database running on
an Oracle relational database management system. The user
can browse, search, and retrieve the data through a web
interface. Furthermore, the data can be accessed either
through SQL queries or preferably through SOAP web ser-
vices from visualization and data analysis tools like the Per-
seus module for bioinformatic analysis in MaxQuant, R
(www.r-project.org), Matlab (The Mathworks, Natick, MA), or
Spotfire (TIBCO, Palo Alto, CA).

Protein Index and Cell Line Data—To demonstrate the gen-
eral concepts and features of MaxQB, data from the proteome
profiling of 11 cancer cell lines described in the accompany-
ing paper (18) were uploaded to the database. The combined
data were searched against the IPI database 3.68 using Max-
Quant version 1.2.0.34. A frequent problem of proteomics
experiments is the difficulty of matching protein accession
numbers between experiments that were searched against
different databases or even just against different versions of
the same database (25). Here, we sought to solve this prob-
lem by building a protein index that matches the accession

" The abbreviations used are: SILAC, stable isotope labeling by
amino acids in cell culture; FDR, false discovery rate; SOAP, simple
object access protocol; IPI, International Protein Index.
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numbers of various popular protein sequence databases to a
logical protein entry. For the human species, these databases
are Uniprot (including variants), IPI, and Ensembl. In brief, se-
quence database entries that refer to identical sequence and
species are mapped to a unique protein index entry (see “Ex-
perimental Procedures” for more details). The protein index
contains 19,515 human entries with identical sequences in IPI
and Ensembl (see Table I). This nonredundant set was the basis
for further analysis. From these proteins, we calculated the
number of tryptic peptides readily observable and identifiable
by MS (mass between 600 and 4,000 Da; no missed cleavages).
There are 536,593 such peptides, and interestingly only 6% of
them are shared between two or more proteins.

Triplicate analysis of one cell line alone identified 7,337
proteins, each subsequently added cell line contributed a
decreasing number of new proteins, and analysis of all 11 cell
line proteomes together identified 10,183 nonredundant pro-
teins (Fig. 2 and Table ). In silico digest of the identified
proteins generated 338,496 observable tryptic peptides, of

2 3 4 5 6 7 8 9 10 11

which 32.5% were identified in the cell line data set at a false
discovery rate of 1%. For each of these peptides, the data-
base contains the corresponding database identification
score, the posterior error probability, individual evidences for
the peptide identification, and the corresponding fragment
spectra. At this point, proteins encoded by more than half of
all human genes and a large proportion of all their possible,
unmodified tryptic peptides are identified in the database.

Apart from the 11-cell line project, MaxQB contains a num-
ber of large scale experiments on human proteomes. Inter-
estingly, these experiments together already account for pro-
teins encoded by 64% of all human genes and 39% of their
possible, unmodified tryptic peptides. This suggests that im-
proving technology will soon make it possible to obtain refer-
ence spectra for a large part of the proteome from homoge-
neous data sources given a supply of diverse proteomes in
which all human proteins are expressed.

Use Cases—To illustrate practical use of MaxQB, we next
describe three “use cases” dealing with diverse types of

Molecular & Cellular Proteomics 11.3
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TABLE |
Number of identified proteins (Ensembl genes with identical IPl sequence) and peptides in comparison with respective numbers in the
ENSEMBL human database

Observable peptides are in silico digested peptides with masses between 0.6 and 4 kDa and no missed cleavages.

Human proteome Identified in 11 cell lines

Proteins 19,515 10,183 (52.2%)
Observable peptides 536,593
Observable, sequence-unique peptides 506,080
Observable peptides from identified proteins 338,496 109,862 (32.5%)
Observable, sequence-unique peptides from 316,585 103,869 (32.8%)

identified proteins

A -
genename="pole*" and organism="Human" and

Protein Q07864 - DNA polymerase epsilon catalytic subunit A

sourcedb=Suniprotis L Submit J [ml Sequence | Sequence Coverage | Peptides | Modifications | Experiment Series | Protein Expression | Literature i
Protein Name DNA polymerase epsilon catalytic subunit A
Gene Names POLE (POLE1)
Operator Attribute Value Description Participates in DNA repair and in chromosomal DNA replication
d - o Y— . pole® AQ Term Chromosome 12 : 133200348-133263945
UNIPROT HUMAN Version: 2011_10 Id: Q07864
" 0,0001
Query results ENSEMBL HUMAN Version: 64 Id: ENSP00000322570

4 protein entries found. Click on any row to see details on the respective protein.

e

Gene Name

Source Id Source Database Source Version Protein Name

UNIPROT HUMAN POLE2

POLE3

P56282 2010_07 DNA polymerase epsilon subunit 2

QINRFS UNIPROT HUMAN 2010_07 DNA polymerase epsilon subunit 3

Q07864 UNIPROT HUMAN 2010_07 DNA polymerase epsilon catalytic subunit A POLE

Q9NR33  UNIPROT HUMAN 2010_07 DNA polymerase epsilon subunit 4 POLE4.

« I »
« Columns B Excel View 1 -4 of 4

D

Log10 Expression

IPI HUMAN Version: 3.62 Id: IPI00939602
Gene Name POLE
Protein Name DNA POLYMERASE EPSILON CATALYTIC SUBUNIT A

Uniprot
Kinexus PhosphoNet

External Links

Orthologs

Source
INPARANOID:196
INPARANOID:8

Organism Id Gene Name Protein Name Score
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Fic. 3. A, query proteins for human DNA polymerase epsilon subunits. B, select POLE and show details on this protein. C, histogram of
protein expression across 11 cell lines. D, expression of POLE compared with expression of all other detected proteins in HEK293 cells. E,

expression of the mouse ortholog across 28 mouse tissues.

questions that can be addressed by this novel database. As a
first use case, we assume that the user is interested in mem-
bers of a specific protein family—here DNA polymerase ep-
silon subunits (POLE)—and wants to investigate their expres-
sion across the different cell lines and additionally across
mouse tissues. The user can query the database by various
fields, specifically by gene name, organism, and source da-
tabase. The query terms can be combined by Boolean logic

and grouped using parentheses. Alternatively, the query
builder can be used if one is not familiar with the query syntax.
In this example, the user searches for all human Uniprot
entries that have a gene name beginning with “POLE” (Fig.
3A). The query returns four subunits. By clicking on one of the
hits (POLE), the user obtains additional details (Fig. 3B). In
particular, this resulting page specifies the entries in the da-
tabases IPlI and Ensembl with identical sequence. On the
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protein expression tab, a bar chart visualizes the protein ex-
pression across the 11 human cell lines. Expression of POLE
varies by more than 2 orders of magnitude between LnCap
(lowest expression) and HEK293 (highest expression) calcu-
lated by label-free quantification in MaxQuant (26) (Fig. 3C). In
addition to estimating expression of the same protein be-
tween proteomes, MaxQB can also display expression within
any of the proteomes, compared with all other quantified
proteins in that proteome. Here, the expression of the protein
is estimated by the sum of its peptide signals, after normal-
ization of the total proteome signals to each other in Max-
Quant. The iBAQ algorithm (27) is now implemented into
MaxQuant and can also be used to estimate protein amounts.
In Fig. 3D, selection of the HEK293 proteome brings up a
distribution plot comparing the expression of the protein of
interest with all other proteins in this cell line. This reveals that
POLE is among the highly expressed proteins in these cells
(within the top 15-percentile). The sequence coverage tab for
the corresponding protein group shows the distribution of
identified peptides along the sequence of POLE and across

I u I I ] I
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the 11 cell lines and their biological replicates (Fig. 4). Addi-
tionally, the in silico digested peptides with masses between
0.6 and 4 kDa and the known domains as retrieved from
Uniprot (28) are displayed.

The user may also be interested in the expression of POLE
in other organisms. The InParanoid eukaryotic ortholog data-
base contains pairwise orthologs of 100 organisms (20).
MaxQB integrates this information to allow the user to jump
directly to the proteomes of other organisms. For example,
Fig. 3B lists two ortholog proteins in yeast and mouse. Click-
ing on the mouse ortholog (E9QKW1), the user obtains addi-
tional information on the mouse protein. As an example of
how MaxQB can integrate data from various studies, Fig. 3E
shows the expression of POLE in 28 mouse tissues (data not
published). POLE was identified in embryonic tissue, jejunum,
olfactory bulb, spleen, and white fat.

Recently, several projects aiming to identify all proteins
encoded on specific chromosomes have been started under
the auspice of the Human Proteome Organization (29). In a
second use case, we ask how many proteins have been
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A

Fic. 5. A, human karyotype. B, histo-
gram of proteins identified by MS in the
11 cell line project (gray) and annotated
proteins (blue) on chromosome 21. B

identified for a certain chromosome and whether there are any
regions with low identification rates. MaxQB lists all human (or
mouse or yeast) chromosomes and allows the user to select
one of them for further analysis (Fig. 5A). In the case of
chromosome 21, for example, this results in the distribution of
protein coding genes and the respective protein identifica-
tions in the cell line proteomes shown in Fig. 5B. By clicking
on one of the bars, the user can drill down to the list of
proteins encoded in the corresponding region of the chromo-
some as well as the underlying peptide information. As ex-
pected, ~50% of all annotated genes on chromosome 21 are
associated with high confidence protein identification infor-
mation, and the distribution across the chromosome appears
to be uniform.

A popular use of proteomics repositories is the selection of
peptides suitable for targeted methods such as multiple re-
action monitoring. In the third use case, a user is interested in
establishing an multiple reaction monitoring assay for the cell
cycle protein CDK2 and starts by searching for all peptides

Homo sapiens Karyotype

é 1 2 3 4 5 36 7 ©O8 9 10
gl? 14 1 E

11 12

5 16 17

Homo sapiens Chromosome 21

Count

that are unique for CDK2, have an Andromeda identification
score larger than 80, and have no missed cleavages. As in the
search for proteins described above, query terms can be
combined by Boolean logic (Fig. 6A). The query returns seven
peptides fulfilling these criteria. The user selects the peptide
AFGVPVR and displays the fragment spectrum for the best
identification evidence for this peptide (Fig. 6B). The user can
now export the list of peaks together with the masses and
annotations and use this as a basis for creating multiple
reaction monitoring transitions. A particular advantage of us-
ing MaxQB for this use case is the fact that this database
contains high resolution fragmentation spectra that are ob-
tained by the higher energy collisional dissociation method,
which produces very similar transitions to those that would be
observed in triple quadrupole methods (30).

Inflation of False Identifications—It is a common strategy in
MS-based proteomics to control the proportion of false iden-
tifications by searching against a combined forward and de-
coy sequence database and then adjusting the cutoff score to

10.1074/mcp.M111.014068-6

Molecular & Cellular Proteomics 11.3

[112]



Storage and Analysis of Proteomics Data in MaxQB

A(‘)ucr_\ =

protein.genename
and unique="true" and missedCleavages="0"

Operator

and

Fic. 6. A, query for unique peptides for
CDK2 with a score greater 80 and no
missed cleavages. B, the fragment spec-
trum with the best evidence for peptide
AFGVPVR.

7000007

600000+

50000073

400000

Intensity

3000007

2000007

1000007

"CDK2" and score="80-"

I )
Attribute Value

Select One...

B el

y5 (2ppm)

y3 (2ppm)

a2 (2ppm)

12 ) y3-NH3 (1ppm)

2 (:F"’“lﬁ (1ppm)

¥4 (2ppm) ¥6 @ppm)
'Nwl“iﬂm’ mHJ (-6ppm) r

a value, such that the proportion of identified decoy hits is
equal to a given false discovery rate (FDR) (31, 32). Although
decoy database search is a robust method to control FDR in
single projects, an additional challenge arises when combin-
ing the results of many different experiments covering the
same proteome. In this case the number of true identifications
saturates because the same “true” proteome is sampled re-
peatedly (see for example Fig. 2). However, the false identifi-
cations are largely independent of each other and therefore
accumulate, leading to an inflation of false identifications. A
related but different problem arises when combining the
search scores from multiple search engines obtained for the
same data set (33, 34). Here, we instead investigate the com-
bination of identifications from multiple proteomes that have
been analyzed with the same search engine.

Although generally known this issue has to our knowledge
not been quantified with experimental data. We investigated
the severity of this problem by analyzing the effects of suc-
cessively adding data sets to a database instead of analyzing
all data together as described above. For this purpose, the
raw data of the proteome profiling experiment of 11 cell lines
described in the accompanying paper (18) were arbitrarily
partitioned into three sets, each consisting of four or three cell
lines and their corresponding biological replicates. These
three sets were reprocessed by MaxQuant with a fixed FDR
for protein and peptide identification of 1%. Each set resulted
in ~10,000 total protein identifications and 100 decoy hits
(Table I). If these sets were successively added to a single
database, the number of true identifications would increase
by 28%, whereas the number of decoy hits would increase by

200 400 600
m/z [Da]

TaBLE Il
Number of identified proteins if raw files are processed in three
disjointed sets

Set 1 includes A549, HEK293, GAMG, and Hela. Set 2 includes
HepG2, Jurkat, K562, and MCF7. Set 3 includes RKO, LNCap, and
U20S. Union refers to the union of the proteins identified in the
individual sets. True is the number of forward hits, decoy the number
of decoy hits, and FDR is the corresponding false discovery rate.

Set 1 Set 2 Set 3 Union
True 9,922 9,690 9,054 12,211
Decoy 103 105 93 226
FDR 1.03% 1.07% 1.02% 1.82%

225% compared with the average number in the individual
sets. The resulting FDR would now be 1.82% instead of the
desired 1%. Clearly, the more proteomics data sets are added
to a database, the larger the inflation of false identifications.
Often the underlying data are not available for reprocessing,
or reprocessing for each added data set would be impractical.
For these cases, we propose to solve the issue by adjusting
the cutoff score to a more stringent database-wide level. The
adjustment is performed such that the ratio between the
number of unique decoy database hits and the total number
of unique identifications on a protein and peptide level is
equal to the desired FDR. MaxQB follows this proposal by
calculating a local FDR (g value) for each peptide and each
protein identification. This g value for a protein is essentially
the ratio between the number of decoy hits and the total
number of identifications with scores smaller or equal to the
score of that protein (and the peptide g value is calculated
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analogously). The identifications with g values below the pre-
set FDR of 1% are filtered out when the user is analyzing data
from the whole database rather than data from a single ex-
periment. This strategy is possible because all projects in
MaxQB are analyzed with the same search engine (Androm-
eda) and therefore use the same type of identification score.

Reproducibility of Identified Peptides—As can be seen in
the sequence coverage plot of POLE (Fig. 4), the identified
peptides are not random between different proteomes but
follow certain patterns. As one would expect, the cell line with
the highest expression level (HEK293) also shows the largest
number of identified peptides. Furthermore, a few POLE pep-
tides are identified in almost all samples (e.g. positions 60-77,
1520-1540, and 2132-2145), and these peptides are also the
ones with the highest label-free intensity as indicated by the
color code. These observations motivated us to investigate
possible general relationships between the probability of pep-
tide identification and peptide intensity. For each protein hav-
ing at least two peptides, we calculated the Spearman rank
correlation between the sum of label-free peptide intensities
and the number of experiments in which the peptide was
detected. The histogram of the correlation values for each
protein shows a strong accumulation of proteins with high
correlation values (Fig. 7A). A total of 64% of the proteins had
Spearman rank correlations of more than 0.8. Fig. 7B shows
the example of ENGASE, a protein with a high correlation
value (0.92). Here, the peptides detected many times are also

the most intense ones and vice versa. A few proteins have
small or even negative correlations and were therefore inves-
tigated in detail. For example, MAP4K1 has a small correlation
of 0.27 between peptide intensities and peptide detection
probabilities. Whereas the peptides detected in the three
Jurkat samples show a high overlap, the peptide VSGDLVALK
starting at position 38 was only detected in one replicate of
A549, Hela, HepG2, K562, LNCap, and MCF7, respectively,
and it was also the only peptide detected for this protein in
these cell lines. We speculate that this peptide is a false
identification in the non-Jurkat cell lines, which is further
supported by a relatively high posterior error probability. Our
analysis clearly suggests that rank order statistics of identified
peptides for each protein are sufficiently high to pinpoint false
protein identifications, independently of peptide database
scores. Therefore a comprehensive catalog of protein and
peptide identifications compiled from high quality data, such
as those in MaxQB, could be used to improve protein identi-
fication in proteomics experiments. Furthermore, public data-
bases could incorporate such algorithms to judge the quality
of submitted data sets. If peptide rank correlation of the new
data set to established data sets is low, this may indicate
problems with the newly submitted data.

Conclusions and Outlook—We have described MaxQB, a
resource for high resolution and quantitative MS-based pro-
teomics data. MaxQB draws on a homogenous set of pro-
teome measurements, which allows types of analyses that are
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difficult to perform in many other public repositories. Here, the
capabilities of MaxQB have been illustrated using deep pro-
teome measurements of 11 different cell lines. These data
already cover more than half of the human proteome, and for
these proteins any researcher can visualize expression pat-
terns across cell lines as well as estimated expression levels
within each of them. The expression data may be used, for
example, to select a cell line or tissue that highly expresses
the protein of interest. We plan to add even deeper and more
diverse data sets in the near future. As an example, the
expression levels of an ortholog protein in 28 different mouse
tissues can be visualized in MaxQB. Although these efforts
may not lead to complete coverage of the proteome, because
a number of proteins may not be expressed in readily avail-
able sources, we predict that the large majority of proteins
and peptides typically observable in proteomics experiments
will soon be represented. As in other repositories, the peptide
information can be mined for establishing targeted proteo-
mics assays. However, in this regard MaxQB has the advan-
tage of drawing on a relatively focused set of experiments that
are strictly controlled for overall false discovery rate. As tech-
nology advances, increasingly accurate proteome measure-
ments will be feasible within short measurement times. We
envision that the data in MaxQB will periodically be replaced
with these superior data (while keeping access to the old
data), something that is difficult in broad data repositories that
cannot discriminate between data submitted at different
stages of technology development. Although MaxQB cur-
rently contains proteome data of human cancer cell lines and
a set of 26 mouse tissues, we envision that proteomes of
additional cell types and species will be added in the future.
Furthermore, MaxQB can serve as a repository for more spe-
cialized data, for example, proteome changes after treatment
with drugs or data on post-translational modifications. All of
these data will have in common that they contain high reso-
lution identifications and are produced with a homogenous
set of technologies. We plan to implement an automatic sub-
mission of the experiments in MaxQB to PRIDE, so that
MaxQB data are also available in the databases that are part
of ProteomeXchange.

MaxQB also allowed us to investigate the reproducibility of
peptide identifications for each protein across proteome ex-
periments. We found a high correlation of peptide rank order,
sufficient to highlight false positive protein identifications in-
dependently of peptide identification score. This suggests
that the peptide rank order can be used as a component of a
protein identification score. As MaxQB contains more and
more of the typically identifiable proteins and peptides, it will
be interesting to investigate whether these data can contrib-
ute to better proteome characterization.

Additionally, MaxQB features a number of analysis tools
that are not currently present in other databases. For ex-
ample, we here introduced a procedure to adjust the re-
quired cutoff scores to keep the overall false positive rate

constant when incremental proteome projects are added.
These analysis tools can be used in MaxQB, but they could
also be incorporated into other proteome databases.
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3. CONCLUSION AND OUTLOOK

3.1. Unraveling of general response in aneuploid human cell lines

Extra chromosome copies markedly alter the physiology of eukaryotic cells. These changes are the
main causes of spontaneous miscarriages, disease and developmental abnormalities in humans. It is
not clear yet how cells deal with the extra chromosomes and why such severe effects occur.
Therefore it is of great importance to unravel molecular changes in aneuploid cells at the mRNA and
protein level, focusing on human cells, since no such studies have been performed yet in this

important system.

Here we have generated tri-and tetrasomic human HCT116 and RPE-1 cell lines by micronuclei
transfer (117) and compared these cells to their diploid counterpart cells. Exactly the same cell
populations were analyzed on genome, transcriptome and proteome levels by aCGH, microarray and
SILAC techniques and quantitative changes between aneuploid and diploid cells were determined.
One focus was on the regulation of the population of mRNAs and proteins encoded on the extra

chromosome, however, we also investigated global trends in all aneuploid clones.

We observed significant growth delays in the aneuploid populations in comparison to their diploid
counterpart population. These growth delays appear to be linked to cell cycle phases G1 and S.
Moreover, the additional chromosome load correlated with growth defects. G2 phase and mitosis

were not affected nor did we observe increased cell death or numbers of non-proliferating cells.

In some cell lines spontaneous losses of parts of the additional chromosome occurred and some
clones even lost a whole arm of a specific chromosome already after few passages. Such instable
clones were excluded from our current studies (although they will be subject to further studies)
which allowed us to draw stronger conclusions than otherwise possible. Moreover, for comparative
studies, exactly the same cell population needs to be used for all analyses to avoid discrepancies
caused by chromosomal changes. Analysis of the DNA content of the cell by e.g. aCGH (array

comparative genomic hybridization) represents a useful tool in this regards.

Besides characterization of morphological changes of aneuploid cells in comparison to their diploid
counterpart cells, we inspected the fate of proteins encoded on the supernumerary chromosome at
the mRNA and protein levels. Whereas for tetrasome chromosomes, mRNA levels were not balanced
- meaning the average population of underlying aneuploid/diploid ratios was doubled (in log 2 it was
located at 1) - the corresponding protein population was shifted towards disome levels and was

located between 0.6 and 0.7. Similar trends were also observed in trisome clones. Proteins included
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in macromolecular complexes were highly balanced. In general, we conclude that in case of
aneuploidy excess proteins are balanced and especially proteins representing subunits of complexes

are strongly regulated to maintain proper stoichiometries.

To further investigate global effects of aneuploidy in the different clones we performed 2-
dimensional annotation enrichment analysis. In this strategy pathways that are significantly enriched
in the up-regulated or down-regulated protein fraction are extracted. Interestingly, in all clones we
observed similar trends of certain important regulatory pathways. Most remarkably, lysosomal
pathways including autophagy were significantly enriched in all clones, pathways which are
responsible for the degradation of proteins. These results drew our attention to the pathway of
autophagy and underlying proteins. Indeed, in all inspected clones, p62 and LC3, key markers of the
autophagic degradation pathways, were increased in abundance. Moreover, ubiquitinated proteins
co-localized with p62. We therefore hypothesize that excess proteins aggregate and are degraded
via the autophagic pathway. Consequently, this pathway may play an important role in aneuploid

cells and serve as target for future cancer therapeutic developments.

In this study, human aneuploid clones were analyzed for the first time in a global manner in which
proteomic results were correlated to mRNA and DNA level to provide a complete picture of
aneuploidy response. Important biological insights emerged, such as a balancing effect of a subset of
proteins encoded on the extra chromosome. Moreover, we revealed a general response in different
aneuploid clones including different human cell lines. The identification of autophagy as potential
mechanism to regulate excess protein levels may become important for the field of aneuploidy
research. After providing this global view, these observations can be followed up in detailed,
functional studies. Moreover, autophagy inhibition and its influence in aneuploid cells should be

examined with a view to clinical applications.

3.2. Identification of TRAIL-induced caspase-dependent substrates

Apoptosis, a controlled form of cell death in metazoans, is crucial for cell homeostasis and thereby
also plays an important role in development. Evasion of apoptosis is a hallmark of cancer, inhibiting
controlled cell death in cells with obvious malfunctions. The main players in apoptosis are caspases,
a specific type of protease family, which are activated by cleavage and subsequently cleave further

proteins in the cell to step by step induce the demolition of the cell.

In this thesis, | developed a quantitative SILAC-based approach for the identification of

proteolytically cleaved substrates including a sophisticated algorithm for the extraction of cleaved
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proteins to investigate the events of apoptosis induced by the extrinsic stimulus TRAIL. TRAIL is of
special clinical relevance for cancer research since this apoptotic stimulus is known to induce

apoptosis only in cancer cells without cytotoxicity in normal cells.

| identified nearly 700 cleavage substrates, a dataset which can serve as a resource for the
community of cell death researchers to study TRAIL-induced cleavage events. Moreover, several
characteristics of the apoptotic substrate proteome became apparent. | found mitochondria clearly
underrepresented in the population of cleavage substrates and in addition discovered that stable
complexes appear to be destroyed by several apoptotic cleavage events in the different complex
members. In this process, cleavage of the subunits occurs to a lower extent than that of free
proteins. Cleavage events in general are not randomly distributed but specifically target proteins and
underlying pathways. Supporting this view, many novel substrates link to already known cleavage

substrates and cleavage networks.

Overall, this study proved the applicability of the approach introduced here and provided a global
dataset of TRAIL-induced cleavage events. It would now be of great interest to investigate in more
detail the event of TRAIL-induced apoptosis. In this endeavor, our approach might be used to
investigate the effect of different caspase inhibitors, providing information on specific substrates of
the corresponding caspases. The comparison of different stimuli, such as the extrinsic stimuli TRAIL
and FasL, including their specific degradome may be of special interest. In addition, the unraveling of
substrates in a time-resolved manner by time-course experiments would be possible. As this
approach can be applied to any system involving proteolytic cleavage it could also be applied to

fields such as embryogenesis or neurodegenerative diseases.

All data of this study were uploaded to the MaxQB database, which has been described in section
2.3. This database is perfectly suited to combine experimental data and thus serve as a resource for
important information gathered in a mass spectrometry-based proteomics experiments. We
extended the database by not only uploading MaxQuant data, but in addition providing all
information on the cleavage events including 3D cleavage plots and cleavage statistics. Each
experiment can be searched separately. Furthermore, all information on the cleavage derived from
the different experiments can be directly compared, such as the 3D cleavage plots from one protein

over all experiments. Therefore this database is particularly suited to store data for data comparison.
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Abbreviations

aCGH
AQUA
Asp
CID
CLL
CRD
DISC
DR

ESI
ETD
FasL
FDR
FISH
FWHM
HCD
HPLC
IAP
ICAD
ID
iTRAQ
LC

LTQ
m/z
MALDI
MEF
MMCT
MRM/SRM
MS
MS/MS
OPG
ppm
PQD
PrEST
PSAQ
pSILAC
PTM
qTOF
RP
SAC
SCX
SDS-PAGE
SILAC
SKY
SNP
THD
T™MT
TNF
TOF
TRAIL
UPLC

Array Comparative Genomic Hybridization
Absolute Quantitation

Aspartate

Collision Induced Dissociation

Chronic lymphocytic leukemia
Cysteine-Rich Domain

Death-Inducing Signaling Complex

Death Receptor

Electrospray lonization

Electron Transfer Dissociation

Fas Ligand

False Discovery Rate

Fluorescent In-Situ Hybridization

Full Width Half Maximum

Higher energy Collision Dissociation

High Performance Liquid Chromatography
Inhibitor of Apoptosis Protein

Inhibitor of the Caspase-Activated DNAse CAD
Inner Diameter

Isotopic Tag for Relative and Absolute Quantification
Liquid Chromatography

Linear Trap Quadrupole

Mass-to-charge ratio

Matrix-assisted Laser Desorption/lonization
Mouse Embryonic Fibroblast
Microcell-Mediated Chromosome Transfer
Multiple Reaction Monitoring

Mass Spectrometry

Tandem mass spectrometry
Osteoprotegerin

Parts per Million

Pulsed Q dissociation

Protein Epitope Signature Tag

Protein Standard Absolute Quantification
Pulsed SILAC

Post Translational Modification
Quadrupole time-of-flight

Reversed phase

Spindle-Assembly Checkpoint

Strong Cation eXchange chromatography
Sodium Dodecyl Sulfate-Polyacrylamide gelelectrophoresis
Stable Isotope Labeling with Amino acids in Cell culture
Spectral Karyotyping

Single Nucleotide Polymorphism

TNF Homology Domain

Tandem Mass Tag

Tumor Necrosis Factor

Time-of-flight

TNF-Related Apoptosis-Inducing Ligand
Ultra Performance Liquid Chromatography
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