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Abstract

In the works presented here, we studied molecular changes associated with drug resistance in
human mantle cell lymphoma (MCL) cells using proteomics. Our analyses allowed us to identify
causal and/or secondary changes in protein expression associated with the development of
resistance to the experimental drug TRAIL and the clinically used antimetabolites cytarabine
and fludarabine. Resistance of MCL cells to the recombinant proapoptotic cytokine TRAIL was
associated with downregulation of key enzymes of purine metabolism. This pathway potentially
represents a molecular “weakness”, which could be used as a therapeutic target for selective

elimination of such resistant cells.

Resistance to the pyrimidine analog drug cytarabine was associated with cross-resistance to other
antinucleosides. Proteomic and transcriptomic analyses showed pronounced downregulation of
deoxycytidine kinase (dCK), which activates both purine and pyrimidine antinucleosides. This
change explains the cross-resistance and is the causal mechanism of resistance to cytarabine. Our
observations suggest that MCL patients, who do not respond to cytarabine-based therapy, should

be treated with non-nucleoside drugs.

MCL cells resistant to purine-derived antinucleoside fludarabine were cross-resistant to all tested
antinucleosides and also to ibrutinib, inhibitor of Bruton tyrosine kinase (BTK). Our proteomic
analysis using a metabolic labeling approach (SILAC) showed marked downregulation of dCK
and BTK among the differentially expressed proteins. Further, we detected upregulation of
the anti-apoptotic protein Bcl-2, and demonstrated increased sensitivity of fludarabine-resistant

MCL cells to the Bcl-2 inhibitor ABT199.

These “proof of concept” studies demonstrated the potential of proteomic analysis for personalized
therapy of resistant malignancies. Proteomics, however, still has its limitations: the second section
of this thesis deals with integral membrane proteins (IMPs). IMPs are underrepresented in
conventional proteomic analyses, primarily due to their amphipathy, low digestibility with trypsin,
and low expression levels. These properties call for specific approaches. We introduced an
improved and simplified method for IMP analysis that targets transmembrane segments of IMPs.
We used this method to characterize the membrane proteome of a MCL cell line. We identified
over 800 IMPs including several so-called “missing proteins”, that had not previously been

observed on the protein level.

Key words: proteomics, mantle cell lymphoma, drug resistance, drug targets, integral membrane

proteins, mass spectrometry
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Abstrakt

V prezentovanych pracich jsme se s vyuZitim proteomiky zabyvali molekularnimi zménami
v buiikach lymfomu z bunék plastové zény (mantle cell lymphoma, MCL), souvisejicimi
s vznikem 1ékové rezistence. Identifikovali jsme tak kauzadlni a/nebo sekundarni zmény
v proteinové expresi, spojené srozvojem rezistence viuci experimentalni molekule TRAIL
a klinicky pouzZivanym antimetabolitim cytarabinu a fludarabinu. Odvozené bunky MCL
rezistentni vii¢i proapoptotickému cytokinu TRAIL se vyznacovaly sniZenou expresi klicovych
enzymi metabolismu purinti. Tuto metabolickou drahu tak 1ze povazovat za ,slabinu®, kterou by

bylo mozZné vyuZzit coby terapeuticky cil k selektivni eliminaci takovychto rezistentnich bunék.

Rezistence vii¢i pyrimidinovému analogu cytarabinu se projevila kiiZovou rezistenci k dalSim
antinukleosidiim. Proteomickd a transkriptomicka analyza ukazaly vyrazné sniZenou expresi
deoxycytidin kindzy (dCK), jeZ je nutna k aktivaci purinovych i pyrimidinovych antinukleosida.
Tato zména vysvétluje kiiZovou rezistenci a je kauzalnim mechanizmem rezistence vici
cytarabinu. NaSe vysledky naznacuji, Ze pacienti s MCL, u nichZ selhala 1écba zaloZena na

cytarabinu, by neméli byt 1éceni antinukleosidovymi 1écivy.

Buiiky MCL rezistentni vic¢i purinovému antinukleosidu fludarabinu vykazovaly kiiZovou
rezistenci vic¢i vSem testovanym antinukleosidim a také ibrutinibu, inhibitoru Brutonovy
tyrozinkindazy (BTK). NaSe proteomicka analyza provedena pomoci metabolického znaceni
(SILAC) ukézala mimo jiné vyrazné sniZzenou expresi dCK a BTK. RovnéZz jsme detekovali
zvySenou expresi anti-apoptotického proteinu Bcl-2, a doloZili zvySenou citlivost téchto
rezistentnich bunék MCL k inhibitoru Bcl-2, ABT199. Tyto prace dokladaji, Ze proteomika ma

potencial pro ur€ovani vhodné terapie rezistentnich nadorovych onemocnéni.

Proteomika ma vSak stale urcitd omezeni, z nichZ zasadni je nekompatibilita s integralnimi
membranovymi proteiny (IMP). Tomuto tématu se vénuji v druhé casti dizertacni prace. IMP jsou
v béZnych proteomickych analyzach neimérné malo zastoupeny, predevSim vlivem jejich
amfipatie, nizké Stépitelnosti trypsinem a nizkych hladin exprese. Kvtili témto vlastnostem jsou
k analyze IMP potteba specifické postupy. V nasi metodologické praci jsme predstavili vylepSenou
a zjednoduSenou metodu pro analyzu IMP, cilici na transmemranové tuseky IMP. Touto metodou
jsme charakterizovali membranovy proteom bunécné linie MCL. Identifikovali jsme vice nezZ 800

IMP vcetné nékolika tzv. ,,missing proteins®, které dosud nebyly detekovéany na proteinové tirovni.

Klicova slova: proteomika, lymfom z bunék plastové zony, 1ékova rezistence, cile 1é¢iv, integralni

membranové proteiny, hmotnostni spektrometrie.
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1 Introduction

Proteins are the primary effector molecules of living entities — they execute most biological tasks
on the molecular level. Regulation of protein synthesis as well as protein degradation, or chemical
(post-translational) modifications of proteins are essential for customizing the needs of the cell,
tissue or the entire organism. These aspects can also play a distinct role in diseases. Changes in
protein expression happen in response to a disease, and conversely, deregulation of protein
expression caused e.g. by a genetic factor may be one of the effectors of a disease. From
the medical point of view, deregulation of protein expression in relation to a disease can also
become diagnostic or prognostic factor (a biomarker). The detection of altered protein expression
in a clinical sample can indicate the onset of an illness or enable the specification of a type of
disease. In other cases, a differentially expressed protein may become a therapeutic target, when its
altered expression enables a more efficient action of a drug. Quantitative proteomics, a set of
methods for large-scale analysis of changes in protein expression, can provide information about

such changes of protein expression.

This dissertation thesis presents four studies, focusing on two separate but related issues. For this
reason, the thesis is divided into two sections. The first section presents three studies on drug
resistance in mantle cell lymphoma that we performed with the use of quantitative proteomics. In
these works, our goal was either to elucidate the mechanisms of drug resistance in lymphoma
cells, and/or to obtain information on specific alterations in these resistant cells that would enable

us to propose new therapeutic targets for their selective elimination.

The second section deals specifically with integral membrane proteins. Because of their physical
and chemical properties and low expression levels, integral membrane proteins represent
technological challenge for proteomics and require specific analytical strategies. In this section,
I summarize the recent advances in the proteomics analysis of integral membrane proteins and
present our new approach for the analysis of integral membrane proteins. We applied our method

to inventarize the membrane proteome of mantle cell lymphoma cells.



2 Literature review

2.1 Proteome and proteomics

The word “proteome” originates from a combination of the words “genome” and “protein.” It was
coined by Marc Wilkins in the early 1990s (Wasinger et al., 1995, Wilkins, 2009) as a parallel to
the term “genome,” and denotes the entire set of proteins in a given cell type, tissue, or organism
at a given time. It includes all “variants” of proteins resulting from alternative splicing
and posttranslational modifications. In a wider sense, proteome is also characterized by its
dynamic features, such as protein metabolic turnover, the localization of proteins and protein-

protein interactions.

Proteomics is the study of the proteome: it attempts to describe the quantitative or qualitative state
of proteome(s). Expression or quantitative proteomics seeks to quantitatively assess proteomes
and their changes under different physiological or pathological conditions. Such analyses allow
the identification of molecular mechanisms that participate in various biological processes,
including molecular mechanisms of human diseases. In our work, we employed different
methods of quantitative proteomics to examine the global changes of protein expression in
lymphoma cells responsible for or associated with the development of resistance to certain

anti-cancer drugs.

The current technological foundations of proteomics are primarily the methods for separation of
proteins and peptides, namely liquid chromatography (LC) and electrophoresis, combined with
mass spectrometry (MS), which enables protein identification and quantification. At its onset,
proteomic research was based mainly on two-dimensional electrophoresis (2-DE) of intact proteins
in combination with MS for their identification. This can be described as the “classical”
approach. Inherent limitations of the “classical” approach, plus the demand for more powerful
and robust methods and improvements of MS instrumentation, led to the development of
the “shotgun” approach. This strategy was inspired by the genomic “shotgun” approach, i.e.
fragmenting the genome into overlapping molecules for their sequencing and subsequent
rearrangement into integrated sequence information. The proteomic “shotgun” approach is
typically based on sequence-specific proteolysis of the sample, liquid chromatography (LC)
separation of the resulting complex mixture of peptides and tandem MS (MS/MS) analysis, which
allows the identification of the proteins (see chapter 2.1.2). While the importance of the 2-DE-

based “classical” proteomic strategy has gradually declined, the “shotgun” proteomic approach has



undergone enormous technological progress and is currently the principal strategy for proteomic

research.

After the determination of the complete sequence of human genome by the Human Genome
Project in 2004, it was shown that the total number of protein coding genes is approximately
20,000, much less than previously assumed (Clamp et al., 2007). In an analogy, the Human
Proteome Project was established to describe the whole proteome in various types of human cells,
tissues or body fluids (Kaiser 2002, Omenn et al., 2005). Soon, it became evident that the project
had much larger proportions and complexity. Since protein expression includes many variables,
namely alternative splicing, RNA editing and post-translational processing and modifications,
the total number of proteins in proteomes (esp. in eukaryotes) is much larger than the number of
genes. A single gene can give rise to several polypeptides of different structure and function.
The different molecular variants that stem from alternative splicing of RNA transcripts and post-
translational modifications, in which the protein product of a single gene exist, are most
commonly called “proteoforms” (Smith & Kelleher, 2013) or protein species (Jungblut et al.,
2008). It has been estimated that the human proteome may contain 100,000 (Gstaiger
& Aebersold, 2009), 250,000 (Kelleher, 2012), and even over million (Jensen, 2004) proteoforms

depending on the definition.

The multiple levels of regulation of protein expression also explain the low correlation between
expression levels of proteins and their respective mRNAs (Schwanhéusser et al., 2011, Wu et al.,
2013). Large-scale transcriptomic analyses, which are based on amplification and sequencing of
nucleic acids, are reliable and extremely sensitive methods. This is a major reason why they have
become the methods of choice in biomedical research. The molecules that execute most of
the molecular biochemical processes, which add up to the final phenotype of an organism, are,
however, proteins. Because of the discrepancy between mRNA and protein expression, proteomic
analyses may therefore provide more precise information about biological processes than

a transcriptomic analysis.

Proteins cannot be amplified, and their studies have to rely on their available amounts in
the sample. This is further complicated by the extreme variability of protein copy numbers, which
can vary between single molecules and 107 copies in a typical cell (Beck et al., 2011), or even up
to over ten orders of magnitude, as is estimated in human serum (Anderson et al., 2004). The high
dynamic range of protein concentrations exceeds the dynamic range of most analytical techniques

and complicates proteome analysis. Identification of low abundant proteins in complex samples is



hindered by the presence of highly abundant proteins and their incomparably higher MS signal
intensities. Various immunoafinity-depletion systems as well as antibody-free methods have been
developed to address this problem in blood plasma and other body fluids (Pernemalm & Lehtio,
2014).

Despite the recent technological progress in MS instrumentation, which has enabled
the identification of thousands of proteins in a single experiment, detection of less abundant
proteins is still a limiting factor in proteomics and may lead to the loss of valuable information.
Some protein groups, such as integral membrane proteins, require special approaches due to their

physico-chemical properties, as will be discussed in Section II of this thesis (chapter 4).

2.1.1 The technological basis of proteomics

Current proteomic methods are based on the combination of electrophoretic or chromatographic
separation and mass spectrometry. Since mass spectrometry is the central technology and is
common to both the “classical” and the “shot-gun” strategies, I will firstly briefly introduce

the basic principles of MS.

MS is an analytical technique that allows precise determination of the molecular mass of chemical
substances. The essential prerequisite of the measurement is ionization of the analyte, which in
the case of proteomics is done by soft ionization techniques, most frequently electrospray
ionization (ESI, Fenn et al., 1989) or matrix-assisted laser desorption/ionization (MALDI, Karas
et al., 1985). The ions are then accelerated by an electric field to a mass analyzer, where they
partition according to their mass to charge (m/z) ratio. The most widely used mass analyzers in
proteomics are the time of flight (TOF) analyzer (Weickhardt et al., 1996), ion cyclotron resonance
(Marshall et al., 1998), quadrupole ion trap (March, 2000), linear quadrupole ion trap (Schwartz
et al., 2002) and most recently the orbitrap mass analyzer (Hu et al., 2005). The partitioned ions
are then recorded by a detector and the resulting mass spectrum displays the m/z values plotted

against signal intensity.

To be compatible with high-resolution MS analysis, proteins are usually enzymatically or
chemically cleaved into smaller fragments, peptides. The masses (m/z ratios) of the peptides or
peptide fragments, generated inside the mass spectrometer, are then compared with the theoretical
masses of the peptides derived from in silico cleavage of all protein sequences present in the gene
and protein databases. Matching of experimental and theoretical masses thus enables peptide

and protein identification. The correlation between the theoretical m/z values and the values



observed in spectra is statistically evaluated and marked with a score to indicate the significance of
the identification. Two basic methods for protein identification in MS are peptide mass

fingerprinting and tandem MS (MS/MS).

2.1.1.1 The “classical” proteomic approach

In this rather historical approach, complex protein mixtures are separated by two-dimensional
electrophoresis (2-DE), which combines isoelectric focusing (IEF) of proteins with SDS-
polyacrylamide gel electrophoresis (SDS-PAGE). IEF separates proteins based on their isoelectric
point (pl) in gels with immobilized pH gradients (IPG). The IPG gel strip is then fixed on a SDS-
polyacrylamide gel and the focused proteins are separated by SDS-PAGE. 2-DE results in
separation of proteins in the electrophoretic gels into spots, which can be visualized by staining.
Typically, up to 1,500 spots can be detected on the gels using Coomassie Brilliant Blue, silver
nitrate or fluorescent staining (Gorg et al., 2004). Series of gel replicates are subjected to
densitometric image analysis, and only those protein spots with altered density are selected for
protein identification by MS. One spot optimally contains a single protein (proteoform), which can
be in-gel digested with a specific endoprotease. The peptides are then extracted and identified by

MS using peptide mass fingerprinting (PMF) (Pappin et al., 1993).

PMF is one of the two principal methods of protein identification using MS, and is typically used
in the “classical” proteomic approach. Proteins are digested with a sequence-specific protease,
most frequently with trypsin, which cleaves a peptide bond following the basic amino acids
arginine and lysine (except if the following amino acid is proline). The resulting peptide mixture is
analyzed by MS. The mass spectrum of several peptides from one protein is characteristic for
a particular protein, hence the fingerprint analogy. The m/z values of the peptides are compared
with theoretical masses of tryptic peptides resulting from “in silico” digest of all proteins, open
reading frames or genes present in the inquired database. If a statistically significant match is

found, the protein is considered identified.

The “classical approach” of using 2-DE along with PMF has been used as a central technology of
proteomics since its onset. This methodology has certain limitations (see chapter 2.1.3), but
despite them, it prevailed in proteomics as a main strategy until new technologies required for
the “shotgun” proteomic approach reached the necessary performance and became accessible for

research laboratories.



2.1.1.2 The “shotgun” proteomic approach

In “shotgun” proteomics, the proteins are digested with a sequence-specific endoprotease.
The resulting complex peptide sample is then separated, most often by chromatographic methods,

usually reversed-phase (RP) liquid chromatography (L.C) prior to MS analysis (LC-MS).

The currently used RP-L.C columns have most commonly pl or nl per minute flow rates (hence
micro- and nano-LC), inner diameters of less than 1 or 0.1 mm (in micro and nano-LC,
respectively) and are operated at high pressures. The use of such columns ensures the separation of
peptides with high resolution. The resolving power can be further enhanced when two successive
orthogonal chromatographic separations are used (2-D LC) (Wilson et al., 2015). Effective
separation is often attained by combining different types of LC, e.g. ion exchange chromatography
(separation based on peptide charge) with RP-LC (separation based on peptide hydrophobicity) or
high pH RP-LC with standard low pH RP-LC (difference in charge under high and low pH

influences separation selectivity, Yang et al., 2012).

The peptides are typically eluted from RP continually into the electrospray of a mass spectrometer
and peptides are identified using tandem mass spectrometry (MS/MS). Masses of the intact
peptides are measured in the first MS. From the resulting spectra, peptides are selected as
precursors for further measurement, for which they undergo some form of molecule fragmentation.
This can be, for example, collision-induced dissociation, which involves collisions of the gas-
phase peptides with inert gas molecules, electron capture dissociation or electron transfer
dissociation, which uses the direct introduction of low-energy electrons to trapped gas-phase ions

(Brodbelt, 2016).

The fragmentation occurs randomly, preferentially on the peptide backbone. The resulting peptide
fragmentation spectrum contains peptide ion peaks with m/z values, which are again, as in PMF,
compared with theoretical mass values, this time of all possible peptide fragments.
The identification of proteins is based on obtaining information about peptide sequences from
peptide fragmentation spectra (peptide-spectrum matches, PSMs). This is done by one of several
available database search engines, such as Sequest (Eng et al., 1994), Mascot (Perkins et al., 1999)
or others. Then the identified peptide sequences are assembled into a set of confident proteins,
a process called protein inference (Huang et al., 2012). Finally, it is necessary to assess
the reliability of these identifications by estimating collective false discovery rates (FDR) or by

determining correctness probabilities for each PSM (Nesvizhskii, 2010).



Current MS/MS instrumentation is capable of identifying over 10,000 proteins in a single
experiment (Beck et al., 2011, Nagaraj et al., 2011) depending on the fractionation complexity.
Compared with the “classical” proteomic approach, the whole process requires less manual effort

and allows deeper proteome coverage.

2.1.2 Quantification in proteomics

The mission of expression proteomics is the evaluation of changes in proteomes resulting from
various influences on the organism, tissue or cells under study. The goal is to identify proteins that
are differentially expressed, i.e. to assess the relative quantity of individual proteins in the two or

more samples.

Quantification in the classical 2-DE proteomic approach is based on comparison of optical
densities of the visualized protein spots with image analysis software. The protein identity is then
revealed after cutting out the spots, in-gel protein digestion, extraction of peptides and their MS or

MS/MS analysis.

To detect the relative protein abundances in the “shotgun” proteomic approach, quantitative MS
technologies have been developed. There are currently two major approaches for MS-based

quantitative proteomics: differential isotopic labeling and label-free quantification.

MS is not a quantitative method per se. Ion signal intensities do not directly determine
the abundance of the detected peptide, because they are dependent on other factors than just
the amount of the ionized peptides. Other components of the sample (other peptides) compete for
charge during ionization and cause ion suppression. Comparing MS/MS spectra resulting from two
or more different samples was not considered reliable nor feasible in the past (later, however, it

was proven to be practicable under specific conditions, see chapter 2.1.2.3).

Isotopic labeling methods make use of the fact that MS allows discrimination between chemically
identical substances with different isotope composition in a single mass spectrum. Protein or
peptide samples differentially labeled with molecules containing stable isotopes (primarily *C,
>N and '®0) can therefore be mixed and analyzed as a single sample. The presence of “heavy”
isotopes introduces mass shift and therefore enables discrimination of the samples, and the ratio of

signal intensities enables the relative quantification for peptides.

The stable isotope labels are most commonly introduced either by chemical or metabolic labeling.
Less common enzymatic labeling is based on trypsin digestion in H»'®0, which leads to

incorporation of 180 into one of the samples (Yao et al., 2001).
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2.1.2.1 Chemical isotope labeling

For chemical isotope labeling, the samples to be compared can each be labeled with one of
the multiple versions of isotope-labeled tagging reagents. The labeling is made possible through
a reactive group that forms a covalent bond by reacting with either cysteine SH groups, or more
frequently, with primary amine groups, as is done with isobaric mass tags such as isobaric tags for
relative and absolute quantitation, (iTRAQ, Ross et al., 2004) and tandem mass tags (TMT,
Thompson et al., 2003).

The iTRAQ label consists of 1) a N-hydroxysuccinimide reactive group that allows the formation
of a covalent bond with primary amine groups (cysteine labeling TMT tags are also available);
2) a reporter group with differing masses in each set of tags, which is cleaved during the peptide
fragmentation and provides the resulting intensity ratio in the MS/MS spectra, and 3) a balance
group (see Figure 1.1 A) The total mass of the reporter and balance components of the molecule
are kept constant using differential isotopic enrichment with *C, '°N, and '®0O atoms (see Figure
1.1 B). The TMT labels have analogous components as in the iTRAQ molecule and use the same
principle (see Figure 1.1 C).

Balance group mass
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Figure 1.1. The components of the iTRAQ and TMT label. A. The structure of a iTRAQ label molecule.
B. The isotopic composition of the reporter and balance components of the molecule. C. Chemical structure of

a TMT reagent with analogous components as in the iTRAQ molecule (Iaken from Rauniyar & Yates, 2014).
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The tag forms amide linkages to peptide amines, and this linkage fragments in a similar way as
backbone peptide bonds. During fragmentation, the balance moiety is lost (neutral loss), while
charge is retained by the reporter group fragment. This means that the peptides from differentially
labeled samples have identical mass, but can be distinguished following fragmentation by
the isotope encoded reporter ions in the low mass range region of the MS/MS spectra. The relative
intensities of these reporter ions are the basis for quantification (see Figure 1.2). This principle
also means that the complexity of peptide mass spectra is not increased compared to unlabeled

sample. (Bantscheff et al., 2012)

/‘|| |
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Figure 1.2. During MS/MS of an iTRAQ-labeled sample, the reporter ions of differential masses are released
from a peptide to give sample-specific quantitation of a particular peptide (Taken from Aggarwal & Yadav, 2016).

As opposed to metabolic labeling methods, which require growing cells, the use of the chemical
labeling methods is virtually unlimited: it can be used for proteomic quantification in clinical
samples such as body fluids or frozen tissue samples. A major advantage of chemical labeling
methods is their suitability to multiplexing: iTRAQ and TMT labels are available in up to 8-plex

and 10-plex sets of tags, respectively.

2.1.2.2 Metabolic isotope labeling

Stable isotope labeling with amino acids in cell culture (SILAC, Ong et al., 2002) is the most
common metabolic labeling approach for mammalian cells in proteomics. In this method, the cells
are grown in culture media containing either standard or isotopically labeled amino acids (“light”
and “heavy” medium), which are introduced into the newly synthesized proteins. The amino acids
selected for isotopic labeling should be essential for the cultured cells, so that the culture medium
is the only source of that particular amino acid for the growing cells (Ong & Mann, 2006).

13Ce,'°Ny arginine and '3Ce,'°N, lysine are the most typically used amino acids, and ensure that
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most of the peptides following tryptic digestion of the protein sample contain at least one labeled
amino acid. The “heavy” labeled peptides can be distinguished from the “light” peptides in the MS
spectra due to a defined mass shift. Comparing the intensities of the “light” and “heavy” precursor

ions allows relative quantification, while identification is done by MS/MS.

The harvested “heavy” and “light” cells can then be immediately mixed, which is a major
advantage of the method. Systematic errors arising from sample handling are thus mostly
eliminated, as opposed to other quantitative proteomic methods, where samples are processed

separately during a significant part of the workflow.

The typical arrangement of SILAC allows comparison of two samples, “heavy” and “light.” To
compare three samples, “triple SILAC” is routinely performed with the use of alternatively
isotopically labeled amino acids (typically *Cg arginine and '*Cg or Hy4 lysine, Van Damme et al.,
2009, Hoedt et al., 2014). The Neutron encoding (NeuCode) approach was recently introduced,
which enabled 18-plex SILAC-based quantification using six lysine isotopologues (Merrill et al.,
2014). The use of deuterium labeled amino acids in the multiplexed methods is, however,
problematic, as this may lead to shifts in retention time in RP-LC (Zhang et al., 2001), which may

hamper accurate quantification.

As SILAC is limited to cells or organisms that can be metabolically labeled, it is not generally
applicable to human tissues and body fluids. To overcome this a method called super-SILAC was
introduced. It uses a mix of multiple “heavy” SILAC labeled cell lines representative of
a particular tissue. The “heavy” labeled cell mixture can be combined with the samples of interest,
acting as the “heavy” sample. The method was originally introduced for a quantitative analysis of

human breast and brain tumor tissues (Geiger et al., 2010)

2.1.2.3 Label-free quantification

The development of quantitative “shotgun” proteomic approaches in the previous decade was
primarily focused on isotope labeling methods. These methods proved to be accurate and reliable.
The price of the isotopic labels is very high, however, and the chemical labeling introduces
multiple time-consuming steps into the protocol. In addition, metabolic labeling increases sample

complexity, which may reduce the sensitivity of the method.

Label-free quantification was considered problematic for a long period of time. MS ion intensities,
when compared between multiple measurements do not generally provide quantitative

information. This is because the intensities of peptide ions are influenced by other factors than
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only peptide abundance, primarily by ion suppression caused by the presence of other peptides in
the sample competing for charge during ionization. It was eventually observed, however, that
peptide precursor ion intensities, or the number of precursor ion spectra selected for MS/MS can
be used for protein quantification, given that conditions remain strictly identical between separate

LC-MS analyses.

Quantification based on peptide precursor ion intensities relies on a correlation between areas
under curve of the matched peptides in the MS spectra and the abundance of identified peptides
(and therefore also proteins) in the original sample. It involves the integrated measurement of

chromatographic peak areas for all peptides in LC-MS runs (Gstaiger & Aebersold, 2009).

Spectral counting is based on the assumption that abundance of the peptide in the sample can be
correlated with the rate at which a peptide precursor ion is selected for MS/MS fragmentation in
a mass spectrometer (MacCoss et al., 2003). For relative protein quantification, the spectral counts

are averaged into a protein abundance index.

The relative quantification using both label free methods places high demands on
the reproducibility of the LC system, as the measured peptide precursor masses are matched to
their corresponding retention times (Neilson et al., 2011, Megger et al., 2013). Label-free
quantification methods are considered prone to quantification errors compared to the isotope
labeling methods esp. metabolic labeling, where the samples are mixed at the very beginning. The
samples are processed in parallel in label-free quantification, which can lead to the introduction of
experimental variation, such as pipetting errors during the sample preparation (Bantscheff et al.,

2012).

In spite of these challenges, label-free quantification is becoming increasingly more popular. It
holds the advantage of inexpensive sample preparation compared to the isotope-based labeling
techniques, and the lack of extra steps in the procedure. Thanks to constantly improving
instrumentation and software solutions, label-free methods have become fully capable of providing

trustworthy quantitative data.

2.1.3 Limitations of proteomic methods

The “classical” proteomic approach has long been the standard for quantitative analyses of
proteome research. The principal method, 2-DE, possesses several limitations, however. Most
importantly, the vast majority of the protein spots (over 80%) contain multiple co-migrating

proteins (Gygi et al., 2000, Thiede et al., 2013). Information about protein quantity obtained from
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densitometric analysis of spots containing multiple proteins is therefore inaccurate. Conversely,
most proteins exist in the form of multiple proteoforms and produce multiple spots. In extreme
cases, even over 30 proteoforms can be detected, as in the case of heat shock protein 27 (Hsp27)
and enolase-1 (Jungblut et al., 2008, Thiede et al., 2013). This leads to the situation where the
differential expression attributed to a protein in a differential 2-DE analysis actually concerns only
one of its many proteoforms. This can be considered both an advantage and a disadvantage of

the method, depending on the objectives of the analysis.

Another major concern is the inability of 2-DE to resolve all the proteins within a sample, given its
limited dynamic range, and the inability to separate extremely acidic or basic, extremely large or
small, and hydrophobic proteins, i.e. mainly integral membrane proteins. The latter is mainly
caused by the limits of the solubilization power of running buffers used for IEF (Magdeldin et al.,
2014). The narrow dynamic range stems from the limited sensitivity of either the staining method
used, or in mass spectrometry, when the amount of the peptides extracted from the gel is low. Up
to several hundred (over 800, Thiede et al., 2013) unique proteins can be identified on a typical 2-

DE gel, i.e. one order of magnitude less than in a shotgun approach.

The “shotgun” proteomic approach is in many ways better suited for large-scale quantitative
proteomic analyses. It is able to cover a broader dynamic range of protein concentrations and is
somewhat more suitable for proteins with extreme properties. On the other hand, in this approach,
the information about some proteoforms, such as differentially spliced or post-translationally
truncated proteins, is lost at the start of the procedure, when the proteins are digested into
a complex mix of peptides. It also becomes impossible to assign which such proteoform contains

or does not contain a post-translational modification.

In the shotgun approach, difficulties with determining the protein identity from the identified
peptides may appear. Unique peptides, i.e. peptides with sequences that are unique for one protein,
are needed for the identification of proteins. Peptides that are not unique are called degenerate, i.e.
their sequence is shared by multiple proteins, often homologous ones. It is not possible to
distinguish from which protein such a peptide comes, or to assess whether only one, several, or all

proteins that share such a degenerate peptide are present in the sample. (Huang et al., 2012)

The sampling rate of current mass spectrometers also presents a limitation: the precursor ion
peptides selected during on-line LC-MS represent only a subset of all peptides in the sample, due
to the limited speed of current mass spectrometers, given by the need for cycling between MS

and MS/MS modes. Each repeated analysis of the same sample therefore leads to overlapping but
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somewhat different data sets. This problem can be overcome by repeating the analysis of the same
sample, typically by running triplicates. This solution, however, comes at a cost of prolonged

analysis time and increased price (Domon & Aebersold, 2010).

One limitation that is common to both proteomic approaches (although it is more pronounced in
the classical approach) is the reduced suitability for the analysis of hydrophobic (and also low-
abundant) integral membrane proteins. Due to their specific properties, integral membrane proteins
are frequently neglected by the standard proteomic methods. Proteomic strategies aimed at integral

membrane proteins are discussed in the Section II (chapter 4).

Regardless of the practical and technical limitations listed above, the striking technological
advances achieved in the past decade have made proteomics very useful to cell biology and
biomedical research. Current sample preparation techniques in combination with accurate LC-MS
instrumentation routinely allow the identification and quantification of several thousand proteins
from a few micrograms of sample. The first description of a nearly complete model proteome
(de Godoy et al., 2008) and the identification of more than 10,000 different proteins in human cell
lines (Beck et al., 2011, Nagaraj et al., 2011) and publication of reference maps of human
proteome (Kim et al., 2014, Wilhelm et al., 2014) are some of the major recent breakthroughs.
Very recently, similar coverage of complex proteomes can be achieved even much faster and with
fewer sample preparation steps (Hebert et al., 2014). If the development of robust and economical
proteomic workflows and mass spectrometers continues, proteomics may soon play a similar role

in biomedicine as next generation sequencing plays now (Mann et al., 2013).
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2.2 The biomedical issues studied in this thesis

In the works presented in this thesis, we studied drug resistance in mantle cell lymphoma with
the use of quantitative proteomic methods. The first section of this thesis presents three proteomic
analyses of drug resistance in MCL cells. In the second section, a novel proteomic method
addresses problematic integral membrane proteins. We optimized and tested this method on MCL
cells and used it to inventarize their membrane proteome. In the following chapters, I will briefly

introduce the topics of drug resistance in cancer and mantle cell lymphoma.

2.2.1 Drug resistance in cancer cells

Drug resistance currently presents one of the most crucial obstacles to the effective treatment of
cancer, including MCL. Although most malignancies initially respond to chemotherapy,
the eventual development of drug resistance is the main cause of therapeutic failure and death of

cancer patients.

Resistance occurs in response to both conventional chemotherapy as well as targeted or biological
therapies. This either stems from the genetic background present before treatment,
(primary/intrinsic resistance, refractory disease), or represents a response to drug treatment
(secondary/acquired resistance). Either way, resistance is caused by mutations in the genome of

cancer cells and/or epigenetic changes and altered expression of miscellaneous proteins.

There are several universal mechanisms of drug resistance. One important mechanism is
detoxification. This consists of chemical modification of the drug by cytochrome P450
superfamily of enzymes, conjugation with glutathione S-transferase and other molecules,
and active drug efflux of modified drugs, facilitated by multidrug resistance proteins (Fodale et al.,
2011). These are efflux pumps with broad specificity, belonging to the ATP-binding cassette
(ABC) transporter family. Efficient drug efflux lowers intracellular drug concentrations

and therefore decreases their effects (Wu et al., 2011M! Pharm),

Deregulation of DNA damage response (DDR) also plays an important role in drug resistance.
While in normal cells DDR is tightly connected with cell cycle arrest and apoptosis, cancer cells
can circumvent drug-induced DNA damage by switching off signaling in DDR pathways, e.g.
the ATM pathway (Wang et al., 2012). In other cases, enhanced DDR can ensure the survival of
cancer cells treated by genotoxic drugs by correcting the errors induced by the drugs, e.g.
enhancement of nucleotide excision repair against the action of cisplatin (Furuta et al., 2002) or

modification of mismatch repair against the effects of 5-fluorouracil (Meyers et al., 2001).
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In a similar fashion, cancer cells may limit or circumvent drug effects by avoiding programmed
cell death. This may happen by either the overexpression of anti-apoptotic proteins like Bcl-2,
IAPs, FLIP etc., or mutational inactivation of pro-apoptotic genes, i.e. caspases, Bax or alterations

in the p53 pathway (Igney & Krammer, 2002).

In addition to these general mechanisms, several proliferative signaling pathways also provide
survival stimuli that may participate in preventing cancer cell death caused by drug-induced stress.
Such mechanisms may comprise overactivation of PI3K/Akt/mTOR, Ras/Raf/MAPK, or
constitutive activation of NF-kB pro-survival pathways, or suppressing proliferation inhibitors,

such as PTEN phosphatase or pRb (Rebucci & Michiels, 2013).

In addition to nonspecific drug resistance, mechanisms specific to a certain drug or a class of drugs
may play even more important role in cancer cell survival. In general, such drug-specific

mechanisms may involve:

e downregulation of specific receptors that are the drug targets themselves

e downregulation of specific transporters required for the drug's transport into the cell

e downregulation of specific enzymes required for activation of the prodrug

e upregulation of enzymes that may specifically metabolize or inactivate the active drug

e mutation or deregulation of genes that are the targets of a inhibitor drug, typically by
a mutation of the drug's binding site

e other mechanisms specific to individual drug targets.

Elucidation of the molecular mechanisms of resistance has enormous value for drug design
and efficient therapy. Detailed molecular analyses of therapy-resistant tumor cells using
quantitative proteomic approaches may allow an understanding of the mechanisms of drug
resistance. Moreover, such analyses may lead to the identification of contributing
and compensatory processes. This knowledge may ultimately lead to the identification of suitable
drug targets. Such a global view then potentially opens a way to the personalized therapy of drug-

resistant malignancies.

2.2.2 Mantle cell lymphoma

Mantle cell lymphoma (MCL) is a mature B-cell neoplasm classified as a non-Hodgkin
lymphoma. It is a rare lymphoid malignancy, the annual incidence of which is 0.5/100 000 in
the USA and Europe. MCL is more common in males than in women with a 3:1 ratio,

and the median age at diagnosis is 68 years (Cheah et al., 2016).
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The molecular hallmark and presumptively the initiating event is the t(11;14)(q13;932)
translocation (Li etal., 1999), which transposes the CCNDI1 gene (11q13), next to
the immunoglobulin heavy chain locus control region (14q32). This leads to the constitutive
overexpression of cyclin D1, encoded by the CCND1 gene (Jares et al., 2012). Cyclin D1 binds to
cyclin-dependent kinases 4 and 6 (CDK4/6), and the complexes phosphorylate the retinoblastoma
protein (pRb). This releases E2F transcription factors inhibited by pRb, and E2F transcription
factors activate the expression of genes involved in the Gi/S transition, S-phase and DNA

replication (Sherr 1994).

Newly diagnosed MCL patients are typically treated by a combinatorial immunochemotherapy
including the anti-CD20 antibody rituximab, combined with classical chemotherapy. Most
commonly, rituximab (R) is combined with R-CHOP [cyclophosphamide, hydroxydaunorubicin
(doxorubicin), oncovin (vincristine), and prednisone], or R-HDAC (high-dose ara-C). Even if
the disease is not refractory, the response is typically short-term and remission is commonly
followed by a relapse. Prognosis of relapsed/refractory MCL is dismal (Kluin-Nelemans et al.,
2012, Dreyling et al., 2013), which makes MCL an untreatable malignancy, median survival being
5-7 years (Herrmann et al., 2009).

There is no standard therapy for patients with relapsed/refractory MCL. Chemoimmunotherapeutic
regimens that have been explored include R-DHAP [rituximab with dexamethasone, high-dose
ara-C, platinol (carboplatin)], R-FCM (rituximab with fludarabine, cyclophosphamide
and mitoxantrone), the combination of rituximab with gemcitabine and oxaliplatin, and others. In
these studies, overall response rates were high, but progression-free survival was less than 2 years

(Cheah et al., 2016).

Newer agents that have recently received regulatory approval for relapsed/refractory MCL
treatment include bortezomib, lenalidomide, temsirolimus and ibrutinib; other drugs are in

ongoing clinical trials, and several novel agents are in development.
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3 Section I: Proteomic analyses of drug-resistant MCL cells

The studies described in this first section employed proteomic approaches to analyze the changes
in MCL cells with acquired drug resistance to experimental or clinically used drugs. We were
interested in 1) the causal changes, i.e. the mechanisms of drug resistance, and 2) secondary
(contributing and compensatory) changes. Both types of alterations may provide a better
understanding of the affected molecular processes and may indicate novel therapeutic targets in

such drug resistant cells.

The individual objectives of this part of my thesis were:
1. To identify the molecular changes associated with TRAIL resistance in MCL cells
2. To elucidate the mechanism of resistance to cytarabine in MCL cells

3. To elucidate the mechanism of resistance to fludarabine in MCL cells
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3.1 Identification of potential therapeutic molecular targets in TRAIL-
resistant MCL cells

Novel therapeutic molecules specifically targeting cancer cells are being developed in order to

improve the efficacy of therapy. Such molecules are designed to induce apoptosis specifically in

cancer cells. An example of such a molecule is the recombinant soluble form of the proapoptotic

cytokine Tumor necrosis factor-related apoptosis-inducing ligand (TRAIL).

TRAIL is a transmembrane glycoprotein (Wiley et al., 1995) localized on the surface of several
types of immune system cells (NK cells, cytotoxic T-lymphocytes, dendritic cells
and macrophages). The extrinsic apoptosis pathway is triggered after binding of a TRAIL trimer to
the death receptor, resulting in its trimerization and recruitment of Fas-associated death domain
(FADD) to the receptor's intracellular death domain. FADD recruits procaspase 8 and 10, forming
the death-inducing signaling complex (DISC) (Bodmer et al., 2000). This leads to the activation of
other initiator and effector caspases, launching the process of programmed cell death itself (Riedl

et al., 2004).

TRAIL has been implicated in numerous functions related to the immune system: TRAIL and its
receptors have been shown to play important roles in the immune response to viral infections
and in the immune surveillance of tumors and metastases. TRAIL has also been implicated in
the process of activation-induced cell death mediating peripheral immune tolerance (Falschlehner

etal., 2009, Dimberg et al., 2013).

TRAIL binds to death receptors (DR) capable of triggering apoptosis TRAIL-R1/DR4 and TRAIL-
R2/DR5 (Pan et al., 1997, Schneider et al., 1997). Besides these death receptors, TRAIL can also
bind to the decoy receptors TRAIL-R3/DcR1 (Pan et al., 1997) and TRAIL-R4/DcR2 (Marsters
etal.,, 1997) and soluble receptor osteoprotegerin (Emery et al., 1998), which do not possess
the functional cytoplasmic death domain required for the induction of apoptosis (Degli-Esposti
et al., 1997 B Med Degli-Esposti et al., 1997"™™"%), Decoy receptors and osteoprotegerin were
suggested to inhibit apoptosis by ligand scavenging (Mérino et al., 2006, Morizot et al., 2011)
and by forming inactive complexes with apoptosis-competent TRAIL receptors (Clancy et al.,

2005).

Several in vitro studies have shown that recombinant soluble TRAIL possesses cytostatic
and cytotoxic activity in malignant transformed cells (Wiley et al., 1995, Petrak et al., 2009,

Molinsky et al., 2013). Conversely, normal non-transformed cells were shown to be resistant to
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TRAIL (Ashkenazi et al., 1999). Most importantly, in tumor xenograft models, TRAIL has been
shown to selectively kill cancer cells while sparing normal cells (Walczak et al., 1999, Castro
Alves et al., 2012). Because both TRAIL death receptors are highly expressed in various
malignancies (Pan et al., 1997, Walczak et al., 1999, Kurbanov et al., 2005, Voortman et al.,

2007), recombinant soluble TRAIL is an attractive therapeutic molecule.

As with many other anti-cancer therapeutics, the development of resistance has been frequently
observed in in vitro and in vivo studies (Thorburn et al., 2008, Lovric & Hawkins, 2010, Dimberg
et al., 2013). The most common mechanisms of resistance were found to be the loss of expression
or mutation of the TRAIL “death” receptors, or inhibition of DISC and initiator and effector

caspases signaling (Cheng et al., 2006, Dimberg et al., 2013).

In this study, we aimed to identify changes in protein expression associated with acquired
resistance to TRAIL in MCL cells. Molecular changes associated with the adaptation of drug-
sensitive cells to chemotherapy are either directly associated with resistance, or represent
additional potentially adaptive changes in the physiology of drug-resistant cells. Proteomic
analysis can provide insights into such changes and offer valuable information about potential new
therapeutic targets. Using classical differential proteomic analysis, we attempted to find such

changes in TRAIL resistant MCL cells.

3.1.1 Derivation of a TRAIL -resistant cell line

For our study, we used the human HBL-2 cell line, an established model of MCL, which is
sensitive to recombinant TRAIL (ICso 1ng/ml after 48 hours according to our control
measurements). Long-term exposure to sublethal doses however leads to development of
resistance in these cells. A resistant subclone designated HBL-2/R was derived by exposing
HBL-2 to increasing concentrations of TRAIL in medium for five weeks. The resulting HBL-2/R

proliferated in up to 1000 ng/ml TRAIL in medium (see Figure 3.1).
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Figure 3.1. Relative viability of TRAIL-sensitive HBL-2 cells and TRAIL-resistant HBL-2/R cells after 78 h in

medium with recombinant TRAIL as determined by WST-8-based colorimetric assay.

As one of the most common mechanisms of resistance to TRAIL is downregulation of TRAIL
receptors, we performed flow cytometry analysis to determine the surface expression of death
receptors DR4 and DR5 and decoy receptors DcR1 and DcR2. All four receptors were markedly
downregulated in HBL-2/R compared to HBL-2 (see Figure 3.2). Therefore, the downregulation of
the death receptors is the likely mechanism of resistance (Cheng et al., 2006) and downregulation

of the decoy receptors indicates further, more complex changes.
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Figure 3.2. Cell surface expression of TRAIL receptors on HBL-2 and HBL-2/R cell lines. Cells were labeled
with phycoerythrin-conjugated antibodies against DR4, DR5, DcR1 and DcR2 receptors and the expression of

the receptors was analyzed by flow cytometry.
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3.1.2 Proteomic analysis of the HBL-2 and HBL-2/R cell lines using 2-DE

To explore the molecular changes associated with the development of resistance, the derived
TRAIL-resistant HBL-2/R cells along with the original HBL-2 cells were subjected to 2-DE
analysis. Cell lysates of HBL-2 and HBL-2/R were loaded onto IPG strips, subjected to isoelectric
focusing and separated in the second dimension by SDS-PAGE in 6 replicates each. Coomassie-
stained gels were subjected to image analysis and 820 protein spots were reproducibly detected.
Significantly quantitatively changed spots (11 upregulated and 10 downregulated in HBL-2/R
cells, see Figure 3.3) were subjected to identification using MALDI-MS (see Table 3.1).

Figure 3.3. Two-dimensional electrophoresis of HBL-2 and HBL-2/R cells performed on 24-cm gel strips,
pH 4.0-7.0 and 10% SDS-PAGE stained with Coomassie Brilliant Blue. Differentially expressed proteins are
indicated by numbered arrows (spots 1-11 indicate downregulated proteins and spots 12-21 indicate upregulated
proteins in HBL-2/R cells).

Using the Kyoto Encyclopedia of Genes and Genomes (KEGG) database, differentially expressed
proteins were checked for their functional annotation. Three of them belonged to one metabolic
pathway, hsa00230 — purine metabolism: adenine phosphoribosyltransferase (APRT,
downregulatred 2.2-fold), inosine-5’-monophosphate dehydrogenase 2 (IMPDH2, downregulated
1.6-fold) and purine nucleoside phosphorylase (PNP, downregulated 1.6-fold).
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Table 3.1. List of differentially expressed in proteins HBL-2/R cells (minimal 1.5-fold change and statistical

significance p<0.05).
Spot | Uniprot Protein name Fold | Mascot | Sequence | Mole-
no. |Acession change | score coverage | cular
(%) weight
Proteins upregulated in HBL-2/R cells
1 P04792 |Heat shock protein [3-1 3.9 84 51 22826
2 P42704 |Leucine-rich PPR motif-containing protein 2.6 100 23 159003
3 075351 |Vacuolar protein sorting-associated protein 4B 2.6 171 32 49443
4 P23381 |Tryptophanyl-tRNA synthetase 24 240 54 53474
5 P20591 |Interferon-induced GTP-binding protein Mx1 2.2 176 42 75872
6 P09211 |Glutathione S-transferase P 1.9 110 56 23569
7 P06396 |Gelsolin 1.9 115 22 86043
8 P13010 |X-ray repair cross-complementing protein 5 1.7 262 46 83222
9 Q9HAV7 |GrpE protein homolog 1 1.6 99 44 24492
10 |043776 |Asparaginyl-tRNA synthetase 1.5 250 41 63758
11 Q15084 |Protein disulfide-isomerase A6 1.5 76 29 48490
Proteins downregulated in HBL-2/R cells
12 |P08559 |Pyruvate dehydrogenase E1 component subunit 3.2 111 32 43952
13 |P19338 |Nucleolin 2.4 146 29 76625
14 |P07741 |Adenine phosphoribosyltransferase 2.2 227 79 19766
15 |075792 |Ribonuclease H2 subunit A 1.7 348 72 33716
16  |Q07955 |Serine/arginine-rich splicing factor 1 1.7 82 35 27842
17 |P00491 |Purine nucleoside phosphorylase 1.6 182 68 32325
18 |P12268 |Inosine-5'-monophosphate dehydrogenase 2 1.6 230 44 56226
19 |P40121 |Macrophage-capping protein 1.6 102 41 38760
20 |P13674 |Prolyl 4-hydroxylase subunit -1 1.5 234 48 61296
21  |Q15019 |Septin-2 1.5 62 23 41689
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The results of the proteomic analysis were verified using western blots with specific antibodies

against APRT and PNP (see Figure 3.4).
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Figure 3.4. Relative expression of PNP and APRT in HBL-2 and HBL-2/R cell lysates determined by western blot
analysis. A. Triplicate cell lysates were probed on 12% SDS-PAGE minigels with anti-APRT, anti-PNP and anti-
GAPDH primary antibodies. GAPDH was used as the loading control. B. Relative optical densities of
the detected bands.

3.1.3 Discussion

In our analysis of the TRAIL-resistant MCL cells, our aim was to find the causal changes of
TRAIL resistance and secondary contributing and compensatory changes. The downregulation of
TRAIL death receptors DR4 and DR5 that we observed has already been established as
the common cause of resistance to TRAIL-induced apoptosis (Cheng etal., 2006).
The downregulation of three key enzymes of purine metabolism, detected by 2-D
electrophoresis and identified by MALDI-MS, represents a significant secondary change,
which may have a profound effect on nucleotide homeostasis in TRAIL-resistant lymphoma
cells. Purine nucleotides are vital for the synthesis of DNA and RNA and as enzyme cofactors.
They can be obtained either by de novo synthesis, or by being recycled in the so-called salvage
pathway, a part of which are the three downregulated enzymes (see Figure 3.5). Both pathways can
supply nucleotides independently, but their importance varies throughout different tissues. In
leukemic and lymphoma cells, the salvage pathway is considered the major source of

nucleotides (Scavennec et al., 1982, Natsumeda et al., 1984).
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Figure 3.5. Simplified scheme of purine metabolism, showing the position of APRT, IMPDHZ2 and PNP in purine
nucleotide biosynthesis. The de novo synthesis of purine nucleotides begins with the phosphorylation of ribose-5-
phosphate to form PRPP. In a number of reactions, PRPP forms the first fully formed nucleotide, IMP, which is
converted by IMPDH2 to GMP. PNP catalyzes the reversible cleavage of purine nucleosides, releasing purine
nucleobases (adenine, hypoxanthine, xanthine and guanine). In the salvage pathway the free nucleobases can be

reconverted to nucleoside-5'-monophosphates in a reaction with activated sugar (PRPP) catalyzed by APRT.

The de novo pathway for the synthesis of purine nucleotides leads to inosine-5-monophosphate
(IMP), which is a branch point intermediate for purine biosynthesis. IMP can be converted to
either adenosine-5'-monophosphate (AMP) or guanine-5'-monophosphate (GMP) by IMPDH?2 via
another intermediate, xanthosine-5'-monophosphate (XMP). The catabolism of purine nucleosides
is carried out by PNP, which liberates free purine bases. The salvage pathway allows
the reconversion of the free bases to nucleotide-5'-monophosphates, catalyzed by either APRT in
the case of adenine, or HPRT (hypoxanthine phosphoribosyltransferase) in the case of

hypoxanthine and guanine (summarized in Figure 3.5).

Balanced enzymatic activities and concentrations of products and intermediates are critical for
purine (nucleotide) homeostasis. Inhibition of PNP has been showed to result in accumulation of

its substrate, 2'-deoxyguanosine, as well as deoxyguanosine triphosphate (dGTP). High
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intracellular concentrations of dGTP inhibit cell proliferation and induce apoptosis (Bantia et al.,
1996, Galmarini et al., 2008). Likewise, inhibition of APRT has been showed to cause
the accumulation of adenine, which is oxidized to insoluble 2,8-dihydroxyadenine; the resulting
precipitate causes cell death (Bollée et al., 2012). The inhibition of IMPDH2 causes the depletion
of guanosine nucleotides, blocking DNA synthesis and cell division (Allison & Engui 2000,
Hedstrom, 2009).

The decreased expression of the three enzymes of purine metabolism observed in our analysis may
thus affect both de novo synthesis and the salvage pathway of purine nucleosides in HBL-2/R
cells. This may represent a selective disadvantage, or “weakness” of the resistant cells. Although it
was not apparent in the rich cell culture media (where the proliferation rates of HBL-2/R
and HBL-2 cells were comparable), such an imbalance in purine nucleotide metabolism may

become critical under the less nutritionally rich environment of the human body.

A therapeutic inhibition of the already “weakened” purine metabolism may further augment
the imbalance and become fatal. Such inhibition could therefore be effective for the selective
elimination of TRAIL-resistant MCL cells in an experimental therapy. Several inhibitors of purine
metabolism exist and are available for clinical use, such as methotrexate (inhibits purine de novo
synthesis via dihydrofolate reductase) (Fairbanks et al., 1999), ribavirin and mycophenolic acid
(inhibitors of IMPDH2) (Allison & Engui 1993, Zhou et al., 2003) or forodesine (inhibitor of
PNP) (Gandhi et al., 2005).

In this study, we identified altered expression of several proteins including 3 enzymes of the
purine metabolism pathway in a TRAIL-resistant MCL cell line. These molecular changes in
the drug resistant cells (although not directly responsible for the resistance) represent
a “weakness” that might be potentially used as a therapeutic target for the selective

elimination of such resistant cells.

The results of this work were published in:

Resistance to TRAIL in mantle cell lymphoma cells is associated with the decreased
expression of purine metabolism enzymes. Pospisilova J, Vit O, Lorkova L, Klanova M, Zivny
J, Klener P, Petrak J.. International Journal of Molecular Medicine 2013; 31(5):1273 (IF 2013:
1.880).

(See Appendix 1.)
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3.2 Elucidation of the mechanism of resistance to cytarabine in MCL cells

In our next study, we attempted to identify the molecular mechanism of resistance to cytarabine,
a drug used clinically in the treatment of MCL. Cytarabine (cytosine arabinoside, or ara-C) is
a structural analog of deoxycytidine (see Figure 3.6) and is being used primarily in the treatment
of leukemias and lymphomas (Galmarini et al., 2002 ©1¢?ly guch as acute myeloid leukemia
(AML) and non-Hodgkin lymphomas (NHL) (Kantarjian et al., 1983, Capizzi, 1996).
Implementation of high-dose cytarabine into the therapy of MCL, typically by alternating
R-CHOP (rituximab, cyclophosphamide, hydroxydaunorubicin, oncovin/vincristin, prednisone)
and R-DHAP (rituximab, dexamethasone, high-dose ara-C, cisplatin) has led to higher response

rates and prolonged progression-free patient survival (Delarue et al., 2013).

Figure 3.6. Chemical structure of the cytidine analog cytarabine. Taken from Zhang et al., 2007 ancer Mut Rev,

Equilibrative nucleoside transporter ENT1 (SLC29A1) is the primary transporter responsible for
the cellular uptake of cytarabine, along with ENT2 (SLC29A2) (Zhang et al., 2007%cer Mut Revy - A¢
high concentrations, cytarabine also diffuses across cell membranes independent of
the transporters (Capizzi et al., 1991). Upon entry, cytarabine is phosphorylated by deoxycytidine
kinase (dCK) and forms cytarabine monophosphate (ara-CMP). This phosphorylation retains
the drug in the cell and allows its further phosphorylation to the active metabolite cytarabine
triphosphate (ara-CTP), which can be incorporated into DNA. This causes chain termination,
thereby blocking DNA synthesis and inducing apoptosis. Cytarabine also directly inhibits DNA
polymerases. (Grant, 1998)
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The development of resistance to cytarabine is common in MCL patients and leads to
relapsed/refractory stage of the disease with poor prognosis. Currently there is no second line
standard of care for relapsed/refractory MCL (Ferrero & Dreyling, 2013). The molecular

mechanisms of resistance to cytarabine in MCL are unknown and had not been studied in detail.

The altered expression of several enzymes has been implicated in resistance to cytarabine.
Reduced transporter activity may play a role in resistance to cytarabine by blocking its transport
into the cells (Mackey et al., 1998, Clarke et al., 2002). dCK, as a bottleneck factor, influences
the amount of the drug being activated and retained in the cells. The inactivation of dCK has also
been implicated as a possible mechanism of cytarabine resistance (Dumontet et al., 1999,
Galmarini et al., 20028 / Haematoly “Eyrther enzymes involved in pyrimidine metabolism can also
play role in cytarabine resistance: Deamination by cytidine deaminase (CDA) inactivates
cytarabine through its conversion to uracil arabinoside (Laliberté & Momparler, 1994).
The monophosphorylated form of the drug (ara-CMP) can be dephosphorylated by nucleotidases,
such as cytosolic 5' nucleotidase (NT5C2) (Hunsucker et al., 2005) and cytosolic 5' nucleotidase
3A (NT5C3A) (Amici etal.,, 1997) or deaminated by deoxycytidylate deaminase (DCTD)
(Mancini & Cheng, 1983). Ribonucleotide reductase (RR) reduces ribonucleotides to their
corresponding deoxyribonucleotides, including dCTP. This can contribute to cytarabine resistance
by multiple mechanisms including the feedback inhibition of dCK by increased production of
deoxynucleotides (Lamba et al., 2009). These enzymes, summarized in Figure 3.7, can all

decrease the pool of ara-CTP, and therefore may be involved in cytarabine resistance.

Cytarabine resistance in lymphomas including MCL had not yet been studied in detail and no
standard of care exists for MCL patients with resistance to this drug. Therefore, we derived
a cytarabine resistant MCL cell line, tested the sensitivity of cytarabine-resistant MCL cell lines to
a battery of different anti-cancer drugs in order to uncover eventual cross-resistance,
and performed a proteomic analysis of the drug resistant cells. The goal of this work was to
elucidate the mechanism of resistance to cytarabine and to find suitable therapeutic strategy based

on the results.
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Figure 3.7. Main enzymes involved in the transport and metabolism of purines and activation/inactivation of
cytarabine that can contribute to its resistance. dCK and ENTI1 (red) are needed for therapeutic efficacy of
cytarabine, and CDA, DCTD and NT5C2 (blue) can diminish the amounts of the active drug (Taken from Lamba
et al., 2009).

3.2.1 Derivation of a cytarabine-resistant cell line

To analyze resistance to cytarabine in MCL, we employed five model cell lines derived from MCL
(GRANTA-519, HBL-2, JEKO-1, MINO and REC-1), all sensitive to cytarabine. The cell lines
were exposed to increasing doses of cytarabine, up to 50 pM. After five weeks, we established
resistant subclones (GRANTA-519/R, HBL-2/R, JEKO-1/R, MINO/R and REC-1/R), which
tolerated 125-1000-fold higher concentrations of cytarabine in media compared to the original

sensitive cell lines (see Figure 3.8).
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Figure 3.8. WST-8-based cell proliferation assay of the five original MCL cell lines (left column) and five R-
subclones shows that the lethal dose of cytarabine for CTRL cells ranged from 0.05 to 0.4 pM, while
the proliferation rate of R-subclones in 50 pM araC was virtually unaffected. Full lines denote cells in
the presence of the indicated concentration of cytarabine, dashed lines denote control cells in media without

cytarabine.
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3.2.2 Assessment of cross-resistances of cytarabine resistant cells to other therapeutic
molecules in vitro

To evaluate the sensitivity of the cytarabine resistant cells to other anti-cancer drugs, we
performed cytotoxicity tests using a panel of clinically used drugs, including the alkylating agents
bendamustine, cisplatin and doxorubicin, the nucleoside analogs cladribine, fludarabine
and gemcitabine, and the inhibitory agents bortezomib (proteasome ihibitor), ibrutinib (Bruton
tyrosine kinase, BTK) and temsirolimus (mammalian target of rapamycin, mTOR). All of the five
R-subclones showed cross-resistance to all of the nucleoside analogs (see Figure 3.9 A,B).
Interestingly, the cross-resistance involved both pyrimidine (gemcitabine) and purine (cladribine

and fludarabine) nucleoside analogs.

Sensitivity to other classes of anti-lymphoma drugs remained unchanged, with the exception of
ibrutinib, which proved to be more toxic to the resistant subclones than the original cell lines (see
Figures 3.9 C,D). In addition to the cytotoxicity tests, sensitivity to anti-CD20 monoclonal
antibody rituximab was determined by a °!Cr release assay, a tool to evaluate the antibody-
dependent and complement-mediated cytotoxicity of antibody-based drugs. In this case,

the sensitivity of the original cell lines and the R-subclones was comparable.

Taken together, the observed cross-resistance to purine and pyrimidine nucleoside analogs
and retained sensitivity to all other types of drugs indicates that the mechanism of resistance is

nucleoside specific.
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Figure 3.9. Proliferation curves (determined by the WST-8 cell proliferation assay) of JEKO-1 (A, C) and MINO
(B, D) cells and their R-subclones in the presence of nucleoside analogs gemcitabine, fludarabine and cladribine
(A, B) and other types of anti-lymphoma drugs (C, D) in media (full lines). Controls (dashed lines) are cells

without any anti-cancer agents in the media.
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3.2.3 Assessment of cross-resistances of cytarabine resistant cells to other therapeutic
molecules in vivo

The in vitro tests of cellular toxicity provided important information on direct cellular effects of
the tested drugs to the resistant cells. However, in vitro assays do not take into account important
systemic pharmacokinetic and pharmacodynamic variables, which can have large impact on drug

efficacy in vivo.

We therefore validated the information provided by the in vitro analyses by an in vivo model,
which reflects the complexity of drug metabolism more accurately. We used a model of human
MCL cells xenografted into immunodeficient mice (lacking B and T lymphocytes, NK cells, the
complement and macrophage and dendritic cell deficiency — NOD.Cg-Prkdc*® I12rg™"/Sz)
mice; Shultz et al., 2005) to simulate in vivo treatment of cyarabine sensitive and resistant MCL.
JEKO-1 or JEKO-1/R cells (10°) were intravenously injected into the animals. This led to
the development of disseminated lymphomas in the xenografted mice with a median survival rate
of 38 days. Treatment with the nucleoside analogs fludarabine and gemcitabine demonstrated
the loss of their therapeutic effect in animals xenografted with JEKO-1/R cells, while
the remaining anti-tumor drugs bendamustine, bortezomib, cisplatin, cyclophosphamide, rituximab
and temsirolimus had similar effects in both JEKO-1 and JEKO-1/R xenografted mice (see
Figure 3.10).

Using the in vivo model, we therefore confirmed the results of the in vitro tests, i.e. cross-
resistance of cytarabine resistant cells to both pyrimidine and purine derived nucleoside analogs,
and retained sensitivity toward other types of drugs. These results provide further evidence that

cytarabine resistance in MCL cells is caused by a nucleoside-specific mechanism.
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Figure 3.10. Kaplan-Meier survival curves of immunodeficient mice xenografted with JEKO-1 or JEKO-1/R

treated with stated anti-tumor drugs (dashed lines) and corresponding untreated control animals (full lines).
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3.2.4 Proteomic and transcriptomic analysis of the resistant MCL cell lines

In order to analyze the molecular changes responsible for and associated with the development of
resistance in MCL cells, we analyzed the newly established MINO/R along with control MINO
cell lines by 2-D electrophoresis in the same fashion as described in chapter 3.1.2. Spots with
significant changes in density were in-gel digested with trypsin and the differentially expressed
proteins were identified with MALDI-MS. Among the seven identified differentially expressed

proteins (see Table 3.2 and Figure 3.11), we found massive downregulation of dCK in

the MINO/R subclone.
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Figure 3.11. Two-dimensional electrophoresis of MINO and MINO/R cells performed on 24-cm gel strips,
pH 4.0-7.0 and 10% SDS-PAGE stained with Coomassie Brilliant Blue. Differentially expressed proteins are
indicated by numbered arrows (spots 1-3 indicate downregulated proteins and spots 4—7 indicate upregulated

proteins in HBL-2/R cells).
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Table 3.2. List of differentially expressed in proteins MINO/R cells (minimal 1.5-fold change and statistical

significance p<0.05).

Spot Uniprot Protein name Fold Mascot | Sequence | Molecular

no. accession change | score | coverage weight
(%)

Proteins downregulated in MINO/R cells

1 P27707 Deoxycytidine kinase 4.6 44%* 16 30841

2 Q99829 Copine-1 4.3 102 17 59649

3 P13796 Plastin-2 2 453 65 70814

Proteins upregulated in MINO/R cells

4 P07741 Adenine phosphoribosyltransferase 70 40 19766

5 P68363 Tubulin a-1B chain 169 32 50804

6 P04792 Heat shock protein (3-1 2.3 73 32 22826

7 P31937 3-Hydroxyisobutyrate dehydrogenase 2.1 43* 8 35712

* Identity of proteins with low Mascot score was verified by MS/MS:

Spot Uniprot Protein name Peptide sequences /lascot score
no. accession
1 P27707 Deoxycytidine kinase LKDAEKPVLFFER 41
QLCEDWEVVPEPVAR 46
2 P31937 3-Hydroxyisobutyrate dehydrogenase DFSSVFQFLREEETF 49
SPILLGSLAHQIYR 28

In parallel with the proteomic analysis, transcriptome profiling using Illumina BeadChips was

performed for each of the five MCL cell lines and their cytarabine-resistant subclones. Only one

gene, DCK (coding dCK) was consistently differentially expressed (downregulated) in all of

the cell lines. The massive downregulation of dCK, identified in our proteomic analysis was

further verified using Western blots in all five cell lines and their resistant subclones, and its

expression was found to be under the limit of detection in four of the resistant subclones

and several-fold downregulated in the remaining one (see Figure 3.12).
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Figure 3.12. Western blot verification of the marked downregulation of dCK in all R-subclones. GAPDH was

used as the loading control.

The fact that the downregulation of dCK (or the complete loss of its expression) was the only
change observed on both the transcript and protein levels and consistently in multiple MCL cell
lines led us to conclude that the downregulation of dCK is the causal mechanism of resistance in
MCL cells. dCK is the enzyme responsible for the activation of cytarabine and other purine
and pyrimidine nucleoside analogs, which also explains the observed cross-resistance of all five
cytarabine resistant subclones to both purine and pyrimidine nucleoside analogs in vitro
and in vivo. This cross-resistance concurrently supports our assumption that the downregulation of

dCK is the causal mechanism of cytarabine resistance in our MCL model.

3.2.5 DCK expression in primary cells
In order to verify whether the acquired cytarabine resistance is also associated with
the downregulation of dCK in human patients, we analyzed the expression of dCK protein

and transcript levels in primary patient cells.

Primary MCL cells from ten patients were obtained by isolation of CD19 positive cells from
peripheral blood, pleural effusion or lymph node samples at diagnosis (D1-10) and at relapse after
failure of high-dose cytarabine based treatment (R1-8) or after 14 days of administration to
patients refractory to cytarabine treatment (R9-10). The samples were analyzed by real-time RT
PCR and by Western blot. In five cases (R2, R3, R4, R7, R9), downregulation of DCK was
observed on the transcript level. Downregulation of dCK was confirmed by Western blots in
samples R2 and R9. One sample (R6) revealed the downregulation of dCK only on the protein
level (see Figure 3.13). The observed downregulation of dCK in several primary cell samples from

patients resistant or refractory to cytarabine treatment is evidence that the downregulation of dCK
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occurs in the clinical setting in response to cytarabine treatment. This further indicates that

the probable mechanism of resistance to cytarabine is the downregulation of dCK.
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Figure 3.13. Relative expression of DCK in post-treatment primary MCL samples (R2, R6, R9) compared to pre-

treatment samples (D2, D6, D9). Actin was used as the loading control.

3.2.6 Discussion

We analyzed the molecular changes associated with cytarabine resistance in five MCL cell lines.
We observed cross-resistance to the nucleoside analogs gemcitabine, fludarabine and cladribine in
cytarabine-resistant MCL cells, while sensitivity towards other classes of anti-lymphoma drugs
remained unchanged. The cross-resistance to nucleoside analogs and the retained sensitivity
towards other therapeutic molecules was confirmed by the mouse xenograft model in vivo.
The retained sensitivity to all other types of anticancer drugs suggests that the resistance is not
caused by pro-survival processes, such as avoiding apoptosis. Most importantly, together with
the retained sensitivity to most types of drugs, the observed cross-resistance to antinucleosides

indicates a nucleoside-specific mechanism of drug resistance.

Proteomic analysis using 2-D electrophoresis identified dCK as one of the most significantly
downregulated proteins in the cytarabine resistant cell line MINO/R. Transcriptomic
analysis revealed markedly lowered expression of DCK in five cytarabine resistant MCL cell
line subclones. The downregulation of dCK was further confirmed by Western blots of all
five cytarabine resistant subclones. dCK catalyzes the first phosphorylation of nucleosides
and nucleoside analogs, leading to their activation from a pro-drug to active drug form. This is
a rate-limiting step in the activation of dCK. dCK possesses low substrate specificity, which allows
it to phosphorylate both pyrimidine and purine nucleosides, as well as nucleoside analogs (Arnér
& Eriksson, 1995). This explains the observed cross-resistance to all tested antinucleoside drugs.
Moreover, downregulation of dCK has been previously shown to be a causal mechanism of

resistance to another cytidine analog, decitabine (5-aza-2'-deoxycytidine, Qin et al., 2009).
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Analysis of primary MCL samples was performed in order to verify whether downregulation of
dCK occurs in response to a cytarabine-based regimen in clinical settings. We observed significant
downregulation of DCK in 50% of samples obtained from patients who relapsed after or

progressed on cytarabine-based treatment.

Taken together, our results indicate that patients with cytarabine-resistant MCL should not
be treated with pyrimidine nor purine analogs, because the lowered expression of dCK is
likely the molecular mechanism of resistance to cytarabine and cross-resistance to other
antinucleoside drugs. Instead, other types of anti-cancer drugs should be used, such as
alkylating agents (e.g. bendamustine) or targeted drugs recently approved for the treatment

of relapsed/refractory MCL: bortezomib, ibrutinib and temsirolimus.

The results of this work were published in:

Downregulation of deoxycytidine kinase in cytarabine-resistant mantle cell lymphoma cells
confers cross-resistance to nucleoside analogs gemcitabine, fludarabine and cladribine, but
not to other classes of anti-lymphoma agents. Klanova M, Lorkova L, Vit O, Maswabi B,
Molinsky J, PospiSilova J, Vockova P, Mavis C, Lateckova L, Kulvait V, Vejmélkova D, Jaksa R,
Hernandez F, Trnény M, Vokurka M, Petrak J, Klener P Jr. Molecular Cancer. 2014;13:159 (IF
2014: 4.257).

(See Appendix 2.)
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3.3 Functional and proteomic analysis of fludarabine resistant MCL cells

In the work described in previous chapter, we showed that the downregulation of dCK is the likely
mechanism of the resistance to pyrimidine antimetabolite cytarabine in MCL cells. Because
the mechanism of resistance to other structurally distinct nucleoside antimetabolites can be entirely
different, in our next study we analyzed the molecular changes associated with resistance of MCL
cells to the purine nucleoside analog fludarabine. Fludarabine (2-fluoroadenosine arabinoside, see
Figure 3.14) is being widely used for the salvage therapy of relapsed/refractory MCL
(Forstpointner et al., 2004, Johnson et al., 2004).

Figure 3.14. Chemical structure of adenosine analog fludarabine (dephosphorylated form). Taken from Zhang
et al., 2007°MR,

Fludarabine is administered in the form of a monophosphate prodrug. Upon administration, it
undergoes dephosphorylation in vivo (Gandhi & Plunkett, 2002) and is then transported into
the cells by equilibrative nucleoside transporters, mainly ENT1 (Molina-Arcas et al., 2003).
Similarly to cytarabine, its metabolic activation is carried out by phosphorylation by dCK
(Danhauser et al., 1986). This is the rate-limiting step for the formation of fludarabine triphosphate
(F-ara-ATP). F-ara-ATP directly inhibits DNA polymerases and is incorporated into the DNA
strand. Incorporation of F-ara-ATP into DNA results in chain termination, replication fork stalling,
and DNA breaks. The replication stress activates DNA damage response, resulting in either DNA
repair or apoptosis (Gandhi & Plunkett, 2002, de Campos-Nebel et al., 2008). Fludarabine also
directly inhibits ribonucleotide reductase, which leads to lowered cellular dNTP pools

and increasing the fludarabine:dNTPs ratio (Gandhi & Plunkett, 2002).

Fludarabine-based regimens are mainly used for the first-line therapy of chronic lymphocytic

leukemia (CLL) and for salvage therapy of indolent lymphomas (Lukenbill & Kalaycio 2013)
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and acute myelogeneous leukemias (AML). Acquired resistance to fludarabine is unfortunately
common. Its mechanisms in lymphomas are, however, largely unknown. Several studies have
reported various molecules mutated or deregulated in association with inherent or acquired
resistance to fludarabine in leukemic cells (CLL, AML), including molecules/genes involved in
the nucleotide salvage pathway (dCK, nucleotide transporters, ribonucleotide reductase) (Mansson
et al., 2003, Mackey et al., 2005), the antiapoptotic molecules BIRC3 and Bcl-2 family proteins
(Rossi et al., 2012, Sharma et al., 2013, Messina et al., 2014), the transcription factors Myc
and Notch 1 (Moussay et al., 2010, Messina et al., 2014), the mediators of genotoxic stress ATM,
p53 and SF3B1 (Austen et al., 2007, Zenz et al., 2009, Messina et al., 2014) and others. Molecular
mechanisms of fludarabine resistance may therefore vary to a great extent in different types of

cancer. The molecular mechanisms of fludarabine resistance in MCL have not been studied so far.

The goal of this work was to 1) identify the mechanism of fludarabine resistance, 2) to obtain as
much information about the molecular changes in fludarabine resistant cells as possible, and based
on the obtained information to suggest optimal strategies for the elimination of fludarabine-
resistant MCL cells. We derived fludarabine resistant subclones of MCL cells and subjected them
to detailed large-scale semi-quantitative SILAC-based proteomic analysis to describe causative,
contributing and compensatory molecular changes associated with fludarabine resistance in

cellular model of MCL.

3.3.1 Derivation of a fludarabine-resistant cell line and assessment of sensitivity to
other drugs

For our study of fludarabine resistance in MCL, we employed an established model of MCL —
the cell line MINO. This cell line is sensitive to fludarabine exposure, with a LDigo of
approximately 1-2 pM. The cells were grown in the presence of increasing doses of fludarabine to
derive fludarabine-resistant MINO/FR cells. The derived subclone proliferated in medium with
100 pM fludarabine (see Figure 3.15 A). We performed cytotoxicity tests using a panel of

clinically used drugs in order to assess the sensitivity to several drug classes.

The MINO/FR subclone displayed cross-resistance to all three tested nucleoside analogs: purine-
derived cladribine and pyrimidine-derived cytarabine and gemcitabine (see Figure 3.15 B-D). In
addition, MINO/FR cells showed to be significantly resistant to ibrutinib (a Bruton tyrosine kinase
inhibitor, see Figure 3.21 E) and slightly less sensitive to methotrexate (anti-folate, see
Figure 3.21 J). The sensitivity to other tested anti-tumor drugs was comparable to the original

MINO cells or slightly higher (see Figure 3.15 F-I).
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Figure 3.15. Proliferation curves (determined by the WST-8 cell proliferation assay) of MINO and MINO/FR
cells in the presence of fludarabine, cladribine, cytarabine, gemcitabine, ibrutinib, bortezomib, doxorubicin,
cisplatin, bendamustine, and methotrexate in media (full lines). Controls (dashed lines) are cells without any anti-

cancer agents in the media.
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This data may indicate multiple deregulated metabolic and signaling pathways associated with
the acquired fludarabine resistance. The distinct cross-resistance of MINO/FR cells to purine
and pyrimidine antinucleosides suggests that the resistance is caused by a nucleoside-specific
mechanism similarly to in our previous work (chapter 3.2). The observed resistance to ibrutinib
(an inhibitor of Bruton tyrosine kinase) may suggest a deregulation of B-cell receptor (BCR)

signaling in MINO/FR cells (further discussed in chapter 3.3.6).

3.3.2 Quantitative proteomic analysis of fludarabine sensitive and resistant cell lines

In order to identify the changes in protein expression associated with the development of
fludarabine resistance, we performed a large-scale quantitative proteomic analysis of MINO versus
MINO/FR cells. We employed stable isotope labeling in cell culture (SILAC, Ong et al., 2002).
The cells were supplemented with '*C and '*N-labeled arginine and lysine (heavy medium), or
standard unlabeled amino acids (light medium). To provide sufficient robustness of the analysis,
we set up two experiments. The experiment where MINO cells were grown in heavy medium and
MINOV/FR cells in light medium was designated “forward”, and vice versa, MINO cells grown in

light medium and MINO/FR in heavy medium was denoted “reverse”.

The identical amounts of heavy and light cells in each of the forward and reverse experiments
were mixed, and whole cell lysates were subjected to filter-aided sample preparation (FASP,
Wisniewski et al., 2009N Methods) for detergent removal, reduction, alkylation and digestion.
Resulting peptide samples were analyzed by LC-MS/MS using nano UHPLC coupled to
a quadrupole Orbitrap Q Exactive plus mass spectrometer. Proteome Discoverer v. 1.4 software
was used for protein identification and quantification. Quantitative analysis was based on the area
under curve of the peptide precursors and the protein ratio was calculated as the median of peptide

ratios, only unique peptides being considered.

We identified 1942 and 1700 proteins in forward and reverse experiments, respectively, 1377 of
which were identified in both analyses. For the quantitative analysis, we considered 1201 proteins,
which were detected with at least 3 SILAC pairs and with a variability of protein ratios below 40%
in both (forward and reverse) experiments. The expression ratios in the forward and reverse
experiments were highly correlated (see Figure 3.16), which indicates a high reproducibility of
the used quantitative approach. 152 proteins were found to be downregulated and 160 upregulated
with a fold change of at least 1.5 (see Table 3.3). We subjected the differentially expressed proteins
to functional annotation using the Kyoto Encyclopedia of Genes and Genomes (KEGG) via

Database for Annotation, Visualization and Integrated Discovery (DAVID) to identify the cellular
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processes most affected by fludarabine resistance. DNA replication and repair (mismatch repair
and nucleotide excision repair), purine and pyrimidine metabolism and aminoacyl tRNA
biosynthesis among upregulated proteins and fatty acid metabolism, glutathione metabolism

and adherens junctions among downregulated proteins were the most enriched annotations.

1.5 1

160 up-regulated

s+ 05 1 1.5
889 not changed

-1.5 -

Figure 3.16. Correlation of protein expression ratios in forward and reverse SILAC experiments. Log values of
Heavy/Light protein ratios from the forward experiment were plotted against log values of Light/Heavy protein

ratios from the reverse labeling experiment.
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Table 3.3. Differentially expressed proteins in MINO/ER cells with a fold change of at least 1.5. Gene names are

shown, proteins with a fold change >3 are highlighted.

Proteins upregulated in MINO/FR cells

DNA replication and repair

Purine and pyrimidine metabolism

FANCI, LIG1, MCM2, MCM3, MCM4, MCM5, MCM6, MCM7, MSH2,
MSH6, NCAPD2, NCAPD3, NCAPG, NCAPH, PARP1, PDE12, RFC2,
RFC3, RFC4, RFC5, RUVBL1, RUVBL2, SMC2, SMC4

ADA, CTPS1, GMPS, HPRT1, IMPDH2, PNP, RRM2, UMPS, TYMS

Aminoacyl tRNA biosynthesis

CARS, DARS, GARS, EPRS, IARS, LARS, MARS, NARS, YARS

Other processes

ABCF1, ABCF3, ACADY, ACLY, ACO2, ADRBK1, ALDH5A1, ALOXS5,
ANP32B, AP2M1, APEH, ATG3, ATP1A1, ATP1B3, ATP6V1C1, ATXN10,
BCL2, BLVRA, CD2AP, CKAP5, CLPTM1L, COBRA1, CPNE1, CPNE3,
CUL1, CYB5R3, DCUNI1D1, DCXR, DDX17, DHCR24, DHCR7,
DHRS7B, DHX30, DNAJC2, DNMT1, EEF1E1, EHD1, EIF2A, EIF4A2,
EIF4E, EIF4AG1, ERLIN1, ERO1L, ERP44, EXOSC7, EZR, FAM105B,
FAM162A, FAM213A, FASN, FDFT1, FKBP5, FXR1, GAPVD1, GNA13,
GNL1, GNL3, GOT1, GRHPR, GYGI1, HEATR2, HMGB2, HNRNPD,
HS2ST1, HSPA14, KHSRP, KIF11, KNTC1, KPNA2, LBR, LRMP, LSS,
MYH10, NAA25, NAP1L4, NDUFAF4, NUP210, PA2G4, PAICS,
PDCD6IP, PFKM, PFKP, PHGDH, PLCG2, PPM1G PPP2R4, PRDXS6,
PSAT1, PSMD5, PSMG2, PTBP1, PTPRC, PTPRCAP, RAB7A, RRAS2,
SBDS, SEC11C, SEC24A, SET, SFXN1, SLC1A4, SLC1A5, SLC25A1,
SLC2A1, SRPR, ST13, TPD52, TRIP13, TROVE2, TUBA4A, TUBB4B,
TUBGCP2, UBE2E1, VPRBP, XPNPEP1, XPO7, XPOT, ZW10

Proteins downregulated in MINO/FR cells

Fatty acid metabolism
Glutathione metabolism

CD molecules

ACAA2, ACADVL, ACOT1 ACSL4, CPT2, HADHB
GSTK1, GSTP1, G6PD, IDH2, PGD
CD20 (MS4A1), CD38, CD43, CD70, CD74

Adherens junctions

CSNK2A2, MAPK1, PTPN1, PTPN6, SMAD3

Other processes

ALG5, ANXA2, APMAP, ARHGAP1, ARHGAP17, ARHGAP4,
ARHGEF2, ARL6IP5, ARL8B, ASCC2, ATAD1, ATP2A3, ATPAF2, AUP1,
BAX, BCAP31, BCAT2, BTK, CFA20, C1QBP, CNDP2, COPG2, CSTF3,
CTPS2, DAGLB, DCK, DDX24, DDX3X, DKC1, DLST, DNAJA2,
EIF4A1, EIF5A, ELMO1, EML4, FAM129C, FAM3C, FBXO7, FLAD]1,
FLNA, GBE1l, GFPT1, GLOD4, GNPDA1l, GOT2, HIST1H2AH,
HIST1H2BK, HIST1H4A, HM13, HMGB3, HSP90B1, HSPH1, ICAM]1,
ICAM3, IER3IP1, IGF2BP3, INPP5SD, IQSEC1, ITPR2, KPNA3, LTA4H,
LRRFIP1, M6PR, MAT2A, ME2, MPDU1, MSN, MTA2, MYBBPI1A,
NAGK, NDUFA13, NDUFA9, NDUFB8, NDUFS1, NEK9, NLN, NRD1,
NUDT19, MOB1B, OGDH, PDIA4, PEPD, PFAS, PGRMC1, POLR2B,
POR, PPCS, PPIB, PRMT1,PRPF6, PRPSAP2, PSAP, PSME1, PSME?2,
PSMF1, PTPN2, PUS1, RASAL3, RNH1, ROCK1, RUFY1, SCRIB,
SEC23IP, SEPT9, SLC25A5, SLC25A6, SLC38A5, SND1, SNRNP200,
SRP54, STK4, TDP1, TMED4, TMX3, TOM1, TPM3, TPP2, TRMTEG,
TSR1, TST, TSTA3, UBLCP1, VARS, VAT1, VPS13C, VPS26A,VPS35,
WDR1, XPO5, ZMPSTE24
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Expression changes of selected proteins with marked (>5 fold) differential expression were
verified. Downregulation of dCK, protein tyrosine phosphatase non-receptor type 6 (PTPNG6, alias
Src homology region 2 domain-containing phosphatase-1 — SHP-1) and upregulation of proteins
B-cell lymphoma 2 (Bcl-2) and phosphoserine aminotransferase 1 (PSAT-1) was verified using
Western blot (see Figure 3.17 A). In addition, downregulation of CD20 and CD38 surface markers

was confirmed by flow cytometry (see Figure 3.17 B).
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Figure 3.17. Verification of differential expression of the key proteins identified by our proteomic analysis.
A. Relative expression of four differentially expressed proteins - dCK, SHP-1 (alias PTPN6), Bcl-2 and PSAT-1 in
MINO and MINO/FR cells determined by Western blots. GAPDH was used as a loading control. B. Relative
expression of CD20 and CD38 determined by flow cytometry. Open histograms represent MINO/FR cells, full
histograms show MINO cells. Decreased median fluorescence intensity indicate approximately 2-fold decreased

expression of CD20 and CD38 in MINO/FR cells.

3.3.3 Purine and pyrimidine metabolism

The utilization of a shotgun quantitative proteomic approach allowed us to observe 312
differentially expressed proteins. This analysis provided a detailed snapshot of the molecular
changes associated with fludarabine resistance in MCL cells. Several-fold downregulation of dCK

was one of the most prominent changes detected in our analysis.

In our previous work discussed in chapter 3.2, we showed that downregulation of dCK is
responsible for the resistance to cytarabine in MCL cells, and for cross-resistance of
the cytarabine-resistant cells to other nucleoside antimetabolites, including purine-derived
fludarabine. dCK phosphorylates and thus activates both pyrimidine and purine nucleosides

and nucleoside analogs including fludarabine (Mansson et al., 2003). The downregulation of dCK
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has been previously shown as a mechanism of fludarabine resistance in leukemia cells (Bai et al.,
1998, Mansson et al., 2003). The massive downregulation detected in our analysis is therefore

most likely the critical change responsible for fludarabine resistance in our MCL model.

Rapidly proliferating leukemia and lymphoma cells typically exploit the nucleotide salvage
pathway to supply the needed high amounts of nucleosides (Natsumeda et al., 1984). However, we
detected the wupregulation of numerous enzymes of de novo synthesis and nucleoside
interconversion: GMP synthase, CTP synthase 1, inosine-5-monophosphate dehydrogenase,
uridine-5'-monophosphate synthase, purine nucleoside phosphorylase, adenosine deaminase,

purine nucleoside phosphorylase, thymidilate synthase, and ribonucleoide reductase subunit M2.

In addition to the enzymes directly involved in nucleoside metabolism, the strong upregulation of
two enzymes of the serine biosynthesis pathway, D-3-phosphoglycerate dehydrogenase (PHGDH)
and PSAT-1, can be linked to nucleotide de novo biosynthesis, since serine is essential as a source
of carbon moieties in the folate cycle (Tedeschi et al., 2013). This is further supported by
the observed upregulation of neutral amino acid transporters A and B (SLC1A4 and SLC1A5),

which among others transport serine.

Aside from preventing antinucleotide drug toxicity, the downregulation (or even absence) of dCK
makes the utilization of natural nucleosides from the environment impossible and thus leads to
dependence on de novo nucleotide synthesis (Natsumeda et al., 1984, Austin et al., 2012).
The upregulation of numerous enzymes of nucleoside metabolism and other proteins, mentioned
above, may reflect the increased demand for deoxyribonucleotide (dANTP) synthesis after the loss

of dCK.

3.3.4 Anti-apoptotic changes

The ultimate consequence of fludarabine toxicity is DNA damage. The upregulation of
the enzymes of DNA replication and repair in our study seems to reflect this, leading presumably
to averting apoptosis by increasing the efficiency of DNA repair. Furthermore, replication stress
caused by the shortage of dNTPs can cause their misincorporation into DNA and the need for
a DNA damage response (Austin et al., 2012). Among the proteins known to contribute to DNA
repair, we identified the upregulated poly(ADP-ribose) polymerase 1, all five subunits of
the condensin I protein complex, Fanconi anemia group I protein (FANCI), the DNA replication
licensing factors MCM2, MCM3, MCM4 MCM5, MCM6 and MCM?7, Nek9 ligase, replication
factor C subunits 2, 3, 4 and 5, pontin, reptin, and DNA ligase 1.
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In addition to the stimulation of the DNA repair, the most prominent anti-apoptotic change we
observed was the strong upregulation of the negative regulator of apoptosis Bcl-2 in MINO/FR
cells. Its upregulation is a common mechanism of avoiding apoptosis in drug resistant cancer cells
(Reed 1997). Our results also showed downregulation of the Bcl-2 antagonist Bax (Oltvai et al.,
1993), which suggests a coordinated deregulation of protein expression in a pro-survival and anti-
apoptotic direction in MINO/FR cells. Because the upregulation of Bcl-2 represents a potential

therapeutic target, we decided to test the sensitivity of MINO/FR cells to inhibition of Bcl-2.

3.3.5 The effect of Bcl-2 inhibition on fludarabine and cytarabine-resistant cells

Several inhibitors of Bcl-2 have been developed and are being clinically tested. One of them, ABT-
199, has been tested in a wide range of B-cell malignancies and showed promising results in
chronic lymphocytic leukemia (Souers et al., 2013) and MCL (Saba & Wiestner, 2014). We
therefore tested the relative toxicity of ABT-199 in MINO and MINO/FR cells to evaluate its
potential for the therapy of anti-nucleoside-resistant MCL. In MINO/FR cells, we observed
markedly increased sensitivity to ABT-199 compared to the original MINO cell line (100-fold:
1 pM in MINO cells, 0.01 pM in MINO/FR, see Figure 3.18). Furthermore, to show that this
change in sensitivity is not exclusive to fludarabine resistant cells, we also evaluated ABT-199
cytotoxicity in the REC-1 cell line and its cytarabine resistant sub-clone REC-1/R (cross-resistant
to fludarabine) derived and characterized earlier (see chapter 3.2.1). We found that REC-1/R also
overexpress Bcl-2 and is more sensitive to ABT199 (see Figure 3.19). These results suggest that

ABT-199 has a high potential for the therapy of both fludarabine- and cytarabine-resistant MCL.
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Figure 3.18. Proliferation curves (determined by the WST-8 cell proliferation assay) of MINO and MINO/FR
cells in the presence of the indicated concentrations of the Bcl-2 inhibitor ABT-199 in the media (full lines).

Controls (dashed lines) are cells without the inhibitor in the media.
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Figure 3.19. A. Expression of Bcl-2 in REC-1 and REC-1/R cells determined by Western blots. GAPDH was used
as the loading control. B. Proliferation curves (determined by the WST-8 cell proliferation assay) of REC-1
and REC-1/R cells in the presence of the indicated concentrations of Bcl-2 inhibitor ABT-199 in the media (full

lines). Controls (dashed lines) are cells grown without the inhibitor in the media.

3.3.6 BTK and ibrutinib resistance in MINO/FR cells

Our initial cytotoxicity tests showed significant cross-resistance of MINO/FR cells to the inhibitor
of Bruton tyrosine kinase (BTK) ibrutinib (see chapter 3.3.1 and Figure 3.15 E). BTK is a key
component of B-cell receptor (BCR) signaling, which is crucial to proliferation during B-cell
development (Satterthwaite & Witte, 2000) and has been implicated in the pathogenesis of B-cell
malignancies including MCL (Jares et al., 2012). In response to BCR stimulation, BTK is
phosphorylated and in turn phosphorylates phospholipase C gamma 2. This leads to the activation
of several signaling pathways that promote cell survival and proliferation, including NF-xB,

mTOR and MAP kinase pathways (Kurosaki & Hikida, 2009).

Importantly, in our proteomic analysis, BTK was identified among the proteins substantially
downregulated in MINO/FR cells. Ibrutinib was recently approved for the therapy of
relapsed/refractory mantle cell lymphoma (Wang et al., 2013). We therefore verified both total
and activated (phoshpo-BTKY?**) BTK levels in MINO and MINO/FR cells using Western blotting
(see Figure 3.20). BTK expression and p-BTK levels were markedly decreased in MINO/FR cells,
clearly indicating the disruption of BCR signaling in MINO/FR cells. This provides a mechanistic

explanation for the observed resistance of MINO/FR cells to ibrutinib.
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Figure 3.20. Relative expression of total and phosphorylated (active) p-BTK233 was determined by Western
blotting using specific antibodies in MINO and MINO/FR cells. GAPDH was used as the loading control.

In addition to BTK, we also observed downregulation of other proteins involved in BCR signaling
— PTPN6 (SHP-1, Cyster & Goodnow, 1995) and phosphatidylinositol 3,4,5-triphosphate 5-
phosphatase 1 (SHIP-1, Chacko et al., 1996), and also MAPK kinase, a downstream effector of
BCR signaling.

3.3.7 Changes in the expression of CD20 and other surface antigens

We identified five leukocyte surface CD (cluster of differentiation) antigens downregulated in
MINO/FR cells, namely B-lymphocyte antigen CD20, CD38 (ADP-ribosyl cyclase), CD43
(leukosialin), CD70 antigen and CD74 (HLA class II histocompatibility antigen y chain). No CD
antigens were among the proteins upregulated in MINO/FR cells. Loss of the CD antigens in
the resistant cells may be specific to the development of resistance and/or may reflect a shift of
the resistant lymphoma cells toward differently matured B-cell phenotype. A lowered expression
of CD molecules may theoretically limit the efficacy of therapeutic antibodies, namely rituximab

(anti-CD20), used in lymphoma therapy.

3.3.8 Summary

In this work, we observed a substantial cross-resistance of MINO/FR cells to purine and
pyrimidine nucleoside antimetabolites. Importantly, we identified a massive downregulation of
dCK in the fludarabine-resistant MCL cells. As discussed in chapter 3.2, dCK is responsible for
the activation of both pyrimidine and purine nucleosides and nucleoside analogs including
fludarabine (Maénsson et al., 2003) and its downregulation was previously shown to be
the mechanism of fludarabine resistance in leukemia cells (Bai et al., 1998, Mansson et al., 2003).

Our work further underlies the downregulation of dCK as a key mechanism of
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antinucleoside drug resistance, and provides evidence for this mechanism of resistance in

MCL cells.

Besides limiting the activation of fludarabine and other antinucleosides, the downregulation/loss
of dCK also inevitably limits the supply of natural deoxynucleotides. This may lead to replication
stress and activation of a DNA-damage response (Austin et al., 2012). In our study, we observed
the upregulation of numerous proteins involved in DNA repair. Other prominent anti-apoptotic
changes identified were the upregulation of Bcl-2 and a decrease of Bax expression, and therefore
a decrease of the Bax/Bcl-2 ratio in MINO/FR cells. Importantly, the upregulation of Bcl-2
makes this regulatory protein a potential therapeutic target for fludarabine-resistant MCL
cells, as demonstrated by the increased sensitivity of the MINO/FR cells towards the Bcl-2
inhibitor ABT-199.

Among others, we also detected changes that may well result in the loss of sensitivity towards
other drugs. Downregulation of CD20 may limit the efficacy of the chimeric anti-CD20
monoclonal antibody rituximab used in lymphoma therapy. Furthermore, the strong
downregulation of BTK and resultant loss of sensitivity of the fludarabine resistant cells to
the BTK inhibitor ibrutinib suggests deregulation of B-cell receptor (BCR) signaling in
MINO/FR cells. The key changes observed in fludarabine-resistant MINO/FR cells are

summarized in Figure 3.20.
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Figure 3.20. Summary of the processes associated with fludarabine resistance in MINO/FR cells observed in our

analyses. Details in the text.
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Taken together, this work provides evidence that the downregulation of dCK is the likely
mechanism of the resistance of MCL cells to fludarabine and other antinucleoside drugs.
The downregulation of BTK (associated with the decreased sensitivity of fludarabine-
resistant cells to ibrutinib), the upregulation of Bcl-2 (responsible for an increased sensitivity
to ABT-199) and the downregulation of CD20 (which may cause the loss of sensitivity to
rituximab) are further valuable information that could be used for the prediction of optimal

treatment strategies in patients who fail a fludarabine-based regimen.

Our analysis of a MCL model of acquired resistance to fludarabine thus provides a proof-of-
concept that proteomics might be used in clinical settings for the prediction of optimal treatment
strategies. The characterization of small populations of cancer cells from individual patients may

allow proteomics to contribute to the formulation of individualized therapies in the near future.

The results of this work were published in:

Detailed functional and proteomic characterization of fludarabine resistance in mantle cell
lymphoma cells. Lorkova L, Scigelova M, Arrey TN, Vit O, Pospisilova J, Doktorova E, Klanova
M, Alam M, Vockova P, Maswabi B, Klener P Jr., Petrak J. PLoS One. 2015;10(8):e0135314 (IF
2015: 3.057).

(See Appendix 3.)
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3.4 Conclusions to Section I

The exposure of cancer cells to cytotoxic drugs can lead to their adaptation and to the emergence
of drug resistant cell populations. Depending on the drug's mechanism of action, the adaptation
generally affects one or more cellular processes or pathways (metabolic, signaling or others).
Some of the molecular changes are causal, some may contribute to the survival of the resistant
cells, and some may be seemingly unrelated to the mechanism of resistance and represent complex
secondary adaptive changes. These changes are specific for the resistant cells and can be therefore
specifically targeted in order to eliminate such a resistant population. These specific changes may
be considered a potential weakness — an “Achilles’ heel” — of such cells. Identification of such

a specific feature or “weakness” may be exploited as a therapeutic target.

The works presented in chapters 3.1, 3.2 and 3.3 demonstrate that proteomics has the potential to
describe the molecular “landscape” of drug resistance in cancer cell in detail, and reveal both
causative changes and additional processes contributing to or associated with resistance. This
gives us the in-depth view of the resistant cell biology, which is essential for therapy

rationalization, optimization, and personalization.

Based on the proteomic analyses of both the cytarabine and fludarabine resistant MCL cells, we
can reasonably conclude that the marked downregulation (or possibly even a total silencing) of
dCK is the causative alteration responsible for the resistance in our MCL model and also in patient
samples. The substrate promiscuity of dCK explains the cross-resistance of the resistant cells to
the remaining purine- and pyrimidine-derived antinucleosides included in these studies. This
provides a critical message for clinical practice: MCL patients who become unresponsive to
antinucleoside-based therapy should not be treated with pyrimidine nor purine analogs. Instead,

other types of anti-cancer drugs should be used.

Additionally, in the case of our fludarabine resistance study, we demonstrated that based on
a detailed analysis we can, to some extent, predict the toxicity of various existing drugs, and thus
help to prioritize which drug should be (ABT199) or should not be (ibrutinib) be used. In
the clinical setting, such findings could be used for the prediction of optimal treatment strategies,

in this instance for patients who fail a fludarabine-based regimen.

Our studies were based on cell culture models and their relevance for clinical practice is therefore
limited. They nevertheless demonstrated that the information obtained from a proteomic analysis

of a small biological sample can be used for the prediction of an appropriate therapeutic strategy.
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In the clinical setting, lymphoma cells could be isolated from patients and analyzed in a similar
manner. Although the standard SILAC used in our analysis of fludarabine resistant MCL cells is
not applicable for patient samples, other quantitative proteomic methods, such as iTRAQ, super-
SILAC or label-free analysis could be used. In this way, the analysis results could be used for
patient-tailored therapy, i.e. the choice of an optimal treatment strategy based on the molecular

profile of the disease, the patient’s clinical profile and the pharmacological properties of the drug.
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4 Section II: Proteomics of integral membrane proteins

The objective of the second part of this thesis was to develop and optimize a method for
the proteomic analysis of integral membrane proteins and to perform inventarization of

the membrane proteome of human MCL cells.

The works described in Section I of this thesis employed standard and well-established proteomic
procedures. These techniques, especially the so-called “shotgun” methods, enable
the identification of thousands of proteins in single sample. Unfortunately, not all proteins are well
suited for the established proteomic methods. In fact, due to their different physical and chemical
properties, integral membrane proteins (IMPs) are frequently omitted by these approaches.
The following chapter 4.1, which is a concise version of our review (Vit & Petrak, 2017)

summarizes the recent developments in the field of proteomics of integral membrane proteins.
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4.1 Current proteomic approaches to the analysis of the membrane
proteome

4.1.1 Properties of IMPs, obstacles for proteomic analysis

Integral membrane proteins (IMPs), i.e. proteins that cross the phospholipid bilayer, are coded by
roughly a quarter of human genes (Fagerberg et al., 2010) and represent about 7-8 % of all cellular
protein mass in human cells (Nagaraj et al., 2011). IMPs serve as transporters, channels, receptors,
adhesion molecules and enzymes, and are responsible for signal transduction, regulatory processes
and cell-cell and cell-environment interactions. This makes IMPs attractive targets for therapeutic
molecules. In fact, approximately half of the currently approved drugs in human medicine target

IMPs (Yildirim et al., 2007).

IMPs can be divided into a-helical and (-barrel types. The latter are rare in eukaryotes and do not
pose analytical difficulty, since they do not have long stretches of hydrophobic amino acids.

Therefore, I further discuss only a-helical IMPs.

Standard proteomic approaches are unsuitable for o-helical IMPs and our knowledge of their

expression dynamics and function is therefore vastly limited for three major reasons:

1) o-helical IMPs are amphipathic: they consist of hydrophilic extra-membrane segments
and one or multiple hydrophobic o-helices that span the phospholipid bilayer. This
amphipathy causes the insolubility of IMPs in aqueous buffers, which makes them difficult

to analyze using standard proteomic approaches.

2) The charged amino acids lysine (K) and arginine (R) are rare in IMPs, which have
numerous hydrophobic stretches in their sequences. K and R are indispensable for
digestion with trypsin, the most widely used protease in conventional proteomic
procedures. The hydrophilic extra-membrane segments are often of limited length and may

not provide enough tryptic peptides for identification.

3) IMPs frequently exhibit low expression levels, which further complicates their analysis

(Vuckovic et al. 2013).

These three obstacles, each to various extents for individual IMPs, together complicate
the proteomic analyses of IMPs. 2-DE is not suitable for the analysis of IMPs at all, primarily due
to their insolubility in running buffers used for IEF (Magdeldin et al., 2014). While the “shotgun”

approaches, e.g. with the use of FASP, has been declared to be unbiased towards membrane
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proteins (Wisniewski et al., 2009™at Methods) *these approaches still predominantly use trypsin for
digestion (2™ obstacle) and do not adequately address the low expression levels of many IMPs
(3" obstacle). Specific approaches that reflect the different physico-chemical properties of IMPs

are therefore needed to access the membrane proteome.

Such approaches typically combine or include three specifically designed steps, namely
the enrichment of membrane material, solubilization of membrane proteins, and alternative

digestion or cleavage strategies.

4.1.2 Enrichment of membrane material

Enrichment of membrane material is performed most often by differential centrifugation.
However, regardless of the isolation complexity, the isolated “membrane enriched fraction” is
inevitably contaminated by abundant soluble proteins. If not removed, these molecules later
dominate the MS spectra and hamper the analysis of less-abundant IMPs. To further enrich IMPs,
the membrane fractions are often “washed” with aqueous, high ionic strength buffers, typically
high pH sodium carbonate washes (Fujiki et al., 1982). Unfortunately, carbonate washing, or even
some more vigorous methods such as high salt and trifluoroethanol washes, only partially remove

non-membrane proteins from the membrane sample.

Current membrane proteomics uses two principal strategies that follow the enrichment of

membrane material:

a) IMPs are solubilized with the help of a detergent or organic solvents and targeted as whole

molecules.

b) The hydrophilic (extramembrane) or hydrophobic (transmembrane) segments of IMP are

targeted separately or exclusively.

Detergents, organic solvents, chaotropes and alternative cleavage strategies that assist in

the proteomic analyses of membrane proteins will be discussed in the following paragraphs.

4.1.3 Detergents in the proteomics of IMPs

Detergents are amphipathic molecules that mimic the properties of membrane phospholipids
and therefore are capable of dissolving membranes and solubilizing IMPs. Various detergents
differ in their solubilizing power and denaturing effects. On top of that, some inactivate trypsin

and other proteases, interfere with chromatographic separation and/or suppress peptide ionization,
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and contaminate mass spectrometers. Their removal prior to digestion or LC-MS analysis is

therefore essential.

Sodium dodecyl sulfate (SDS) is one of the most widely used detergents in protein biochemistry.
It is a strong ionic linear-chain detergent, and besides the effective solubilization of membranes
and IMPs it also promotes protein denaturation (Reynolds et al., 1970). Trypsin activity is limited
in 0.1% SDS, however, and even lower concentrations can reduce the separation power of LC

and hamper peptide ionization during MS analysis (Botelho et al., 2010).

To remove SDS from a membrane sample, numerous methods have been developed, including
effective filter assisted sample preparation (FASP). This method makes use of centrifugal
ultrafilters with a 10-30 kDa cut-off to deplete small molecules including SDS and other
detergents from a protein sample using 8 M urea washes, followed by on-filter sample digestion.
FASP has been reported as being unbiased against hydrophobic proteins (Wisniewski et al.,
2009Nat Methodsy anq jts potential for large scale proteomic analysis of membrane samples was
demonstrated by the identification of over 1,600 IMPs in mouse hippocampal membranes
(Wisniewski et al., 2009’ Proteeme Resy - More recently, the application of FASP and SDS in
combination with extensive fractionation enabled the identification of 2,090 IMPs in human

leukemic cell membranes (Yu et al., 2012).

Although SDS has been the detergent of choice for the solubilization of IMPs, alternatives with
simpler removal methods have been sought. Sodium deoxycholate (SDC) is an ionic detergent
with a steroidal hydrophobic part and a charged carboxyl group. Compared to SDS, it is a less
potent denaturant and solubilizing agent (Masuda et al., 2008); nevertheless, it is highly
compatible with trypsin, which tolerates SDC concentrations up to 5-10% (Masuda et al., 2008,
Lin et al., 2008).

SDC can be removed by phase transfer into water-immiscible ethyl acetate (Masuda et al., 2008)
or, alternatively, by acid precipitation with trifluoroacetic or formic acid (Lin et al., 2008). The use
of SDC allowed the identification of nearly 2,000 IMPs in human breast tumor samples (Muraoka

etal., 2013) and over 1,500 IMPs in human colorectal cancer samples (Kume et al., 2014).

To enable an even more straightforward removal prior to LC-MS, a novel class of detergents, acid-
labile surfactants (ALS), has been developed. These detergents are cleaved by a low-pH
environment at elevated temperature and their hydrophobic part precipitates, while the remaining
part of the molecule is LC- and MS-compatible. RapiGest™ (Yu et al., 2003) is currently the most

widely used ALS. It effectively solubilizes membranes, while not limiting trypsin activity in
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concentrations up to 1% (Yu et al., 2003, Mbeunkui et al., 2011). Although ALS are easy to
remove and were shown to be comparably efficient when used side-by-side with SDS (Wu et al.,
2011 Anal ChimAca qyp et gl., 2012), ALS possess two limitations: 1) they are expensive compared to
conventional detergents, 2) the loss of the most hydrophobic peptides has been reported, due to co-

precipitation with the hydrophobic RapiGest fragment (Yu et al., 2003, Masuda et al., 2008).

4.1.4 Organic solvents in proteomics of IMPs

Organic solvents have mainly been used as an alternative to detergents in the “pre FASP” era to
perform large-scale proteomic analyses of IMPs. Most commonly, methanol has been used as
a co-solvent for IMP solubilization and digestion. In 60% methanol, trypsin activity is reduced to
one-fifth compared to aqueous buffer (Blonder et al., 2004"°™) and its specificity may also
decrease (Rietschel et al., 2009M°! Cell Proteomicsy " Nevyertheless, trypsin digestion assisted by
sonication in 60% methanol enabled the identification of over 700 IMPs in murine macrophage
membranes (Blonder et al., 2004’ Proteome Res) - Simyilarly, 50% trifluoroethanol has been used as
an agent for the solubilization of membranes (Zhang et al., 2007°*°™¢) and delipidated IMPs
(Ghosh et al., 2010). However, a recent side-by-side comparison showed that the use of organic
solvents is markedly inferior compared to detergents in terms of the total number of identified

IMPs (Moore et al., 2016).

Concentrated formic acid (FA) is an excellent solvent for the solubilization of membranes,
hydrophobic proteins and peptides (Zhao et al., 2013, Doucette et al., 2014). It is, however,
incompatible with most proteases including trypsin, and tends to generate uncontrolled damage to
protein samples, e.g. D-P bond cleavage (Piszkiewicz et al., 1970), and cause protein formylation
(Loo et al., 2007). This can, however, be prevented by working at low temperatures (Doucette
etal., 2014). Importantly, formic acid is an optimal solvent for the cleavage of proteins
and peptides with cyanogen bromide (CNBr, see chapter 4.1.6) (Fischer et al., 2006, Blackler
et al., 2008).

4.1.5 Chaotropes in the proteomics of IMPs

Chaotropes are used in proteomics for the disruption of protein-protein interactions
and maintaining the unfolded state of proteins. Urea and guanidine hydrochloride are used most
often. In contrast to detergents and organic solvents, chaotropes only denature proteins but do not
solubilize membranes or IMPs. Their optimal concentrations for protein denaturation (6 M

guanidine and 8 M urea) are, however, incompatible with reasonable trypsin activity, and lowering
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of their concentrations leads to protein refolding (Dormeyer et al., 2008, Mbeunkui et al., 2011,

Waas et al., 2014).

The role of chaotropes in membrane proteomics cannot be dismissed, as endoprotease Lys-C
remains active even at high urea concentrations. Digestion of a membrane sample with Lys-C in
6-8 M urea preceding the dilution of the chaotrope and sample re-digestion with trypsin has been
shown to improve the identification and coverage of IMPs in complex samples, and has become
one of the new standards in sample preparation (Dormeyer et al., 2008, Lund et al., 2009,
Wisniewski et al., 2009’ Proeome Res wigniewski & Mann, 2012). Digestion with Lys-C in 6-8 M
urea facilitates the solubilization and digestion of extra-membrane domains of IMPs; however, it

does not help to digest the long transmembrane segments that do not contain lysines.

4.1.6 Alternative cleavage strategies of IMPs

With the use of the novel or optimized solubilization strategies mentioned above, the number of
identified IMPs and their sequence coverage can be improved. Unfortunately, however, only to
a limited extent. Peptides of suitable size, compatible with LC-MS/MS, can be generated only with
an appropriate cleavage agent. Trypsin is optimal for standard soluble protein sequences
containing advantageous distributions of K and R residues (Ulmschneider et al., 2005). In
transmembrane segments of IMPs, however, these residues are scarce. The size of trypsin-
cleavable portions of IMPs varies from proteins with large extracellular domains down to very
short terminal or loop segments that may not provide enough sequence coverage for protein
identification (Eichacker et al., 2004, Sharpe et al., 2010). Peptides containing a transmembrane
a-helix are inevitably large (>30 amino acids) and highly hydrophobic, and may therefore adhere
to plastic surfaces, get lost during sample preparation, be retained on LC columns or exceed the
optimal mass for their efficient detection in MS. The use of different cleavage agents or their

combination for a proteomic analysis of IMPs may therefore represent a solution to this problem.

Chymotrypsin cleaves peptide bonds following the large aromatic amino acids phenylalanine,
tyrosine and tryptophan. It also cleaves (although with lower efficiency) after leucine
and methionine, i.e. amino acids occurring frequently in the hydrophobic transmembrane segments
of IMPs. Therefore, it has been suggested that digestion with chymotrypsin should be
advantageous in the analysis of IMPs (Fischer & Poetsch, 2006). Chymotrypsin has, however,
been used in only a limited number of technical studies and with varying results (Fischer et al.,

2006, Dormeyer et al., 2008, Frdnzel et al., 2009, Moore et al., 2016).
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Elastase cleaves at the C-terminal side of small neutral amino acids. It has been tested for use in
the analysis of a bacterial membrane proteome and was found to allow the identification of IMPs

based on transmembrane peptides (Rietschel et al., 2009™! Cell Proteomics)

Pepsin is a gastric enzyme active in an acidic environment. It cleaves mainly after aromatic (Y, F,
W) and hydrophobic (L, A, G) residues (Han et al., 2004, Rietschel et al., 2009°™°™ 1 5pez-
Ferrer et al., 2011). Its activity in acidic environments favors combination with FA, which has
been shown to be a potent solvent for hydrophobic proteins, and this combination was
demonstrated in Ma et al., 2010. The sequential pepsin and trypsin digestion was shown as being
beneficial, increasing the sequence coverage of IMPs compared to cleavage with trypsin only

(Golizeh et al., 2013).

Proteinase K is a nonspecific protease. It was used by Wu et al. to digest or “shave” the extra-
membrane domains of IMPs (Wu et al., 2003). More importantly, the method was later extended to
also include analysis of the hydrophobic transmembrane segments that remain protected from

the protease activity by the phospholipid bilayer (Blackler et al., 2008, see section 4.4).

The use of semi- or nonspecific proteases for the analysis of IMPs may seem advantageous, as it
overcomes the relative scarcity of tryptic cleavage sites - lysines and arginines. It should be noted,
however, that non-specifically cleaved peptides are usually more difficult to identify than tryptic
peptides due to their poorer ionization and fragmentation, which is caused by the lack of defined
positively charged C-termini. This also markedly increases the database search space, as more
possible peptides fall within the precursor mass tolerance and thus increases the false positive rates

(Gupta et al., 2011).

In addition to the available proteases, non-enzymatic protein cleavage is a less frequently used
alternative. Cyanogen bromide (CNBr) allows the sequence specific digestion of proteins in
an acidic environment (usually 90% FA or 70% trifluoroacetic acid). It reacts with methionine
and yields homoserine or homoserine lactone and an aminoacyl peptide fragment (see Figure 4.1)
Compared to endoproteases, CNBr treatment is very robust, reaching 90-100% cleaved

methionine sites with the exception of oxidized methionines (Gross & Witkop, 1962).
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Figure 4.1. The mode of action of CNBr. Taken from Gross, 1967.

CNBr is a convenient tool for the digestion of IMPs, since methionines occur at relatively
favorable intervals in transmembrane helices (Eichacker et al., 2004). A combination of trypsin
and CNBr digestion allows a higher sequence coverage of IMPs (van Montfort et al., 2002,
Fischer & Poetsch, 2006) and this approach has been applied to complex membrane samples
(Washburn et al., 2001, Fischer et al., 2006). Despite its advantages, CNBr has been rather
neglected, perhaps because of safety concerns due to its high toxicity. The minute amounts needed

for cleavage of a typical protein sample, however, do not pose a significant health risk.

4.1.7 “Divide and conquer” approaches

4.1.7.1 Proteomic approaches targeting the hydrophilic segments of IMPs

The amphipathic nature of IMPs represents the main obstacle to their solubilization, hampering
their analysis in the form of whole intact molecules by the standard proteomic methods. To
overcome this, several strategies that aim exclusively at either hydrophilic (extramembrane) or
hydrophobic (transmembrane) segments have been developed. The hydrophilic extra-membrane

segments of IMPs seem to provide an easier target.
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Currently, the most successful approach for the isolation of extracellular (soluble) segments of
plasma membrane proteins is cell surface capture (CSC). CSC uses the labeling of intact cells
with biotin-containing tags for subsequent streptavidin-based affinity capture. Biotinylation is
done with either primary amine-reactive tags (Elia et al., 2008, Hofmann et al., 2010), or, more
often, by labeling of periodate-oxidized sugar moieties of glycoproteins with hydrazide chemistry
(Gahmberg & Andesson, 1977, Bayer et al., 1988). After solubilization, digestion, and affinity
purification using streptavidin-coated beads, the glycopeptides are released enzymatically by
peptide-N-glycosidase F (PNGase F) and are subjected to MS/MS analysis. Wollscheid et al.
optimized this protocol (Wollscheid et al., 2009) and applied it to study a number of various
biological processes in combination with quantitative proteomic methods, either SILAC or label-
free analysis (Schiess et al., 2009, Hofmann et al., 2010, Gundry et al., 2012, Bock et al., 2012,
Moest et al., 2013, DeVeale et al., 2014, Tyleckova et al., 2016)

This method enables unprecedented enrichment of IMPs (reaching up to 90%) and has led to
the identification of up to 600 surface IMPs. Its success in the extensive number of publications
has even given rise to a new term - “surfaceomics.” Despite this, the CSC method has several
limitations: it requires live cells, and preferentially targets the N-glycoproteins of the plasma
membrane. Moreover, its laboriousness is possibly to blame for the limited number of research

groups that have adopted this technique.

The alternative to CSC for fresh or frozen tissues is called solid phase extraction of formerly N-
glycosylated glycoproteins (SPEG). This employs the conjugation of oxidized sugars to
hydrazide-coated beads (Zhang et al., 2003, Tian et al., 2007); washed glycopeptides are then
eluted with PNGase F and subjected to LC-MS. This has recently allowed the identification of

nearly 900 glycoproteins, with more than a half predicted as IMPs (Liu et al., 2014).

A similar surface-oriented approach combines FASP with lectin-affinity capture. Standard FASP
is followed by incubation of the digest with free lectins to enrich for N-glycosylated peptides,
and the peptides are then released by PNGase (Zielinska et al., 2010). This method was shown to
produce a high enrichment of IMPs (70%) and the identification of over 900 IMPs (Deeb et al.,
2014).

Despite the impressive numbers of identified IMPs, the methods that use the capture of
glycopeptides have an identical limitation: by exclusively targeting N-glycosylated peptides, other
peptides and proteins are omitted by these methods, limiting a complete and accurate description

of membrane proteomes.
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4.1.7.2 Proteomic approaches targeting the hydrophobic segments of IMPs

The methods targeting the extra-membrane soluble domains of IMPs are attractive, as they seem to
be the path of least resistance. A significant portion of each IMP, frequently a major part of
the molecule, remains hidden in the phospholipid bilayer. This makes it difficult to solubilize and,
more importantly, renders the transmembrane segments of IMPs inaccessible to standard
proteolytic digestion. On the other hand, this protective effect of the membrane can be exploited
after proteolytic digestion of all non-membrane proteins and extra-membrane parts of IMPs.

The protected transmembrane segments can be enriched and isolated.

The pioneering step taking advantage of the protective effect of phospholipid bilayer was taken by
Adele Blackler et al. (Blackler et al., 2008). In their approach, abbreviated as hppK-CNBr (high
pH, proteinase K and CNBr), a crude membrane fraction was washed with carbonate buffer
and treated with proteinase K, enabling the removal of soluble and membrane-associated proteins
and the extra-membrane parts of IMPs. Because the alkaline carbonate wash performed at low
temperature promotes the opening of membrane vesicles (Fujiki et al., 1982), it enabled
the digestion at both membrane surfaces (Wu et al., 2003). To achieve the optimal peptide length
for LC-MS, the enriched membrane-embedded segments of IMPs were solubilized in 90% formic
acid and re-digested with CNBr. Using this method, 670 proteins in human HeLa cells were
identified and 479 (72%) of them were IMPs. Importantly, two thirds of the identified IMPs were

identified by peptides overlapping with predicted transmembrane segments.

4.1.8 The current status of the proteomics of IMPs

The novel detergent removal methods have significantly improved the outputs of conventional,
trypsin-based approaches. The conventional approaches, however, still possess only a limited
ability to access the membrane proteome. Namely, the isolation and purification of membrane
material by centrifugation and carbonate and/or high-salt washes provides only limited
enrichment, which can lead to the omission of less-abundant IMPs in the analyses. Furthermore,
the deficit of trypsin (and Lys-C etc.) cleavage sites in a large part of IMPs leads to the omission of
highly hydrophobic proteins (containing several transmembrane helices) in the conventional,

trypsin-based approaches.

The alternative “divide & conquer” strategies circumvent the problem of the amphipathy of IMPs
by targeting either hydrophilic (extra-membrane) or hydrophobic (transmembrane) parts of IMPs.
An equally important principle in the “divide & conquer” strategies is the specific enrichment of

IMPs by isolating either glycosylated proteins/peptides (in CSC, glyco-FASP or SPEG) or
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phospholipid bilayer-protected segments of IMPs (hppK-CNBr). The use of an alternative
cleavage strategy, such as cleavage with CNBr, in combination with specific enrichment, may be

fundamental for accessing the insufficiently explored parts of the membrane proteome.

This introduction to proteomics of IMPs is based on our review, published in:

Integral membrane proteins in proteomics: How to break open the black box? Vit O, Petrak J.

Journal of Proteomics. 2017;153:8-20. (IF 2015: 3.867).

(See Appendix 4.)
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4.2 Development and application of a new method for proteomic analysis
of integral membrane proteins based on their transmembrane segments

A “divide & conquer” approach, targeting transmembrane segments of IMPs and employing
an alternative cleavage strategy potentially opens a new way to a description of the membrane
proteome. For this reason, we chose to follow the path indicated by the work of Wu & Blackler.
Their work (Blackler et al., 2008) specifically deals with two general problems of membrane
proteomics, namely IMP enrichment and the lack of trypsin cleavage sites. To enrich for IMPs (or
their transmembrane segments) their “hppK-CNBr” method combined a carbonate wash of
isolated membranes with proteolytic “shaving” of extra-membrane protein material with
proteinase K in carbonate buffer. This allowed digestion at both sides of membranes and a very
high enrichment of transmembrane segments of IMPs. The lack of lysine and arginines in
the hydrophobic stretches of IMPs has thus been elegantly solved by the inclusion of peptide
cleavage with CNBr.

This method allowed the identification of hundreds of IMPs in human cells with very high
enrichment. Another advantage of this pioneering method is that it is not limited to plasma
membrane proteins, since whole cell membrane material can be processed in this manner. In
the glyco-centric “divide and conquer” approaches, the enrichment is limited to glycosylated
proteins, i.e. predominantly plasma membrane proteins. Importantly, hppK-CNBr can also be
applied to frozen samples or tissue biopsies, contrary to other “divide and conquer” approaches

such as CSC.

Despite the obvious potential for tapping the valuable information hidden in the phospholipid
bilayer, the strategy has some features that precluded its universal adoption in the proteomic
community. These include the laborious multi-step workflow and application of less common
cleavage strategies (non-specific proteinase K and CNBr), and potentially also safety concerns
regarding CNBr. The non-specific proteinase K produces numerous overlapping peptides, leading
to excessive sample complexity. A sequence specific protease such as trypsin would preclude this
complication. Moreover, the use of trypsin would enable a quantitative analysis of IMPs — for
instance in connection with SILAC. In our presented work we modified several critical steps of
the method, namely a) we modified the membrane isolation and IMP enrichment, b) we used
trypsin instead of proteinase K, c) we optimized the conditions of peptide cleavage with CNBr,

and d) we applied an alternative method of sample delipidation.
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In reference to the acronym “hppK” of the original method, we propose the acronym
“hpTC” for our method, standing for high pH, Trypsin, CNBr. We applied the hpTC strategy
to the analysis of IMPs of human lymphoma cells.

4.2.1 Optimization of the membrane isolation and digestion protocol

The original method used time-consuming and laborious ultracentrifugation steps for membrane
enrichment. We replaced these unnecessary steps with a simple method combining cell
homogenization with a hypodermic needle, sedimentation of the unbroken cells and nuclei at
500xg, DNAse treatment to prevent the co-isolation of chromosomal DNA, and sedimentation of

the crude membrane fraction in a bench-top centrifuge at 18,000%g.

Alkaline carbonate washing at low temperatures opens membrane vesicles (Fujiki et al., 1982),
facilitates the removal of membrane associated proteins, and enables the non-specific proteinase K
used in the original hppK method to have access to both sides of the membrane. The non-specific
proteinase K produces numerous overlapping peptides, leading to excessive sample complexity.
We therefore replaced the proteinase K with specific trypsin. This required a decrease in the pH of
the buffer from ~11.5 of the carbonate buffer to pH ~8.5, to ensure high trypsin activity. A simple
exchange of the buffer to 50 mM ammonium bicarbonate (pH = ~8.5, already containing trypsin)
after pelleting the carbonate washed membranes proved to work well and to be more elegant. To
remove the extra-membrane peptides trapped inside of the re-formed vesicles, we further washed
the membranes with repeated freeze-thaw cycles in the alkaline carbonate buffer. This process
effectively digests most non-membrane proteins and the extra-membrane segments of IMPs. As
can be seen on the electron micrographs in Figure 4.2 C, the vesicles that have undergone tryptic

“shaving” are more sharply defined.

The carbonate wash of a crude whole-cell membrane fraction also introduced a major obstacle,
denaturation of chromosomal DNA in the basic environment. This was solved by short
centrifugation of the lysate (500%g, 5 minutes) to pellet the nuclei, and brief incubation of

the remaining lysate with deoxyribonuclease before the isolation of the final membrane fraction.
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Figure 4.2. Isolation, carbonate stripping and proteolytic shaving of membranes steps visualized by transmission
electron microscopy (TEM). A. The isolated crude membrane fraction consists of variously sized membrane
vesicles containing trapped proteins and other material. B. Carbonate stripping opens the vesicles and allows
release of trapped content. Since the sample was centrifuged during fixation for TEM, the opened membranes
appear to be stacked. C. After tryptic digestion, the membrane outlines are more sharply defined and the vesicles
appear empty compared to A. Because of previous opening and stacking, some of the resulting vesicles are

multilayered.

4.2.2 Re-digestion of trypsin-protected transmembrane segments and sample
delipidation

Transmembrane segments of IMP protected from trypsin activity remain embedded in
the phospholipid bilayer. A typical vertebrate transmembrane a-helix consists of 20-30 amino acids
(Sharpe et al., 2010) and the nearest trypsin cleavage sites from the edge of the phospholipid
bilayer adds some more residues. The resulting transmembrane peptides are therefore often too
large (5-8 kDa) for optimal LC-MS analysis and need to be further cleaved. Methionine residues
tend to occur frequently in the transmembrane alpha helices, and the specific chemical cleavage

with cyanogen bromide (CNBr) at methionine residues is therefore an optimal solution, and was
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used in the original hppK protocol. As the solvent for CNBr cleavage, the original protocol
employed 90% FA. This solvent, however, can cause damage to the peptide sample (as discussed
in chapter 4.1.4) even at the prolonged incubation at room temperature needed for CNBr cleavage.

For this reason, we decided to replace 90% FA with 70% trifluoroacetic acid (TFA).

After the chemical cleavage, the sample must be delipidated prior to the LC-MS. In the original
hppK-CNBr protocol, delipidation was done by lipid precipitation in aqueous-organic buffer. We
replaced the precipitation step with on-column delipidation using dichloromethane, originally
designed for the removal of non-ionic detergents (Rey et al., 2010). More importantly, as shown in
Figure 4.4, the resulting peptides identified in our study were on average more hydrophobic than
peptides identified in the original hppK-CNBr work, which may be a result of the different method

of sample delipidation. A summary of the hpTC workflow and key differences compared to

the original hppK-CNBr method are highlighted in Figure 4.3.

hppK-CNBr

sample homogenization

ultracentrifugation (80,000xg)
in discontinuous sucrose gradient

l
membrane fraction pelleted
at 20,000xg
l
carbonate wash
to remove soluble proteins

1
ultracentrifugation (135,000%g)

l
digestion with proteinase K
in carbonate buffer
with 8 M urea

membranes pelletet
(20,000xg)

l

solubiluzation in 90% FA
and digestion with CNBr

delipidation by lipid precipitation
in aqueous buffer
l
supernatant analyzed with MudPIT
(twelve 2-hour steps)

Figure 4.3. Comparison of the hppT-CNBr and hpTC workflows. Key differences are highlighted in bold.

hpTC
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1

removal of debris (500%g),
supernatant treated with DNase

membranes pelleted at 20,000xg

!

carbonate wash
to remove soluble proteins

|

membranes pelleted (18,000xg)
digestion with trypsin
in ammonium bicarbonate buffer

1
membranes pelleted (18,000xg)
1

carbonate wash
to remove soluble peptides
1

membranes pelleted (18,000xg)
1

solubilization in 70% TFA
and digestion with CNBr

delipidation with DCM
on a reversed-phase column

1
eluate analyzed with LC-MS
(two 2-hour runs)
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4.2.3 Proteomic analysis and bioinformatic assessment of the results

After optimization of the protocol, we employed our modified method for the analysis of the IMPs
of the human MCL cell line MINO. We aimed to validate the potential of the approach as a stand-
alone or complementary method to a standard proteomic analysis, and to inventarize
the membrane proteome of MCL cells. The works presented in Section I of this thesis used
conventional proteomic approaches for the analysis of changes associated with drug resistance.
Those conventional methods, however, do not enable the coverage of a significant part of IMPs,
among which potential drug targets may be included. Proteomic analysis aimed at IMPs might

therefore provide valuable data.

LC-MS/MS analysis of the sample generated by our hpTC approach from the human lymphoma
cell line MINO was performed using nano UHPLC with a 50 cm Thermo Scientific Acclaim
Easy-Spray PepMap C18 RSLC column heated to 40 °C. Peptides were eluted using a 90-minute
linear gradient of solvent B (80% acetonitrile) and detected with a Hybrid Quadrupole-Orbitrap

Mass Spectrometer Q Exactive plus (Thermo Fisher Scientific).

Proteome Discoverer v. 1.4 software was used for protein identification. The spectra were searched
using Sequest HT search engine against the human subset of the Swiss-Prot database with added
contaminant protein sequences. The search results were validated with a decoy database search

using Percolator with 0.01 FDR.

4.2.3.1 Protein and peptide structure

In two runs, 1,224 proteins with average sequence coverage of 12.2% were identified in the MCL
cell line MINO. 802 (65.5%) of the identifications were predicted to contain at least one
transmembrane domain by TMHMM (Tied Mixture Hidden Markov Model, Krogh et al., 2001).
We compared the hydrophobicity (GRAVY score, Kyte & Doolittle, 1982) of the identified
peptides in our dataset with the hydrophobicity of the peptides measured in Blackler et al., 2008.
The distribution of GRAVY scores supports the notion that our method of delipidation allows
the better recovery of hydrophobic peptides, since out dataset was slightly shifted towards peptides
with positive GRAVY scores, i.e. more hydrophobic peptides (see Figure 4.4).

The 802 identified IMPs contained 1-16 transmembrane segments (see Figure 4.5) according to
the TMHMM prediction. The distribution of transmembrane segments is in agreement with
a genome-wide prediction of the human proteome (Fagerberg et al., 2010), suggesting that hpTC

is not biased against more hydrophilic, nor against the most hydrophobic IMPs with many
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transmembrane segments. A bioinformatic assessment further showed that approximately half of
the unique identified peptides overlapped with the predicted transmembrane segments. A few

examples of the coverage of some of the identified proteins are shown in Figure 4.6.
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Figure 4.4. Comparison of the distribution of peptide hydrophobicity GRAVY score in our dataset with the results
of the original method by Blackler et al.
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Figure 4.5. Number of predicted transmembrane regions (based on TMHMM prediction) in the 802 IMPs

identified in our dataset.
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The importance of CNBr cleavage for the protocol is apparent from the high contribution of CNBr
cleaved peptides in the identification of IMPs. Approximately 75% of all observed peptides were
generated either with CNBr alone, or in combination with trypsin digestion. The CNBr
contribution, however, rose to 97% in the case of peptides overlapping with transmembrane

segments (Figure 4.7).

Cleavage specificity

Peptides
All peptides overlapping with transmembrane segments
2% 1%
2%
29% 26%
J5%
21%
26% 35%
CMNB-CHEr  » Trypsin-CNB1 CHBr-Trypsin. s Trypsin-Trypsin = Other CNB-CHEr »Trypsin-CRE: CHBr-Trypsin = Trypsin-Trypsin = Oifher

Figure 4.7. Relative contribution of CNBr and trypsin in our dataset. CNBr-CNBr denotes peptides formed by
CNBr cleavages on both termini, similarly Trypsin-Trypsin denotes fully tryptic peptides. Trypsin-CNBr
represents peptides formed by trypsin cleavage on N-terminus and CNBr cleavage on C-terminus and vice versa.

Others are peptides originating from protein N- or C-terminus.

4.2.3.2 Identity, localization and biology of the identified proteins

Among the identified IMPs were numerous transporters (both plasma membrane and inner
organellar transporters — ion channels, small molecule transporters, subunits of various ATPases),
membrane enzymes (e.g. enzymes that take part in the post-translational processing of proteins in
the endoplasmic reticulum and Golgi apparatus), receptors and signal transduction proteins
(growth factor receptors etc.), proteins with immunity-related activities (human leukocyte
antigens, cytokine receptors, various CD proteins) and other proteins. High abundant subunits of
the inner mitochondrial electron transport chain complexes were among the IMPs with the highest
number of identified peptides. The Gene Ontology annotations of a significant part of the
identified proteins, however, did not contain any information in the domains “biological function”

(127 proteins) or “molecular function” (274 proteins).
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The potential of the hpTC method is further accented by the identification of several so-called
“missing proteins.” These are the products of protein coding genes that have not been previously
detected on the protein level. This set of proteins has recently attracted the attention of the Human
Proteome Project, and the search for strategies to detect the remaining “missing proteins” has
become one of the priorities of the project (Lane et al., 2014). In our dataset, we found 13 such
“previously unseen” proteins that were in the NeXtProt database of missing proteins
(www.nextprot.org) at the time of submission of our paper. Six of them had been previously
detected only on transcript level (015342, 060478, Q14330, Q14656, Q5SWH9, Q6UWHS6),
the existence of 4 was based on homology (A8MWL7, A2A368, C9J798, P69849), and 3 were
classified as “uncertain” (060361, Q5T1J5, Q92928).

The high share of unknown proteins or proteins with unknown function illustrates how under-
explored the membrane environment is, and demonstrates the potential of our method for
the analysis of this membrane “black box”. The most problematic are small, highly hydrophobic
IMPs that do not contain enough trypsin cleavage sites and otherwise would not be identified
using standard trypsin-based proteomic approaches. The topological diagrams of OST4_HUMAN
and NU4LM_HUMAN in Figure 4.6 are examples of such IMPs.

We evaluated the localization of the identified IMPs based of their Gene Ontology annotations in
order to show whether the hpTC method allows access to all cellular membrane compartments.
Several identified proteins were annotated exclusively to the inner mitochondrial membrane
(ADP/ATP translocases 1-3, numerous components of respiratory chain), the endoplasmic
reticulum membrane (GlcNAc-1-P transferase, UDP-glucuronic acid/UDP-N-acetylgalactosamine
transporter), the Golgi apparatus membrane (Alpha-(1,6)-fucosyltransferase, Beta-1,4-
galactosyltransferase 3) and the nuclear membrane (lamin-B receptor, nucleoporin NDC). Surface
proteins of the plasma membrane were also identified, represented for instance by 48 CD (cluster
of differentiation) molecules (see Table 5.1). CD proteins expressed on the cell surface represent
promising targets of modern anti-cancer drugs including therapeutic antibodies, as exemplified by
rituximab targeting CD20, trastuzumab targeting-HER2 (CD340), and ipilimumab targeting
CTLA-4 (CD152) (Zhu et al., 2015). Information on the expression of CD markers in cancer cells
is therefore potentially valuable. Taken together, the identification of numerous proteins from each
cellular compartmental membrane confirms the ability of the method to access not only the plasma

membrane, but all cellular membranes.
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Table 5.1. The list of identified CD molecules.

CD No. |Accession (Entry name Protein name

CD10 |P08473 NEP_HUMAN Neprilysin

CD11a |P20701 ITAL_HUMAN Integrin o-L

CD18 |P05107 ITB2_HUMAN Integrin -2

CD19 |P15391 |CD19_HUMAN (B-lymphocyte antigen CD19

CD20 |P11836 CD20_HUMAN  |B-lymphocyte antigen CD20

CD21  |P41597 CCR2_HUMAN |C-C chemokine receptor type 2

CD27  |P26842 CD27_HUMAN  |CD27 antigen

CD32 P31994 FCG2B_HUMAN |Low affinity immunoglobulin y Fc region receptor II-b
CD39 |P49961 ENTP1_HUMAN |Ectonucleoside triphosphate diphosphohydrolase 1
CD40 P25942 TNR5_HUMAN  |Tumor necrosis factor receptor superfamily member 5
CD43 |P16150 LEUK_HUMAN |Leukosialin

CD45 P08575 PTPRC_HUMAN |Receptor-type tyrosine-protein phosphatase C

CD47 Q08722 CD47_HUMAN |Leukocyte surface antigen CD47

CD48 P09326 CD48_HUMAN CD48 antigen

CD50 P32942 ICAM3_HUMAN |Intercellular adhesion molecule 3

CD53 P19397 CD53_HUMAN Leukocyte surface antigen CD53

CD54 P05362 ICAM1_HUMAN |Intercellular adhesion molecule 1

CD63  |P08962 CD63_HUMAN  |CD63 antigen

CD70 P32970 CD70_HUMAN CD70 antigen

CD71 P02786 TFR1_HUMAN Transferrin receptor protein 1

CD72 P21854 CD72_HUMAN B-cell differentiation antigen CD72

CD74 P04233 HG2A_HUMAN |HLA class II histocompatibility antigen y chain
CD79a |P11912 CD79A_HUMAN |B-cell antigen receptor complex-associated protein  chain
CD79b |P40259 CD79B_HUMAN |B-cell antigen receptor complex-associated protein (3 chain
CD81 |P60033 CD81_HUMAN |CD81 antigen

CD82 |P27701 CD82_HUMAN  |CDB82 antigen

CD84 QIUIB8 |SLAF5_HUMAN [SLAM family member 5

CD92 Q8WWI5 |CTL1_HUMAN |Choline transporter-like protein 1

CD97 P48960 CD97_HUMAN CD97 antigen

CD98 P08195 4F2_HUMAN 4F2 cell-surface antigen heavy chain

CD99 |P14209 CD99_HUMAN  |CD99 antigen

CD102 (P13598 ICAM2_HUMAN |Intercellular adhesion molecule 2

CD107a |P11279 LAMP1_HUMAN |Lysosome-associated membrane glycoprotein 1
CD132 |P31785 IL2RG_HUMAN |Cytokine receptor common subunit y

CD147 |P35613 BASI_HUMAN Basigin

CD159a |P26715 NKG2A_HUMAN |NKG2-A/NKG2-B type II integral membrane protein
CD184 |P61073 CXCR4_HUMAN |C-X-C chemokine receptor type 4

CD185 |P32302 CXCR5_HUMAN |C-X-C chemokine receptor type 5

CD192 |P41597 CCR2_HUMAN |C-C chemokine receptor type 2

CD197 |P32248 CCR7_HUMAN  |C-C chemokine receptor type 7

CD205 |0O60449 LY75_HUMAN Lymphocyte antigen 75

CD217 |Q96F46 [17RA_HUMAN |Interleukin-17 receptor A

CD222 |P11717 MPRI_HUMAN |Cation-independent mannose-6-phosphate receptor
CD225 |[P13164 IFM1_HUMAN Interferon-induced transmembrane protein 1

CD230 |P04156 PRIO_HUMAN Major prion protein

CD289 |Q9NR96 |TLR9_HUMAN |Toll-like receptor 9

CD298 |P54709 AT1B3_HUMAN |Sodium/potassium-transporting ATPase subunit (-3
CD361 |P34910 EVI2B_HUMAN |Protein EVI2B
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4.2.3.3 Contaminants

The carbonate washes and digestion with trypsin were efficient in removing the majority of
soluble proteins and peptides, but not all. Besides IMPs, approximately a third of the list of
proteins identified in our study were non-membrane proteins (proteins without predicted

membrane domains). There may be several explanations or reasons for this.

We observed contamination with high-abundant cytosolic, cytoskeletal as well as nuclear proteins.
The cleavage products of these high copy number proteins may nonspecifically interact with
phospholipid bilayers, and this may prevent their complete removal. Some soluble proteins, as in
the case of histones, have even been shown to directly interact with membranes (Watson et al.,
1999, Hariton-Gazal et al., 2003). Membrane-associated proteins and subunits of transmembrane
multi-protein complexes with no predicted transmembrane segment may have tight specific
interactions with the membrane, or can be shielded from the proteolytic activity of trypsin by other

subunit components.

Despite the presence of contaminating soluble proteins in our analysis results, two thirds of
the identified proteins were IMPs. This enrichment of IMPs is high compared to conventional
proteomic analyses of membrane proteins, usually ranging between 20-40% of IMPs,

and demonstrates the high efficacy of the hpTC method.

4.2.4 The potential use of hpTC in quantitative proteomic analyses

Our hpTC strategy enables high enrichment and identification of hundreds of IMPs in complex
samples, and can be used as a stand-alone method. The combination of hpTC with
a complementary method, such as cell surface capture, or a standard proteomic analysis, should
provide even more robust information on the membrane proteome. To obtain relevant biological
data, however, quantitative analysis is usually needed. Implementation of trypsin instead of
proteinase K not only decreases the sample complexity, but also makes it compatible with SILAC
labeling (see chapter 2.1.2.2) potentially enabling such a quantitative analysis (at least in growing

cells).

We evaluated the content of the SILAC-suitable amino acids arginine (R) and lysine (K) in
the unique peptides identified in our analysis. Nearly 83% of the peptides contained either R or K
(see Figure 4.8). This would theoretically allow “double” SILAC labeling to provide semi-

quantitative information from our hpTC analysis. With the addition of labeled leucine (L), which
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by itself also accounts for 83%, the “triple” labeling with R, K and L. would provide semi-

quantitative data on 97% of all identified peptides.

Presence of SILAC-compatible amino acids
100 o1 93%

83% 81%

Percent of peptides

e vy S &

Figure 4.8. Percentage of unique peptides identified in our analysis containing SILAC-compatible amino acids

lysine (K), arginine (R) and leucine (L).

4.2.5 Discussion

We modified the original hppK-CNBr method, and in reference to it, we use the abbreviation
hpTC (high pH, trypsin, CNBr). We demonstrated that our hPTC strategy, combining trypsin
digestion of the intact membrane fraction with the CNBr cleavage of trypsin-protected
transmembrane segments, enables very high enrichment and the analysis of hundreds of IMPs

from all cellular compartments.

We modified several steps of the original method. In particular, we eliminated the use of
ultracentrifugation, used deoxyribonuclease for the removal of co-isolated chromosomal DNA,
and, most importantly, we replaced the non-specific proteinase K with trypsin. This modification
eliminates the production of multiple overlapping peptides and increases the method's sensitivity,
and opens a new way toward combining this method with SILAC or label-free quantification. We
also employed on-column sample delipidation with dichloromethane, a method originally devised
for detergent removal (Rey et al., 2010) instead of lipid precipitation in the aqueous-organic

solvent used in Blackler et al., 2008.
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Our improved strategy enabled us to identify 1,224 proteins in human lymphoma cells, including
802 (65.5%) IMPs with 1 to 16 transmembrane domains. Roughly half of the unique peptides
belonging to IMPs overlapped with predicted transmembrane segments. Membrane proteins
annotated to all cellular compartments were present among the identified proteins. Moreover, this
method enabled us to identify thirteen so-called “missing proteins”, i.e. proteins with no previous

evidence at the protein level.

In contrast to several other strategies, our method is not limited to glycosylated IMPs of
the plasma membrane, as in glyco-capture methods such as CSC and glyco-FASP (described in
detail in chapter 4.1.7.1). By focusing on membrane-embedded segments of IMPs, the method
enables the effective enrichment of IMPs. In combination with the dual trypsin-CNBr cleavage,
this allows the identification of otherwise problematic small, hydrophobic and low-abundant
proteins. Taken together, this method is well suited for sensitive analysis of the membrane
proteome. Due to the amphipathic nature of IMPs, a combination of the hpTC approach with
a soluble-peptide oriented method such as CSC or glycoFASP and a suitable quantitative approach

might provide the best results and enable deep expression analyses of membrane proteomes.

The results of this work were published in:

Large-scale identification of membrane proteins based onanalysis of trypsin-protected
transmembrane segments. Vit O, Man P, Kadek A, Hausner J, Sklenar J, Harant K, Novak P,

Scigelova M,Woffendin G, Petrak J. Journal of Proteomics 2016;149:15-22. (IF 2015: 3.867).

(See Appendix 5.)
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4.3 Conclusions to Section II

In the last decade, technological progress in mass spectrometry, novel methods for detergent
removal, and methods for the enrichment of glycoproteins has enabled significant improvements

in analyzing the previously nearly-inaccessible membrane proteome.

The conventional proteomic approaches for analysis of IMPs, which target IMPs as whole
molecules, benefited significantly from the introduction of FASP for SDS removal and the use of
SDC and its removal by phase separation. These improvements allowed several impressive large-
scale analyses of membrane proteins. Alternative strategies that utilize the “divide and conquer”
principle, oriented toward soluble glycosylated peptides of IMPs (CSC, SPEG and glyco-FASP),
also significantly improved our knowledge of the membrane proteome. Our modified “hpTC”
method based on the “hppK-CNBr” has a potential to shed light on the so-far unexplored depths of
the membrane proteome. Its major advantages that enable the detection of the least-explored IMPs

are primarily:

e the high enrichment of hydrophobic IMPs, based on membrane protection of

the transmembrane segments from protease activity

e the combination of the conventional and alternative sequence-specific proteolytic agents

trypsin and CNBr.

The information provided by the three approaches —conventional methods, glyco-capture methods
and hpTC — are nonetheless complementary. A combination of all three will probably be needed to
obtain more comprehensive insights into the inaccessible parts of the membrane proteome. For
instance, a combination of the glyco-capture approach with complementary analysis of
the hydrophobic segments in one biological sample can be envisioned. Such a combination might
provide unprecedented coverage of the membrane proteome. If combined with a quantitative
method, e.g. SILAC labeling, such a combined analysis should provide a thorough and more

complete snapshot.

Ultimately, more efficient analyses of the membrane proteome could provide valuable data about
changes in the expression of IMPs, which have been difficult to obtain with conventional
proteomic methods. That there are plenty of target proteins of already-approved drugs among
IMPs. By widening the global view of protein expression on such an important class of proteins,
a complementary analysis of IMPs could allow the identification of suitable drug targets

and treatment strategies in disease models or even in personalized medicine.
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5 Final conclusions

In the works presented in this thesis, we demonstrated that proteomics can provide detailed
insights into quantitative changes in the proteomes of drug resistant cancer cells. Namely, we
identified causal and secondary contributing or compensatory changes in MCL cells with acquired
resistance to three different anti-cancer drugs. Detailed knowledge of the molecular landscape of
drug-resistant cancer cells is a prerequisite for successful therapy. Based on the information
obtained by proteomics, we were able to propose appropriate therapeutic strategies, or conversely,
predict which drugs would be ineffective in the treatment of drug resistant cells. We believe that
our works provide a proof of concept that a detailed proteomic analyses of small populations of

cancer cells can be used in the clinical setting and direct individualized therapies in the near future.

Despite the enormous progress in proteomic technologies in the last decade, there are still
shortcomings that need to be addressed. The inadequacy of standard proteomic workflows for
integral membrane proteins is one of the most insistent. New paradigms and innovative approaches
are needed. We followed an unexplored path toward the analysis of the membrane proteome,
and presented a modified and improved method for the analysis of membrane proteins via their
membrane-embedded peptides. This method, abbreviated as hpTC, allows the detection of
the least-accessible, less-abundant and highly hydrophobic IMPs. We applied the method in
the analysis of the membrane proteome of MCL cells. IMPs are an important part of the proteome
and physiology of cells and the majority of current drugs target IMPs. Methods such as hpTC
capable of accessing the membrane proteome are therefore essential to biomedical research. We
believe that future applications of hpTC may provide new insights into biomedical problems
including cancer drug resistance, identification of sensitive diagnostic markers and suitable drug

targets.
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Abstract. Mantle cell lymphoma (MCL) is a rare aggressive
type of B-cell non-Hodgkin's lymphoma. Response to chemo-
therapy tends to be short and virtually all patients sooner or later
relapse. The prognosis of relapsed patients is extremely poor.
The tumor necrosis factor-related apoptosis-inducing ligand
(TRAIL) is considered one of the novel experimental molecules
with strong antitumor effects. TRAIL triggers extrinsic apop-
totis in tumor cells by binding to TRAIL ‘death receptors’ on
the cell surface. Recombinant TRAIL has shown promising
pro-apoptotic effects in a variety of malignancies including
lymphoma. However, as with other drugs, lymphoma cells can
develop resistance to TRAIL. Therefore, the aim of this study
was to identify the molecular mechanisms responsible for, and
associated with TRAIL resistance in MCL cells. If identified,
these features may be used as molecular targets for the effec-
tive elimination of TRAIL-resistant lymphoma cells. From an
established TRAIL-sensitive mantle cell lymphoma cell line
(HBL-2) we derived a TRAIL-resistant HBL-2/R subclone. By
TRAIL receptor analysis and differential proteomic analysis of
HBL-2 and HBL-2/R cells we revealed a marked downregula-
tion of all TRAIL receptors and, among others, the decreased
expression of 3 key enzymes of purine nucleotide metabolism,
namely purine nucleoside phosphorylase, adenine phosphoribo-
syltransferase and inosine-5'-monophosphate dehydrogenase 2,
in the resistant HBL-2/R cells. The downregulation of the 3 key
enzymes of purine metabolism can have profound effects on
nucleotide homeostasis in TRAIL-resistant lymphoma cells
and can render such cells vulnerable to any further disruption
of purine nucleotide metabolism. This pathway represents a
‘weakness’ of the TRAIL-resistant MCL cells and has potential
as a therapeutic target for the selective elimination of such cells.
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Introduction

Mantle cell lymphoma (MCL) is a rare agressive type of B-cell
non-Hodgkin's lymphoma with an estimated annual incidence
in Europe of 0.45/100,000 individuals (1). MCL is a biologically
and clinically heterogeneous disease; the immunophenotype
of neoplastic cells reflects the phenotype of cells similar to
lymphocytes in the mantle zone of normal germinal follicles (2).
The genetic hallmark of MCL cells is a translocation between
chromosomes 11 and 14, t(11;14)(q13;q32), juxtaposing the
gene for immunoglobulin heavy chain and the gene encoding
cyclin D1. This results in cyclin D1 overexpression (3,4).

The standard of care for newly diagnosed MCL patients is
combined immunochemotherapy alternating rituximab-CHOP
(R-CHOP; cyclophosphamide, vincristine, doxorubicin and
prednisone) and R-HDAC (high-dose cytarabine). The addition
of rituximab and HDAC to CHOP has improved the survival of
MCL patients in the last 2 decades from 3 to 5 years. However,
the response to therapy tends to be short and virtually all
patients sooner or later relapse. There is no standard of care for
relapsed or refractory MCL patients. Salvage therapy usually
comprises diverse regimens based on fludarabine, gemcitabine,
cisplatin, bendamustine, bortezomib (inhibitor of 26S protea-
some) or temsirolimus (inhibitor of mTOR). Recently, several
new experimental molecules have shown promise in the therapy
of relapsed or resistant MCL, including lenalidomide (immuno-
modulatory agent), ibrutinib (PCI-32765, inhibitor of Bruton's
tyrosine-kinase), new monoclonal antibodies (e.g., anti-CD20
ofatumumab), as well as other agents (5). Combination thera-
pies are currently being evaluated in clinical trials; however,
novel drugs are required.

The tumor necrosis factor-related apoptosis-inducing ligand
(TRAIL) is considered one of the novel experimental molecules
with strong antitumor effects. TRAIL is a type II transmem-
brane protein from the tumor necrosis factor superfamily (6,7)
expressed mostly by cells of the immune system (natural killer
cells, cytotoxic T-cells, macrophages and dendritic cells).
The main function of this molecule is thought to be in tumor
immunosurveillance, but its actual molecular role remains to
be elucidated.

TRAIL can trigger extrinsic apoptotis in target cells by
binding to TRAIL death receptors located on the cell surface (8).
This interaction is performed by a long extracellular C-terminal
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region of the TRAIL molecule. There are 4 distinct cell surface
TRAIL receptors in humans (DcR1, DcR2, DR4 and DRS5)
encoded by separate genes (9,10). However, only DR4 and DR5
contain a functional death domain (structurally conserved
protein interaction domain) and are capable of signaling apop-
tosis. Two decoy receptors (DcR1 and DcR?2) lack a functional
death domain and inhibit TRAIL signaling by competing with
death receptors for TRAIL (9,10). The binding of TRAIL to
DR4 or DRS leads to receptor homotrimerization and formation
of the death-inducing signaling complex (DISC) (11). Through
the DISC a caspase machinery is activated, which results in
apoptosis (12). TRAIL death receptors DR4 and DRS are ubiq-
uitously expressed, indicating that most tissues and cell types
are potential targets of TRAIL signaling (13). Nevertheless,
TRAIL seems to induce apoptosis only in tumor cells but not in
healthy tissues. Due to its selective pro-apoptotic effect, TRAIL
has attracted much attention for its possible use in cancer
therapy. In vitro, a recombinant soluble TRAIL molecule has
shown cytostatic or cytotoxic effects in a wide variety of tumor
cell lines, including leukemia and lymphoma cells, but not in
normal cells (6,7,10,11,14-19). The administration of a recom-
binant soluble TRAIL molecule has been shown to induce the
regression or complete remission of tumors in tumor xenograft
models (11,20-26). The efficacy of recombinant TRAIL and
agonistic antibodies recognizing either receptor DR4 or DRS5
has been investigated in numerous clinical trials, as recently
reviewed (27).

TRAIL has also shown promising pro-apoptotic effects in
a variety of lymphoma cell lines including MCL (15). However,
as with other drugs, cancer cells can develop resistance to
TRAIL following prolonged exposure to sublethal doses of
TRAIL (14,28). Resistance to TRAIL-mediated apoptosis can
arise due to changes at the cell membrane level (typically by
loss of expression or mutation of functional DR4 and/or DRS at
the cell surface) or on the intracellular level (such as incorrect
formation of DISC and abberant expression of caspases) (29).
The successful therapy of malignancies in general, and particu-
larly those with very poor prognosis, such as MCL, depends
on the effective management of drug resistance. An in-depth
understanding of the processes involved in the development
of drug resistance and a detailed description of secondary
molecular changes associated with resistance are essential for
successful cancer therapy. Specific molecular changes which
occur in drug-resistant cells can confer a potential selective
disadvatage to such cells and may be used as targets for the
effective elimination of drug-resistant lymphoma cells.

The aim of this study was to elucidate the molecular
mechanisms responsible for TRAIL resistance in MCL cells,
as well as the secondary molecular alterations associated
with this process. We also aimed to identify the phenotypic
features specific for TRAIL-resistant MCL cells. If identified,
these molecular features can be, at least theoretically, used
as molecular targets for the effective elimination of TRAIL-
resistant lymphoma cells in experimental therapies.

Materials and methods
Cell growth and cellular toxicity assay. HBL-2 cells were grown

in Iscove's modified Dulbecco's medium in the presence of
10% foetal bovine serum, 1% penicillin-streptomycin solution

POSPISILOVA et al: IMPAIRED PURINE METABOLISM IN TRAIL-RESISTANT MCL CELLS

in a 37°C humidified atmosphere with 5% CO,. TRAIL-
resistant HBL-2/R cells were derived by selective pressure
of increasing concentrations of human recombinant TRAIL
(Apronex Biotechnologies, Czech Republic) up to 1,000 ng/ml
in medium from the wild-type HBL-2 cells in 5 weeks. The
toxicity of TRAIL to HBL-2 and HBL-2/R was measured
using the colorimetric WST-8-based Quick Cell proliferation
Assay kit II (BioVision, San Francisco, CA, USA) according
to the manufacturer's instructions. Briefly, 40,000 cells were
seeded in a 96-well plate in 300 pl of medium supplemented
with increased concentrations of TRAIL up to 1,000 ng/ml
in medium for 1-4 days. After the addition of WST reagent,
absorbance was measured on a Sunrise microplate absor-
bance reader (Tecan Group Ltd., Médnnedorf, Switzerland)
with a 450 nm reading filter and 630 nm reference filter. The
absorbance of free medium was used as the background level,
triplicate samples were grown and measured for each cell type
and TRAIL concentration. Mean values were calculated. All
chemicals were purchased from Sigma-Aldrich (St. Louis, MO,
USA) unless specified otherwise.

Flow cytometric analysis. HBL-2 and HBL-2/R cells (2x10°
cells for each assay) were washed in PBS buffer (0.5% foetal
bovine serum in PBS), stained with phycoerythrin-conjugated
antibodies against TRAIL receptors DR4, DRS5, DcR1 and
DcR2 (anti-hTRAIL R1, anti-hTRAIL R2, anti-hTRAIL R3
and anti-hTRAIL R4; R&D Systems, Minneapolis, MN, USA)
and analyzed by flow cytometry in triplicate (FASCCanto II,
BD Biosciences, San Jose, CA, USA). Unstained cells and cells
incubated with isotype controls served as the background fluo-
rescence controls.

Sample preparation for two-dimensional electrophoresis.
HBL-2 and HBL-2/R cells (6x107) were harvested, washed
twice with PBS and cell pellets were frozen and stored at -80°C.
Samples were thawed and homogenized in lysis buffer [7 M
urea, 2 M thiourea, 4% CHAPS, 60 mM dithiothreitol (DTT)
and 1% ampholytes (Bio-Lyte 3-10 Buffer, Bio-Rad, Hercules,
CA, USA)] and protease inhibitor cocktail (Roche Diagnostics
GmbH, Mannheim, Germany) for 20 min at room tempera-
ture with occasional vortexing. Samples were sedimented at
18,000 x g for 20 min at room temperature, supernatants were
collected and protein concentration was determined by the
Bradford assay (Bio-Rad). Protein concentrations in all samples
were equalized to 3.3 mg/ml by dilution with lysis buffer.

Two-dimensional electrophoresis. PG strips (pH 4.0-7.0,24 cm;
ReadyStrip, Bio-Rad) were rehydrated overnight in 450 ul of
sample, representing 1.5 mg of protein. Isoelectric focusing was
performed for 70 kVh, with maximum voltage not exceeding
5 kV, current limited to 50 pA per strip and temperature set to
20°C (Protean IEF Cell, Bio-Rad). Six replicates were run for
each cell type. Focused strips were briefly rinsed in deionized
water, equilibrated and reduced in equilibration buffer supple-
mented with DTT (6 M urea, 50 mM Tris pH 8.8, 30% glycerol,
2% SDS and 450 mg DTT per 50 ml) for 15 min and then
alkylated in equilibration buffer with iodacetamide (1.125 mg
iodacetamide per 50 ml of the buffer). Equilibrated strips
were then secured on 10% SDS-PAGE and secured in place by
molten agarose. SDS-PAGE electrophoresis was performed in
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a Tris-glycine-SDS system using a 12-gel Protean Dodeca Cell
apparatus (Bio-Rad) with buffer circulation and external cooling
(20°C). Gels were run at a constant voltage of 45 V per gel for
30 min and then at a constant voltage of 200 V for 6 h. Gels
were washed 3 times for 15 min in deionized water to remove
redundant SDS. Gels were then stained with colloidal Coomassie
Brilliant Blue (SimplyBlue™ Safestain, Invitrogen, Carlsbad,
CA, USA) overnight and briefly de-stained in deionized water.

Gel image analysis and extraction of peptides. Stained gels
were scanned with GS 800 calibrated densitometer (Bio-Rad)
and image analysis was performed with Progenesis™ soft-
ware (Nonlinear Dynamics, Ltd., Newcastle upon Tyne, UK)
in semi-manual mode with 6 gel replicates for each cell type.
Normalization of gel images was based on total spot density,
and integrated spot density values (spot volumes) were then
calculated after background subtraction. Average spot volume
values (averages from the all 6 gels in the group) for each spot
were compared between the groups. Protein spots were consid-
ered differentially expressed if their average normalized spot
volume difference was >1.5-fold. As determined by the Student's
t-test, a p-value <0.05 was considered to indicate a statistically
significant difference.

Protein digestion and peptide extraction. Spots containing
differentially expressed proteins were excised from the gels, cut
into small pieces and washed 3 times with 25 mM ammonium
bicarbonate in 50% acetonitrile (ACN). The gels were then dried
in a SpeedVac Concentrator (Eppendorf, Hamburg, Germany).
Sequencing grade modified trypsin (Promega, Madison, W1,
USA) (6 ng/ul of trypsin in 25 mM ammonium bicarbonate in
5% ACN) was added. Following overnight incubation at 37°C,
the resulting peptides were extracted with 50% ACN.

Matrix-assisted laser desorption/ionization-time of flight mass
spectrometry (MALDI-TOF MS) and identification of selected
proteins. Peptide samples were spotted on a polished steel
target plate (Bruker Daltonics, Bremen, Germany) and allowed
to dry at room temperature. Matrix solution (3 mg o-cyano-4-
hydroxycinnamic acid in 1 ml of 50% ACN containing 0.1%
trifluoroacetic acid) was then added. MS was performed
on an Autoflex II MALDI-TOF/TOF mass spectrometer
(Bruker Daltonics) using a solid nitrogen laser (337 nm) and
FlexControl software (Bruker Daltonics) in reflectron mode
with positive ion mass spectra detection. The mass spectrometer
was externally calibrated with Peptide Calibration Standard II
(Bruker Daltonics). Spectra were acquired in the mass range
800-4,000 Da. The peak lists were generated using FlexAnalysis
and searched against Swiss-Prot (2011 version, 524420
sequences) using Mascot software. The peptide mass tolerance
was set to 50 ppm, taxonomy Homo sapiens, missed cleavage
was set to 2, fixed modification for cysteine carbamidomethyl-
ation, and variable modifications for methionine oxidation and
protein N-terminal acetylation.

Western blot analysis. Cells were lysed in NHT buffer
(140 mM NaCl, 10 mM HEPES, 1.5% Triton X-100, pH 7.4).
Protein concentration in the collected supernatants was
determined by the Bradford assay (Bio-Rad). Lysate samples
(25-70 pug) were combined with SDS loading buffer containing
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2-mercaptoethanol and boiled for 5 min. Triplicate samples
were separated on 12% SDS-PAGE minigels in Tris-glycine
buffer (Bio-Rad). Electrophoresis was performed at a constant
voltage for 30 min at 45 V per gel, and then at 90 V per gel until
the dye front reached the gel bottom. Proteins were transferred
onto 0.45 ym PVDF membranes (Milipore, Billerica, MA,
USA) in a semi-dry blotter (Hoefer, San Francisco, CA, USA)
at 0.8 mA/cm? of membrane. Membranes were incubated with
blocking buffer containing PBS (Invitrogen), 0.1% Tween-20
and 5% non-fat dried milk for 1 h. As primary antibodies
anti-adenine phosphoribosyltransferase (APRT; 1:1,000, rabbit
polyclonal antibody), anti-purine nucleoside phosphorylase
(PNP; 1:1,000, mouse monoclonal antibody) and anti-GAPDH
(1:10,000, rabbit polyclonal antibody) were used. After thor-
oughly washing in blocking buffer, a secondary horseradish
peroxidase-conjugated anti-mouse or anti-rabbit antibody was
added (1:10,000). GAPDH was used as the loading control. The
signal was detected using Western Blotting Luminol Reagent
(Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA) and
membranes were exposed to X-ray films (Kodak, Rochester, NY,
USA). All used antibodies were from Santa Cruz Biotechnology.

Results

Molecular changes associated with the generation of drug-
resistant cells can confer potential selective disadvantage. Such
a ‘weakness’ may be used as druggable target for effective
elimination of drug-resistant lymphoma cells. Our aim was to
elucidate the molecular changes associated with the development
of TRAIL resistance in (originally TR AIL-sensitive) MCL cells
in order to identify such a cellular ‘weakness’ of TR AIL-resistant
MCL cells. To identify the specific protein expression changes in
the TRAIL-resistant cells, we derived a TRAIL-resistant HBL-2
subclone (HBL-2/R) from the originally TR AIL-sensitive HBL-2
cell line, and performed differential analysis of the surface
expression of TRAIL receptors and comparative proteomic
analysis of the HBL-2/R and HBL-2 cells.

TRAIL-resistant cell line. The TR AIL-resistant HBL-2 subclone
(HBL-2/R) was derived from the originally TRAIL-sensitive
HBL-2 cell line by selective pressure of increasing TRAIL
concentration in medium over 5 weeks. While the IC,, for
TRAIL in the originally sensitive HBL-2 cells was 1 ng/ml at
48 h (data not shown), the resulting HBL-2/R subclone prolifer-
ated in up to 1,000 ng/ml TRAIL concentration in medium and
was therefore >1,000-fold more resistant to TRAIL than the
HBL-2 cells (Fig. 1).

TRAIL receptors - flow cytometric analysis of cell surface
expression. The attenuated expression of TRAIL death recep-
tors DR4 and DRS has been previously described as a cause
of TRAIL resistance. We therefore determined the relative
expression of TRAIL receptors in HBL-2 and HBL-2/R cells by
flow cytometry (Fig. 2). The expression of DR4, DR5, DcR1 and
DcR2 in the HBL-2/R cells was markedly decreased compared
to the HBL-2 cells. The marked downregulation of death recep-
tors DR4 and DRS5 explains the resistance of the HBL-2/R cells
to TRAIL, while the downregulation of decoy receptors DcR1
and DcR2 may indicate further, more complex phenotypic
changes in the HBL-2/R cells.
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Figure 1. Relative cytotoxicity of TRAIL. Viability of TRAIL-sensitive HBL-2
cells and TRAIL-resistant HBL-2/R cells after 78 h in medium with recombi-
nant TRAIL was determined by WTS-based colorimetric assay. Absorbance
value of HBL-2 cells grown in medium without TRAIL was set to 1.
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Figure 2. Cell surface expression of TRAIL receptors. HBL-2 and HBL-2/R
cells were labeled with phycoerythrin-conjugated antibodies against the
TRAIL cell surface receptors, DR4, DR5, DcR1 and DcR2, and the expression
of the receptors was analyzed by flow cytometry. Cells without staining and
isotype controls served as the blank controls.

Proteomic analysis. In order to identify specific changes in
protein expression associated with TR AIL resistance in HBL-2/R
cells, we performed comparative proteomic analysis of cellular
homogenates of HBL-2/R and TRAIL-sensitive HBL-2 cells.
Using two-dimensional electrophoresis of total cell lysates, we
reproducibly detected 820 protein spots on Coomassie Brilliant
Blue-stained gels. We found 21 protein spots to be significantly
quantitatively changed (upregulated or downregulated, change
>1.5-fold; p<0.05) in HBL-2/R cells (Fig. 3). Using MALDI-TOF/
TOF mass spectrometry we identified all 21 proteins differen-
tially expressed in HBL-2/R cells (Table I).

Functional annotations of the identified differentially
expressed proteins were analyzed using the Kyoto Encyclopedia
of Genes and Genomes (KEGG) database. Among the 21 identi-
fied proteins we found molecules involved in diverse functions,
including cytoskeleton regulation, ribosome synthesis and
maturation, RNA metabolism, chromosome translocation,
DNA repair and replication, as well as protein folding. However,
one pathway was markedly enriched in our set (hsa00230 -
purine metabolism) represented by 3 differentially expressed
proteins. These 3 molecules are key enzymes of the purine
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Figure 3. Two-dimensional electrophoresis of HBL-2 and HBL-2/R cells was
performed on 24-cm gel strips, pH 4.0-7.0, 10% SDS-PAGE. Proteins were
stained with Coomassie Brilliant Blue. Differentially expressed proteins are
indicated by numbered arrows (spots 1-11 indicate downregulated proteins in
HBL-2/R cells, and spots 12-21 indicate upregulated proteins in HBL-2/R cells).

nucleotide metabolism (Fig. 5) and all 3 are downregulated
in TRAIL-resistant HBL-2/R cells [PNP (downregulated
1.6-fold in HBL-2/R cells), APRT (downregulated 2.2-fold in
HBL-2/R cells) and inosine-5-monophosphate dehydrogenase 2
(IMPDH2, downregulated 1.6-fold in HBL-2/R cells)].

Verification of proteomic analysis. To confirm the results of
proteomic analysis by an independent method we verified
the decreased expression of the 2 proteins involved in purine
metabolism, namely PNP and APRT, by western blot analysis
in HBL-2 and HBL-2/R cell lysates (Fig. 4).

Discussion

The downregulation of the 3 key enzymes of purine metabo-
lism can have a profound effect on nucleotide homeostasis
in TRAIL-resistant lymphoma cells. Purine nucleotides,
the building blocks for synthesis of DNA, RNA and enzyme
co-factors, are recruited either from de novo purine synthesis
from low molecular weight precursors or by recycling of free
nucleobases in the so-called salvage pathway. Both pathways
lead to the production of nucleoside-5'-phosphates (Fig. 5). Both
pathways can supply cellular demand independently; however,
their importance in different tissues is variable. In leukemic
and lymphoma cells the salvage pathway is considered the
major source of purine nucleotides (30,31).
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Table I. List of proteins differentially expressed in HBL-2/R cells (difference at least 1.5-fold and statistical significance p<0.05).

Spot Swiss-Prot Protein name Fold Mascot Sequence Mr
no. no.* change score®  cov. (%)°
Proteins upregulated in HBL-2/R cells
1 P04792 Heat shock protein f3-1 39 84 51 22826
2 P42704 Leucine-rich PPR motif-containing protein, mitochondrial 2.6 100 23 159003
3 075351 Vacuolar protein sorting-associated protein 4B 2.6 171 32 49443
4 P23381 Tryptophanyl-tRNA synthetase, cytoplasmic 24 240 54 53474
5 P20591 Interferon-induced GTP-binding protein Mx1 22 176 42 75872
6 P09211 Glutathione S-transferase P 19 110 56 23569
7 P06396 Gelsolin 19 115 22 86043
8 P13010 X-ray repair cross-complementing protein 5 1.7 262 46 83222
9 Q9HAV7 GrpE protein homolog 1, mitochondrial 1.6 99 44 24492
10 043776 Asparaginyl-tRNA synthetase, cytoplasmic 1.5 250 41 63758
11 Q15084 Protein disulfide-isomerase A6 1.5 76 29 48490
Proteins downregulated in HBL-2/R cells
12 P08559 Pyruvate dehydrogenase E1 component subunit o 32 111 32 43952
13 P19338 Nucleolin 24 146 29 76625
14 P07741 Adenine phosphoribosyltransferase 22 227 79 19766
15 075792 Ribonuclease H2 subunit A 1.7 348 72 33716
16 Q07955 Serine/arginine-rich splicing factor 1 1.7 82 35 27842
17 P00491 Purine nucleoside phosphorylase 1.6 182 68 32325
18 P12268 Inosine-5'-monophosphate dehydrogenase 2 1.6 230 44 56226
19 P40121 Macrophage-capping protein 1.6 102 41 38760
20 P13674 Prolyl 4-hydroxylase subunit a-1 15 234 48 61296
21 Q15019 Septin-2 1.5 62 26 41689

sSwiss-Prot no. is the code under which the identified protein is deposited in the Swiss-Prot database. ®Mascot score helps to estimate the
correctness of the individual hit. It is expressed as -10 x log(P) where P is the probability that the observed match is a random event. “Sequence

coverage is the number of amino acids spanned by the assigned peptides divided by the sequence length.
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Figure 4. Relative expression of purine nucleoside phosphorylase (PNP) and adenine phosphoribosyltransferase (APRT) in HBL-2 and HBL-2/R cell lysates
determined by western blot analysis. (A) Triplicate cell lysates were separated on 12% SDS-PAGE minigels. Proteins were then transferred onto PVDF mem-
branes, blocked and probed with either anti-APRT, or anti-PNP antibody. Anti-GAPDH antibody was used as the loading control. The bands were visualized by
HRP-conjugated secondary antibodies. (B) The values of integrated optical densities of PNP and APRT in HBL-2 cells were set to 100.

The de novo synthesis of purine nucleotides requires
5-phosphoribosyl-1-pyrophosphate (PRPP), ATP, glutamine,
glycine, CO,, aspartate and formate to create the first fully
formed nucleotide, inosine-5'-monophosphate (IMP). IMP
represents a branch point for purine biosynthesis, since it can
be converted either to guanosine-5'-monophosphate (GMP) by
IMPDH?2 (downregulated in HBL-2/R cells) or to adenosine-
5'-monophosphate (Fig. 5).

The catabolism of purine nucleotides leads to the liberation
of free purine bases by PNP (downregulated in HBL-2/R cells).
In the salvage pathway the free bases are reconverted back to
nucleoside-5'-monophosphates in a reaction with activated
sugar (PRPP) catalyzed by APRT (downregulated in HBL-2/R
cells) or hypoxanthine-guanine phosphoribosyltransferase (32)
(Fig. 5). Ribonucleotides are converted by ribonucleotide reduc-
tase into the corresponding deoxyribonucleotides.
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Figure 5. Scheme of the purine metabolism pathways, showing the position of IMPDH2, APRT and PNP in purine nucleotide biosynthesis, adopted from a pre-
vious study (35). The de novo synthesis of purine nucleotides begins with the phosphorylation of ribose-5-phosphate to form PRPP. In a number of reactions, PRPP
creates the first fully formed nucleotide, IMP. IMP is converted by IMPDH2 to GMP. PNP catalyzes the reversible cleavage of purine nucleosides, releasing purine
nucleobases (adenine, hypoxanthine, xanthine and guanine). In the salvage pathway the free nucleobases can be reconverted back to nucleoside-5'-monophosphates
in a reaction with activated sugar (PRPP) catalyzed by APRT. IMPDH2, inosine-5'-monophosphate dehydrogenase 2; APRT, adenine phosphoribosyltransferase;
PNP, purine nucleoside phosphorylase; PRPP, 5-phosphoribosyl-1-pyrophosphate; IMP, inosine-5'-monophosphate; GMP, guanosine-5'-monophosphate; dADP,
deoxyadenosine diphosphate; ADP, adenosine diphosphate; GDP, guanosine diphosphate; dGDP, deoxyguanosine diphosphate; AMP, adenosine monophosphate;

XMP, xanthosine monophosphate.

The delicate balance of enzyme activities and concentra-
tions of products and intermediates are critical for purine
(nucleotide) homeostasis. The inhibition of PNP results in
the accumulation of its substrate, 2'-deoxyguanosine which
is further phosphorylated to deoxyguanosine triphosphate
(dGTP). A high intracellular concentration of dGTP inhibits
cell proliferation and induces apoptosis (33-35). If APRT
is inhibited, accumulated adenine is oxidized to insoluble
2.8-dihydroxyadenine. Accumulation of this precipitate results
in cell death (32). Similarly, the inhibition of IMPDH?2 leads
to depletion of guanosine nucleotides, which blocks DNA
synthesis and cell division (36,37).

Disruption of the purine nucleotide metabolism generally
results in an accumulation and/or a lack of ribonucleotides
or deoxyribonucleotides or metabolic intermediates with
potentially cytotoxic consequences. The observed decreased
expression of the 3 purine metabolism enzymes affects both
de novo synthesis and the salvage pathway of purine metabo-
lism and may also affect purine nucleotide homeostasis in
TRAIL-resistant HBL-2/R cells. Such an imbalance may
represent a selective disadvantage for the affected cells. Such
a ‘weakness’ may not be apparent under normal circumstances
but may become critical under stress or unfavorable condi-
tions. As the proliferation rates of HBL-2/R and HBL-2 cells
are comparable, the proposed imbalance in purine nucleotide
metabolism in TRAIL-resistant cells is possibly mild and/
or well compensated in vitro. However, this ‘weakness’ may
become apparent due to lack of building blocks for DNA and

RNA synthesis in the environment or upon further disruption of
purine metabolism. Since both pathways of purine metabolism
are compromised in TRAIL-resistant MCL cells, these cells
should be vulnerable to further inactivation of purine nucleo-
tide metabolism enzymes. Therefore, drugs that target (already
disbalanced) purine metabolism should be highly cytotoxic
to TRAIL-resistant cells (compared to non-malignant cells)
and may therefore be selectively effective in the elimination
of TRAIL-resistant MCL cells in experimental therapy. There
are several approved inhibitors of purine metabolism, such as
methotrexate (inhibits purine de novo synthesis via dihydrofo-
late reductase) (38), ribavirin and mycophenolic acid (inhibitors
of IMPDH?2) (39,40) or forodesine (a novel inhibitor of PNP)
(41,42), available for clinical use.

The adaptation of cancer cells to cytostatic and cytotoxic
drugs is associated to a certain degree with extensive changes
in the cell phenotype. Some of the molecular changes, although
seemingly unrelated to the mechanism of resistance, can provide
a selective disadvantage to the cells and such a ‘weakness’
may be used as a potential therapeutic target. By the presented
proteomic analysis of the changes associated with resistance to
TRAIL in MCL HBL-2 cells, we demonstrated the downregula-
tion of all types of TRAIL receptors and identified the altered
expression of several proteins including 3 enzymes of the purine
metabolism pathway. This downregulated pathway potentially
represents a ‘weakness’ of the TRAIL-resistant MCL cells and
has potential as a therapeutic target for the selective elimination
of such cells in the future.
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Abstract

Background: Mantle cell lymphoma (MCL) is an aggressive type of B-cell non-Hodgkin lymphoma associated with
poor prognosis. Implementation of high-dose cytarabine (araC) into induction therapy became standard-of-care for
all newly diagnosed younger MCL patients. However, many patients relapse even after araC-based regimen. Molecular
mechanisms responsible for araC resistance in MCL are unknown and optimal treatment strategy for relapsed/refractory
MCL patients remains elusive.

Methods: Five araC-resistant (R) clones were derived by long-term culture of five MCL cell lines (CTRL) with increasing
doses of araC up to 50 microM. lllumina BeadChip and 2-DE proteomic analysis were used to identify gene and protein
expression changes associated with araC resistance in MCL. In vitro cytotoxicity assays and experimental therapy of MCL
xenografts in immunodeficient mice were used to analyze their relative responsiveness to a set of clinically used anti-MCL
drugs. Primary MCL samples were obtained from patients at diagnosis and after failure of araC-based therapies.

Results: Marked downregulation of deoxycytidine-kinase (DCK) mRNA and protein expression was identified as the single
most important molecular event associated with araC-resistance in all tested MCL cell lines and in 50% primary MCL
samples. All R clones were highly (20-1000x) cross-resistant to all tested nucleoside analogs including gemcitabine,
fludarabine and cladribine. In vitro sensitivity of R clones to other classes of clinically used anti-MCL agents including
genotoxic drugs (cisplatin, doxorubicin, bendamustine) and targeted agents (bortezomib, temsirolimus, rituximab)
remained unaffected, or was even increased (ibrutinib). Experimental therapy of immunodeficient mice confirmed the
anticipated loss of anti-tumor activity (as determined by overall survival) of the nucleoside analogs gemcitabine and
fludarabine in mice transplanted with R clone compared to mice transplanted with CTRL cells, while the anti-tumor
activity of cisplatin, temsirolimus, bortezomib, bendamustine, cyclophosphamide and rituximab remained comparable
between the two cohorts.
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relapse after failure of araC-based therapies.

Spectrometry

Conclusions: Acquired resistance of MCL cells to araC is associated with downregulation of DCK, enzyme of the
nucleotide salvage pathway responsible for the first phosphorylation (=activation) of most nucleoside analogs used in
anti-cancer therapy. The data suggest that nucleoside analogs should not be used in the therapy of MCL patients, who

Keywords: Mantle cell lymphoma (MCL), Cytarabine, Drug resistance, Nucleotide salvage pathway, Proteomics, Mass

Background

Mantle cell lymphoma (MCL) is an aggressive type of B-
cell non-Hodgkin lymphoma (NHL) associated with poor
prognosis [1,2]. In recent years several studies brought evi-
dence that implementation of high-dose cytarabine (araC)
into induction therapy, e.g. by sequential chemotherapy
by R(ituximab)-CHOP and R-DHAP regimens, induced
higher response rate and prolonged progression-free sur-
vival compared to R-CHOP-only [3-5]. Based on these re-
sults, implementation of araC into induction therapy
became standard of care for all newly diagnosed younger
MCL patients. Despite considerable improvement, how-
ever, most high-risk MCL patients relapse even after araC-
based first-line regimen. Prognosis of relapsed/refractory
(RR) MCL is dismal. Currently, there is no second-line
standard-of-care for RR-MCL [6]. Available treatment ap-
proaches for RR-MCL include cisplatin, fludarabine, cladri-
bine, gemcitabine, temsirolimus, bortezomib, bendamustine,
lenalidomide and ibrutinib-based regimen [7-16].

AraC belongs among the backbone anti-leukemia
agents [17]. Both, “standard dose” araC (100-200 mg/m?2
continuous i.v. infusion for 7 days), and “high dose” araC
(HDAC, 2-3 g/m2, 2—4 iv. three hour administrations
every 12—24 hours) have been widely used in the therapy
of acute myelogenous leukemia (AML), as well as in sal-
vage regimen for relapsed B-NHL [18,19]. As mentioned
above araC appears particularly effective component of
multi-agent aggressive immunochemoterapy regimen
used in younger MCL patients.

AraC is a prodrug, which must be 1. transported into the
cell, and 2. within the cell converted into an active drug by
phosphorylation by specific phosphokinases of the nucleo-
tide salvage pathway [20]. During “standard dose” cytar-
abine administration araC is transported into the cell
by means of specific transporters, primarily via hENT1/
SLC29A1 [21]. During high-dose cytarabine administration
araC also diffuses across plasma membrane independent
of the specific transporters [22]. The rate-limiting enzyme
of the nucleotide salvage pathway is deoxycytidine-kinase
(DCK), which catalyzes the first phosphorylation of araC
into araCMP. AraCMP is retained in the cell and under-
goes two additional consecutive phosporylations before it
can be incorporated into DNA.

The molecular mechanisms of araC resistance in MCL
are unknown. Resistance to araC in myeloid leukemia
cells was repeatedly associated with altered expression of
genes involved in nucleotide salvage pathway, including
downregulation of DCK, or upregulation of key araC-
inactivating enzymes, namely cytidine-deaminase (CDA)
or cytoplasmic 5'nucleotidase (NT5C2) [20-25].

In this study we derived araC-resistant MCL cells,
studied their sensitivity to a battery of anti-cancer drugs
and elucidated the molecular mechanism responsible for
araC resistance in MCL.

Results

Establishment and characterization of araC-resistant MCL
clones (R clones)

Five araC-resistant MCL clones (=R clones) were estab-
lished by long-term culture of five cytarabine-sensitive
MCL cell lines (JEKO-1, MINO, REC-1, HBL-2 and
GRANTA-519, =CTRL cell lines) in the presence of in-
creasing doses of araC (up to 50 puM, comparable with
plasma concentration reached in patients treated with
high-dose araC) [26]. Resistance of R clones to araC was
confirmed in vitro by proliferation assays (Figure 1). The
R clones tolerated at least 125-1000-fold higher concen-
trations of araC compared to CTRL cells (Figure 1).

Gene expression profiling of R clones revealed

downregulation of deoxycytidine-kinase (DCK)

To identify gene and protein expression changes associ-
ated with araC resistance in MCL we performed parallel
transcriptome profiling and proteomic analysis of R clones
compared to CTRL cell lines. Transcriptomic analysis was
performed for each of the 5 MCL cell lines and their re-
spective R clones in biological duplicates using Illumina
BeadChips. The filtered groups of genes with fold change
at least + 1.5-fold and adjusted p value < 0.05 were anno-
tated and arranged into biologically relevant categories
using The Database for Annotation, Visualization and In-
tegrated Discovery (DAVID, Additional file 1: Figure S1).
Based on Gene Ontology (GO) terms, the downregulated
genes were involved in ribosome structure and function,
cell cycle, RNA degradation, antigen processing and pres-
entation, purine metabolism and pyrimidine metabolism
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(Additional file 1: Figure S1A). Among the most upregu-
lated gene groups belonged those involved in graft-vs-host
disease, alograft rejection, B-cell receptor signaling, cell
adhesion molecules, chemokine signaling pathway and
Toll-like receptor signaling (Additional file 1: Figure S1B).
The only gene consistently differentially expressed across
all 5 MCL cell lines was DCK, which was markedly down-
regulated in all R clones. Other genes differentially
expressed in more than one MCL cell line are shown in
Additional file 2: Table S1. Proteomic analysis using 2-DE
was applied to Mino R subclone compared to Mino CTRL
cell line, and revealed differential expression of several
proteins, among them almost 5-fold downregulation of
DCK in the Mino R subclone was the most apparent
(Figure 2, Tables 1 and 2). Downregulation of DCK pro-
tein (the rate-limiting enzyme of the nucleotide salvage
pathway, which catalyzes the first phosphorylation of araC
and other nuclosides into their respective monopho-
sphates) was confirmed by western blotting in all five R
clones (Figure 3). DCK expression seemed to be fully ab-
rogated in four R clones (as there was no detectable DCK)
and several-fold downregulated in one R clone compared
to the CTRL cells.

AraC-resistant clones are cross-resistant to nucleoside
analogs, but remain sensitive to other classes of
anti-lymphoma agents

To identify optimal treatment strategy for araC-resistant
MCL we determined sensitivity (or eventual cross-resistance)
of all 5 R clones in a battery of cellular toxicity tests. We
exposed R clones and CTRL cells to a panel of clinically
used anti-MCL agents in various concentrations and mea-
sured their effect on cell proliferation rate. The tested
agents included both, classical genotoxic cytostatics and
novel targeted drugs. The panel included alkylating agents
cisplatin, doxorubicin and bendamustine, nucleoside ana-
logs gemcitabine, cladribine and fludarbine, and targeted
drugs bortezomib (proteasome inhibitor), temsirolimus
(mTOR inhibitor) and ibrutinib (Bruton tyrosine-kinase
(BTK) inhibitor). All five R clones (resistant to a pyrimi-
dine analog cytarabine) showed cross-resistance not only
to another pyrimidine analog gemcitabine (up to 3125-
fold), but also to purine nucleoside analogs fludarabine
and cladribine (approx. 12.5-500-fold, see Figure 4A,B).
Sensitivity of the resistant R clones to other classes of
anti-lymphoma agents (i.e. other than nucleoside ana-
logs) remained comparable to the respective CTRL cells
(Figure 4C,D), with the exception of ibrutinib. The
BTK inhibitor ibrutinib proved to be significantly more
cytotoxic to R clones compared to CTRL cells in vitro (see
Figure 4C,D, Additional file 3: Figure S2). R clones also
retained in vitro sensitivity to anti-CD20 monoclonal anti-
body rituximab comparable to CTRL cells as determined
by *Cr release assay, which is standardly used to evaluate
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Figure 2 Proteomic analysis of MINO R vs MINO CTRL cells.
Two-dimensional electrophoresis of cells MINO R cell versus MINO
CTRL cells was performed on 24 cm gel strips, pH 4.0-7.0, 10% SDS-
PAGE. Proteins were stained with Coomassie Brilliant Blue. Differen-
tially expressed proteins are indicated by numbered arrows, spots 1-
3 indicate proteins significantly downregulated in MINO R cells, and
spots 4-7 indicate proteins upregulated in MINO R cells.

antibody-dependent cytotoxicity (ADCC) and complement-
mediated cytotoxicity (CMC) of therapeutic monoclonal
antibodies (Figure 5).

Experimental therapy with fludarabine and gemcitabine

is ineffective in mice xenografted with araC-resistant
clones

The in vitro tests of cellular toxicity provided important
information on direct cellular effects of the tested drugs
to the resistant cells. However, in vitro assays do not
take into account important systemic pharmacokinetic
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Table 1 List of proteins differentially expressed in MINO R cells identified by 2-DE

Spot no.  Accession Protein name Fold change = Mascot score  Sequence cov. (%) Mr
Proteins downregulated in MINO R cells
1 P27707 Deoxycytidine kinase -46 44" 16 30841
2 Q99829 Copine-1 -43 102 17 59649
3 P1379% Plastin-2 -2 453 65 70814
Proteins upregulated in MINO R cells
4 PO7741 Adenine phosphoribosyltransferase 5 70 40 19766
5 P68363 Tubulin alpha-1B chain 5 169 32 50804
6 P04792 Heat shock protein beta-1 2/3 73 32 22826
7 P31937 3-Hydroxyisobutyrate Dehydrogenase, Mitochondrial 2/1 43% 8 35712

*|dentity of proteins with low Mascot Score was verified by MS/MS (see Table 2).

Included are the proteins with difference in expression at least 2-fold and statistical significance of the change p < 0.05. Swiss-Prot no. is the code under which
the identified protein is deposited in the Swiss-Prot database. Mascot score helps to estimate the correctness of the individual hit. It is expressed as —10 x log(P)
where P is the probability that the observed match is a random event. Sequence coverage is the number of amino acids spanned by the assigned peptides

divided by the sequence length.

and pharmacodynamic variables, which can have large
impact on the drug efficacy in vivo. In addition, some
anti-MCL agents cannot be properly tested in vitro, be-
cause their mechanism of antitumor activity directly or
indirectly depends on the in vivo context, e.g. activation
of a prodrug cyclophosphamide in the liver microsome,
cooperation of a monoclonal antibody rituximab with
complement and cells of the immune system, or antian-
giogenic component of temsirolimus activity. Therefore,
we used a mouse xenograft model (NOD.Cg-Prkdc*®
Ierg’mIWﬂ/SZ] mice) of MCL to simulate in vivo treat-
ment of araC-sensitive and araC-resistant disease. Intra-
venous injection of 1 million JEKO-1 MCL cells leads
to demise of the xenografted animals due to dissemi-
nated lymphoma with median overall survival of approx.
38 days. Experimental therapy of JEKO-1-xenografted
immunodeficient mice with single-agent fludarabine and
gemcitabine confirmed total loss of anti-tumor activity
of purine analog fludarabine and pyrimidine analog
gemcitabine (measured as overall survival of experimental
animals) in mice transplanted with cytarabine-resistant
JEKO-1 R clone compared to mice transplanted with
cytarabine-sensitive JEKO-1 CTRL cells (Figure 6). Anti-
tumor activity of cisplatin, temsirolimus, bendamustine,
bortezomib, cyclophosphamide and rituximab remained
comparable between JEKO-1 R clone and JEKO-1 CTRL-
xenografted mice in agreement with the in vitro tests
(Figure 6).

Analysis of primary MCL samples confirmed that
downregulation of DCK is frequently associated with
failure of high-dose araC-based treatments

Eight and two primary MCL samples obtained from pa-
tients at diagnosis (D1-D8) and at lymphoma relapse
after failure of high-dose araC-based treatments (R1-R8)
were analyzed by real-time RT-PCR and western blotting,
respectively (Table 3, Figure 7A). In four cases downregu-
lation of DCK gene expression was observed in R com-
pared to D samples (difference in ACT (DCK-GAPDH)
between R and D samples was>1 cycle), while in four
cases no change was observed (difference in ACT <1
cycle) (Table 3). Western blotting analysis of the sample
R2 compared to D2 revealed marked downregulation of
protein DCK thereby confirming the gene expression
results (i.e. 4-fold decrease in total DCK mRNA after
araC-based therapy). Interestingly, protein DCK in the
sample R6 compared to D6 was also moderately down-
regulated despite its gene expression remained virtually
unchanged (Figure 7A, Table 3). In addition to the analysis
of MCL samples obtained from the relapsed patients,
paired primary cells isolated from two MCL patients
(samples D9/R9, and D10/R10) refractory to araC were
subject to analysis of gene and protein expression, and de-
termination of their ex vivo sensitivity to nucleoside ana-
logs (Figure 7B,C). The samples were obtained before
araC administration (D9, D10), and 14 days after araC
administration (R9, R10). Downregulation of both gene

Table 2 Identity of differentially expressed proteins with low mascot score confirmed by MS/MS

Spot no. Accession Protein name Peptide sequence Score
1 p27707 Deoxycytidine kinase LKDAEKPVLFFER, QLCEDWEVWWPEPVAR 41, 46
7 P31937 3-Hydroxyisobutyrate Dehydrogenase, Mitochondrial DFSSVFQFLREEETF (C-term), SPILLGSLAHQIYR 49, 28
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Figure 3 Western blot analysis confirms marked downregulation
of protein DCK in all R clones. Relative expression of deoxycytine
kinase (DCK) in all five R and CTRL clones. Quadruplicate cell lysates
were separated on 12% SDS-PAGE minigels. Proteins were then
transferred onto PVDF membranes, blocked and probed with anti-DCK
antibody. Anti-GAPDH antibody was used as the loading control.

and protein DCK expression was confirmed in R9 com-
pared to D9 cells (Figure 7B). Sensitivity of R9 cells to araC,
fludarabine and gemcitabine was significantly suppressed
compared to D9 cells (Figure 7C). Both gene expression
and protein expression of R10 compared to D10 sample
remained unchanged (Figure 7B). Interestingly, susceptibil-
ity of R10 cells compared to D10 cells to undergo apoptosis
after their ex vivo exposure to araC was increased despite
the fact that R10 cells were isolated after administration of
four cycles of high-dose araC (Figure 7C).

Discussion

In this study we analyzed molecular mechanisms of araC
resistance in five MCL cell lines and ten paired primary
MCL samples obtained before and after araC-based ther-
apies. In addition, we tested optimal treatment strategies
for cytarabine-resistant MCL. On molecular level we
identified marked and principal downregulation of DCK,
the rate-limiting enzyme of nucleotide salvage pathway, in
all 5 cytarabine-resistant MCL clones, and in 50% primary
MCL samples obtained from patients, who progressed on
or relapsed after araC-based treatments. In 50% primary
MCL samples, no change of DCK expression was ob-
served at time of lymphoma relapse or progression.
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Importantly, no upregulation of DCK was observed in
any of the analyzed post-treatment samples. Although the
analysis of the primary MCL samples indicate that the
mechanisms responsible for araC resistance in vivo are
more complex than those observed in vitro, it must be
emphasized that downregulation of gene and protein
DCK was indeed confirmed in a substantial part of the pa-
tients’ post-treatment samples (Table 3, Figure 7A,B).
Interestingly, in one of the two MCL patients primary re-
sistant to araC, no change of DCK expression was
observed with slightly increased ex vivo sensitivity of
post-treatment MCL cells to araC (Figure 7B,C). This
observation could be explained by existence of araC-
resistant stem cell-like MCL cells that would reside in
the niches in lymph nodes (and/or bone marrow) and
produce partially araC-sensitive MCL cells mobilized in the
peripheral blood. In such a case, elimination of the mobi-
lized MCL cells, but persistence of the stem cell-like MCL
compartment, would lead to stable disease, and eventual
lymphoma progression (which was the actual course of
the disease observed in this patient).

DCK catalyzes the first phosphorylation (=activation
necessary for their cytotoxic activity) not only of araC
into araCMP, but also of most nucleoside analogs (both
pyrimidine and purine-derived) commonly used in anti-
cancer therapy. Using DAVID bioinformatic analyzer
purine/pyrimidine metabolism, and B-cell receptor sig-
naling were among the functional cathegories associated
with the most downregulated and upregulated genes, re-
spectively. In accordance with these results we subse-
quently showed that all R clones were cross-resistant to
both pyrimidine analog gemcitabine, and to purine ana-
logs fludarabine and cladribine (all of which are acti-
vated by DCK). Sensitivity of R clones to other types of
anti-cancer molecules including genotoxic cytostatics
(cisplatin, doxorubicin, bendamustine), targeted drugs
(temsirolimus, bortezomib) or biological agents (monoclo-
nal anti-CD20 antibody rituximab) remained unaffected,
or was even augmented in the case of BTK inhibitor ibru-
tinib. The reason, why ibrutinib more effectively elimi-
nated araC-resistant MCL cells remained elusive, but
might be at least partially explained by the observed up-
regulation of B-cell receptor signaling in R clones com-
pared to CTRL cells (Additional file 1: Figure S1).

The results of our in vitro and in vivo tests combined
with the observed decreased expression of DCK in all
araC-resistant MCL clones and in 50% post-treatment pri-
mary MCL samples suggest that the resistance of MCL
cells to high-dose araC is caused by suppressed araC activa-
tion by DCK due to markedly decreased DCK expression.
DCK has low substrate preference and phosphorylates
both, purines and pyrimidines, including synthetic analogs
cytarabine, fludarabine, gemcitabine and cladribine [27-29].
The fact that above-mentioned nucleoside analogs are
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Figure 4 R clones are cross-resistant to nucleoside analogs, but remain sensitive to other classes of anti-lymphoma agents. (A-D) WST-8 cell
proliferation assays of CTRL cells and R clones were carried out as described in Methods. Maximal absorbance obtained from the untreated cells during
the particular experiment (MAX,) was arbitrary set as 100%. Absorbance of medium without cells was used as background (B). For each cell population
(both, unexposed and drug-exposed) and for each measurement (M, M,, Ms...My) the proliferation curve was calculated as follows:

(My - B)/(MAX, - B). As a consequence, proliferation curves of untreated cells always peak at 100%, while proliferation curves of drug-exposed cells
can terminate below or above 100%. One representative example of two independent experiments carried out both on JEKO-1 (A, C) and MINO

(B, D) is shown. Data from the remaining three MCL cell lines (HBL-2, GRANTA-519 and REC-1) are not shown, because they did not significantly differ
from those presented for the JEKO-1 and MINO cells. In summary, all 5 R clones were cross-resistant to the tested nucleoside analogs, but remained
sensitive to other classes of anti-lymphoma agents with negligible differences between particular MCL cell lines. The only exception to the rule was
markedly (>100-fold) increased sensitivity of REC-1 R clone to ibrutinib compared to REC-1 CTRL cells (see Additional file 3: Figure S2). The remaining

4 MCL cell lines (JEKO-1, MINO, GRANTA-519 and HBL-2) showed only approx. 2-fold increased sensitivity to ibrutinib compared to the corresponding

CTRL cells. Standard deviations were < 5% for all measurements presented in Figure 4.

substrates of DCK explains the observed cross-resistance
of R clones to all tested nucleoside analogs, both purine-
and pyrimidine-derived. Retained sensitivity to other clas-
ses of anti-MCL agents (i.e. other than nucleoside analogs)
with diverse molecular mechanisms of their respective
antitumor activities suggests that no major additional mo-
lecular alteration was involved in the development of araC
resistance.

Prognosis of patients with relapsed/refractory MCL
(RR-MCL) is dismal. Currently there is no standard-of-
care for RR-MCL patients. Second-line treatment ap-
proaches include fludarabine, gemcitabine, cladribine,
cisplatin, bortezomib, temsirolimus, bendamustine, lena-
lidomide and ibrutinib-based regimen. We have proved
in vitro and in vivo on a mouse xenograft model of MCL
that treatment of patients, who progress on or relapse
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Figure 5 R clones remain sensitive to anti-CD20 monoclonal antibody rituximab. °'Cr release assay was used to assess the impact of the
anti-CD20 monoclonal antibody rituximab on complement mediated cytotoxicity (CMC) and antibody dependent cellular cytotoxicity (ADCC).
CMC was measurable only in HBL-2 cells (both CTRL and R), but was negligible in the remaining four MCL cell populations (both CTRL and R).

In HBL-2 R clone the CMC was significantly increased compared to CTRL. ADCC was measurable in all five MCL cell lines. In JEKO-1 R clone the
ADCC was slightly decreased compared to CTRL. In GRANTA-519 R clone the ADCC was significantly increased compared to CTRL. In MINO, REC-1
and HBL-2 the ADCC remained comparable between R clone and CTRL cells.
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Figure 6 Experimental therapy of mice xenografted with JEKO-1 CTRL and JEKO-1 R cells. Overall survival of experimental animals is shown as
Kaplan-Meier survival estimates. Loss of anti-tumor activity was observed for the nucleoside analogs fludarabine and gemcitabine in the therapy of

R clone-xenografted mice (dashed lines) when compared to CTRL-xenografted mice (solid lines). Other classes of anti-lymphoma agents retained the
antitumor activity in both CTRL- and R clone-xenografted mice. Individual cohorts contained 6 animals. For more details see Methods.
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after high-dose araC-based regimen should not rely on
nucleoside analogs, namely on the currently used agents
fludarabine, gemcitabine and cladribine, since all of them
must be phosphorylated by DCK to exert their anti-
lymphoma activity. Instead, other classes of anti-lymphoma
drugs should be applied in case of araC failure, i.e. in the
setting of anticipated araC-resistance. Some of these agents
have only recently been approved for the therapy of re-
lapsed/refractory (RR-) MCL, temsirolimus in Europe,
bortezomib and ibrutinib in USA. It might be speculated
that high-dose therapy (given before autologous stem cell
transplant) based on other agents than nucleoside analogs
might prove more beneficial especially for those patients
with suboptimal responses after induction araC-based
immunochemotherapy (e.g. patients, who achieve partial

remission, or patients with detectable minimal residual
disease). In addition to the currently approved agents,
bendamustine represents another extremely promising
drug in MCL. Recently it was demonstrated that benda-
mustine potentiates the effect of araC by augmenting
the level of intracellular ara-CTP, and the R-BAC (ri-
tuximab, bendamustine, araC) regimen was shown to be
effective even in patients resistant to araC thus providing
a treatment option even for the elderly and/or frail pa-
tients [16,30,31]. It might be speculated that the increased
level of ara-CTP might partially offset the anticipated
downregulation of DCK thereby explaining, why the
combination of bendamustine and araC was shown to
be effective even in patients, who relapsed after araC-
based therapies [30].



Klanova et al. Molecular Cancer 2014, 13:159
http://www.molecular-cancer.com/content/13/1/159

Page 10 of 14

Table 3 Gene expression analysis of DCK in a set of primary MCL samples obtained from patients before and after

araC-based therapies

Sample at  Source ACT (DCK- Therapy Sample at Disease-free survival Source ACT (DCK-  Difference in ACT between R
diagnosis GAPDH) relapse (months) GAPDH) and D samples

D1 PBMC 34 A* R1 12 PBMC 3.7 +0.3

D2 PE*** 33 A R2 10 PE*** 53 +2.0

D3 FFPE 0.1 A R3 5 FFPE 13 +1.2

D4 FFPE 1.7 B R4 4 FFPE 35 +1.8

D5 PBMC 14 A R5 7 PBMC 2.2 +0.8

D6 PBMC 4.1 B** R6 3 PBMC 39 -0.2

D7 FFPE 1.3 B R7 13 FFPE 35 +2.2

D8 FFPE 20 A R8 25 FFPE 1.8 -02

D9 PBMC 19 B R9 N/A PBMC 33 +14

D10 PBMC 23 A R10 N/A PBMC 15 -0.8

*A = alternation of R-CHOP and R-araC (2 g/m2, 2 doses a 24 h).

**B = Nordic protocol (alternation of R-MaxiCHOP and R-araC (2-3 g/m2, 4 doses a 12 h).

***PE pleural effusion (CD19-sorted).

Samples from relapsed patients were obtained at diagnosis (D1-D8) and at lymphoma relapse after failure of araC-based therapies (R1-R8). Samples from refractory
patients were obtained from primary araC-resistant MCL patients before (D9-D10) and 14 days after (R9-R10) administration of high-dose araC. Real-time RT-PCR

was used to determine changes in DCK expression.

Conclusions

Our data from the cell lines and primary MCL samples
clearly demonstrate that acquired resistance of MCL
cells to araC is associated with downregulation of
mRNA and protein expression of DCK, enzyme of the
nucleotide salvage pathway responsible for phosphoryl-
ation of most nucleoside analogs used in anti-cancer
therapy. In translation, the results suggest that 1. nucleo-
side analogs should not be used for the second-line therapy
of MCL patients, who fail after araC-based regimen; 2.
non-nucleoside analogs should be employed in this setting,

including cisplatin, ibrutinib, temsirolimus, bortezomib or
bendamustine; 3. ibrutinib appears particularly effective in
eliminating araC-resistant MCL cells.

Methods

Cell culture

JEKO-1, GRANTA-519 and REC-1 were purchased from
German Collection of Microorganisms and Cell Cultures
(DSMZ), MINO was from American Tissue Culture
Collection (ATCC), HBL-2 was a kind gift of prof. Dreyling
(University of Munich, Germany). Cell lines were cultured
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Figure 7 Protein expression of DCK in primary MCL samples, and their ex vivo sensitivity to nucleoside analogs. (A-B) Relative expression

of deoxycytine kinase (DCK) in post-treatment primary MCL samples (R2, R6, R9, R10) compared to pre-treatment samples (D2, D6, D9, D10).
(C) CD19-sorted PBMC cells were isolated from two leukemized araC-refractory MCL patients before (D9, D10) and 14 days after (R9, R10)
administration of high-dose araC. The cells were ex vivo/in vitro exposed to araC (25 puM), fludarabine (Flu, 100 uM) and gemcitabine
(Gem, 25 pM). Apoptosis was measured after 24 hours using standard Annexin-V-PE and flow cytometry. Apoptotic cells are shown as
Annexin-V-PE-positive cells (Y axis). Basal apoptosis of drug-unexposed cells was subtracted from the apoptosis of the drug-exposed cells.
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in Iscove’s modified Dulbecco’s medium (IMDM) supple-
mented with 15% fetal bovine serum (FBS) and 1% penicillin/
streptomycin.

Reagents

Cytarabine, fludarabine, gemcitabine, cladribine, cyclophos-
phamide, doxorubicin and cisplatin were from Clinical
Dept. of Hematology, University Hospital in Prague, Czech
Republic. Temsirolimus, bortezomib, bendamustine and
ibrutinib were purchased from Selleck Chemicals. Rituxi-
mab was kindly provided by Roche, Czech Republic.

Establishment of araC-resistant clones

MCL cell lines were incubated in Iscove’s modified Dulbecco’s
medium (IMDM) supplemented with 15% fetal bovine
serum with increasing concentrations of cytarabine up to
50 uM.

Proliferation assays

Proliferation was estimated using WST-8 Quick Cell
Proliferation Assay Kit (BioVision) according to the
manufacturer instructions. Briefly, 5.000 cells were seeded
into 96-well plate on day 1. Drugs were added on day 1.
Proliferation was measured on day 1 and then since day 4
daily. Antiproliferative activity of each drug was analyzed
at several concentrations.

Absorbance of the triplicate samples was measured on
ELISA reader after 3 hour incubation with WST-8 re-
agent at 37 grades Celsius in the thermostat. Maximal
absorbance (MAX,) obtained from the untreated cells
during the particular experiment was arbitrary set as
100%. Absorbance of medium without cells was used as
background (B). For each cell population (both, unex-
posed and drug-exposed) and for each measurement
(M;, My, M3...My) the proliferation curve was calculated
as follows: (My - B)/(MAX, - B). As a consequence, the
proliferation curve of untreated cells always peaks 100%,
while proliferation curves of drug-exposed cells can ter-
minate below or above 100%.

>1Cr release assay for the assessment of the impact that
CD20 mAbs have on rituximab-mediated complement
mediated cytotoxicity (CMC) and antibody dependent
cellular cytotoxicity (ADCC)

CTRL MCL cells and R clones were labeled with *'Cr at
37°C, 5% CO2 for 2 hrs. >*Cr-labeled cells were then placed
in 96-well plates at a cell concentration of 1 x 10> cells/well
(complement-mediated cytotoxicity (CMC) assay) or 1 x
10* cells/well (antibody-dependent cell cytotoxicity (ADCC)
assay). Cells were then exposed to rituximab (10 mg/ml) or
isotype antibody (10 mg/ml) and human serum (for CMC
assay, 1:4 dilution) or peripheral blood mononuclear cells
(PBMCs) (for ADCC assay, 40:1 effector: target ratio) for
six hrs at 37°C and 5% CO2. *'Cr release was measured

Page 11 of 14

from the supernatant by standard gamma counting and the
percentage of lysis was calculated. PBMCs were obtained
from healthy donors (Roswell Park Cancer Institute IRB-
approved protocol CIC-016) and isolated by Histopaque-
1077 ultracentrifugation of peripheral whole blood and
used at an effector: target ratio of 40:1 for ADCC assays.
Pooled human serum was used as the source of comple-
ment for CMC assays.

Gene expression profiling and data analysis

A biological duplicate of each araC-resistant MCL clone
(R) was compared to a biological duplicate of the original
araC-sensitive (CTRL) cell line. In total, five R clones were
compared to five corresponding CTRL cell lines using two
microarray chips. Total RNA was extracted by RNeasy
Mini Kit (Qiagen), and its quality verified using the Agi-
lent 2100 Bioanalyzer (Agilent Technology). Extracted
RNA was amplified using the Illumina RNA Amplification
Kit (Ambion). Amplified RNA was hybridized to the
Nlumina HumanRef-8 and HumanRef-12 BeadChips
(Ilumina). Subsequent data analysis was performed in
R-software, mainly in limma package from Bioconductor
(http://www.bioconductor.org). Multiple testing correc-
tion was performed using Benjamini & Hochberg method.
The filtered group of genes with fold change at least +1.5-
fold and adjusted p value < 0.05 were annotated and ar-
ranged into biologically relevant categories using The
Database for Annotation, Visualization and Integrated
Discovery (DAVID, http://david.abcc.ncifcrf.gov).

Primary MCL sample acquisition, real-time RT-PCR analysis,
and apoptosis measurement

All primary MCL samples were obtained from patients
with MCL at diagnosis (D1-D10), and at the relapse or
during progression after failure of high-dose araC-based
front-line therapies (R1-R10). Samples were obtained from
patients, who signed informed consent according to the
Declaration of Helsinki. Mononuclear cells were isolated
from all PBMC and PE samples by the standard Ficoll-
Hypaque gradient centrifugation. Mononuclear cells were
then CD19 sorted on magnetic columns using CD19
microbeads (Miltenyi Biotec). The purity of MCL popula-
tion after sorting was > 95% in all cases as verified by flow-
cytometry. Total RNA was isolated from CD19-sorted
PBMC or PE cells stored in RNAlater solution using
RNeasy Mini Kit (Qiagen, Hilden, Germany) and from
fresh-frozen paraffin-embedded (FFPE) lymph node sam-
ples using High Pure RNA Paraffin Kit (Roche Diagnostics
GmbH, Germany) according to the manufacturer’s instruc-
tions. cDNA synthesis was carried out from 1 pg of total
RNA with the High-Capacity cDNA Reverse Transcription
Kit (random primers) (Applied Biosystems). Real-time
RT-PCR was performed using TagMan Gene Expression
Assays on the ABI 7900HT detection system (Applied
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Biosystems). The reference gene was GAPDH. Ex vivo
apoptosis of primary MCL cells was determined using
Annexin-V-PE (Apronex, Czech Republic) and flow cy-
tometry (BD FACS Canto II) according to the manufac-
turer’s instructions after 24 hours exposure to 25 pM
araC, 100 pM fludarabine and 25 puM gemcitabine.

Experimental therapy of MCL xenografts

In vivo studies were approved by the institutional Ani-
mal Care and Use Committee. Immunodeficient NOD.
Cg-Prkch”d 112rg"™ Wil1Sz] mice (Jackson Laboratory)
were maintained in individually ventilated cages. JEKO-1
cell line-based mouse model of MCL was used for ex-
periments [32]. JEKO-1 cells were harvested, suspended
in PBS, and injected (1 x 10°/mouse) i.v. into tail vein of
8- to 12-week-old female mice on DAY 1. Therapy was
initiated on DAY 8. Each cohort of mice contained 6-8
animals. The mice received treatment as follows: temsir-
olimus 1 mg s.c. 1 x weekly (3 cycles), cyclophosphamide
3 mg i.p. 1 x weekly (3 cycles), bendamustine 0.5 mg i.p.
two subsequent days (day 1+ day 2) every two weeks
(2 cycles), bortezomib 25 pg i.p. 2 x weekly (3 cycles),
cisplatin 180 pg i.p. every two weeks (2 cycles), gemcita-
bine 10 mg ip. 1 x weekly (3 cycles), fludarabine 1 mg
three subsequent days (day 1-3) weekly (3 cycles), rituxi-
mab 250 pg s.c. 1 x weekly (3 cycles). The data were ana-
lysed in GraphPad Software.

Two-dimensional electrophoresis

IPG strips (pH 4.0-7.0, 24 cm; ReadyStrip, Bio-Rad) were
rehydrated overnight in 450 pL of sample, representing
1.5 mg of protein. Isoelectric focusing was performed for
70 kVh using Protean IEF cell (Bio-Rad). Six replicates
were run for each cell type. Focused strips were equili-
brated and reduced in equilibration (6 M urea, 50 mM
Tris pH 8.8, 30% glycerol, 2% SDS) supplemented with
DTT (450 mg per 50 mL) for 15 min and then alkyled in
equilibration buffer with added iodacetamide (1.125 mg
iodacetamide per 50 mL). SDS-PAGE electrophoresis
was performed in a Tris-glycine-SDS system using a 12-
gel Protean Dodeca Cell apparatus (Bio-Rad) with buffer
circulation and external cooling (20°C). Gels were run at a
constant voltage of 80 V per gel for 30 min and then at a
constant voltage of 200 V for 6 h. Gels were washed in de-
ionized water to remove redundant SDS and with colloidal
Coomassie Brilliant Blue (SimplyBlue™ Safestain, Invitro-
gen, Carlsbad, CA, USA) overnight.

Gel image analysis and extraction of peptides

Stained gels were scanned with GS 800 calibrated densi-
tometer (Bio-Rad) and image analysis was performed with
Progenesis™ software (Nonlinear Dynamics, Ltd., Newcastle
upon Tyne, UK) in semi-manual mode with 6 gel replicates
for each cell type. Normalization of gel images was based
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on total spot density, and integrated spot density values
(spot volumes) were then calculated after background sub-
traction. Average spot volume values (averages from the
all 6 gels in the group) for each spot were compared be-
tween the groups. Protein spots were considered differen-
tially expressed if their average normalized spot volume
difference was > 2-fold. As determined by the Student’s t-
test, a p-value < 0.05 was considered to indicate a statisti-
cally significant difference.

Protein digestion and peptide extraction

Spots containing differentially expressed proteins were
excised from the gels, cut into small pieces and washed
3 times with 25 mM ammonium bicarbonate in 50%
acetonitrile (ACN). The gels were then dried in a Speed-
Vac Concentrator (Eppendorf, Hamburg, Germany). Se-
quencing grade modified trypsin (Promega, Madison, W1,
USA) (6 ng/pl in 25 mM ammonium bicarbonate in 5%
ACN) was added. Following overnight incubation at 37°C,
the resulting peptides were extracted with 50% ACN.

MS analysis and protein identification

Peptide samples were spotted on a steel target plate
(Bruker Daltonics, Bremen, Germany) and allowed to dry
at room temperature. Matrix solution (3 mg a-cyano-4-
hydroxycinnamic acid in 1 ml of 50% ACN containing
0.1% trifluoroacetic acid) was then added. MS was per-
formed on an Autoflex II MALDI-TOF/TOF mass spec-
trometer (Bruker Daltonics, Bremen, Germany) using a
solid nitrogen laser (337 nm) and FlexControl software in
reflectron mode with positive ion mass spectra detection.
The mass spectrometer was externally calibrated with
Peptide Calibration Standard II (Bruker Daltonics). Spec-
tra were acquired in the mass range 800-3,000 Da. The
peak lists were generated using FlexAnalysis and searched
against Swiss-Prot (2012_07 version, 536 789 sequences)
using Mascot software. The peptide mass tolerance was
set to 100 ppm, taxonomy Homo sapiens, missed cleavage
was set to 1, fixed modification for cysteine carbamido-
methylation, and variable modifications for methionine
oxidation and protein N-terminal acetylation. Proteins
with Mascot score over the threshold 56 for p < 0.05 cal-
culated for the used settings were considered as identified.
If the score was lower, the identity of protein candidate
was confirmed by MS/MS.

Western blot analysis

Cells were lysed in NHT buffer (140 mM NaCl, 10 mM
HEPES, 1.5% Triton X-100, pH 7.4). Protein concentration
in the collected supernatants was determined by the Brad-
ford assay (Bio-Rad). Lysate samples (50 pg) were combined
with SDS loading buffer containing 2-mercaptoethanol and
boiled for 5 min. Quadruplicate samples were separated on
12% SDS-PAGE minigels in Tris-glycine buffer (Bio-Rad).
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Electrophoresis was performed at a constant voltage for 30
min at 45 V per gel, and then at 90 V per gel until the dye
front reached the gel bottom. Proteins were transferred
onto 0.45 pm PVDF membranes (Milipore, Billerica, MA,
USA) in a semi-dry blotter (Hoefer, San Francisco, CA,
USA) at 0.8 mA/cm? Membranes were incubated in PBS
(Invitrogen) containing 0.1% Tween-20 and 5% non-fat
dried milk for 1 h. GAPDH or Actin were used as the load-
ing controls. As primary antibodies anti-deoxycytidine
kinase mouse monoclonal antibody (sc 81245 Santa Cruz
Biotechnology, Sanat Cruz, CA, USA) diluted 1:200 or
polyclonal anti-GAPDH produced in rabbit (Sigma-
Aldrich, G9545) diluted 1:10,000 were used. After thor-
ough washing in blocking buffer, a secondary horseradish
peroxidase-conjugated anti-mouse (sc2005) or anti-rabbit
antibody (sc2313) (both from Santa Cruz Biotechnology)
was added (1:10,000). The signal was detected using
LumiGLO Reserve, (KPL, Gaithersburg, MD, USA) or
Western Blotting Luminol Reagent (Santa Cruz Biotech-
nology, Inc., Santa Cruz, CA, USA) and membranes were
exposed to X-ray films (Kodak, Rochester, NY, USA).

Additional files

Additional file 1: Figure S1. Functional cathegories of genes
differentially expressed in R compared to CTRL as determined by DAVID.
The filtered group of genes acquired from all five MCL cell lines with fold
change at least +1.5-fold and adjusted p value < 0.05 were annotated
and arranged into biologically relevant categories using The Database for
Annotation, Visualization and Integrated Discovery (DAVID, http://david.
abcc.ncifcrf.gov).

Additional file 2: Table S1. List of genes differentially expressed in
more than one R clone compared to the corresponding CTRL cells.
Microarray data are shown in Additional file 2: Table S1. 31 genes were
differentially expressed in two araC-resistant clones (R) compared to the
corresponding araC-sensitive controls (CTRL). 1 gene (TPM1) was differentially
expressed in three R clones, and 1 gene (DCK) was differentially expressed in
all five R clones compared to the corresponding CTRL.

Additional file 3: Figure S2. Ibrutinib appears more cytotoxic to
cytarabine-resistant (R) compared to cytarabine-sensitive (CTRL) MCL cells.
WST-8 cell proliferation assays of CTRL cells and R clones were carried
out as described in Methods. Maximal absorbance obtained from the
untreated cells during the particular experiment (MAX,) was arbitrary set
as 100%. Absorbance of medium without cells was used as background
(B). For each cell population (both, unexposed and drug-exposed) and
for each measurement (M;, M, Ms...My) the proliferation curve was
calculated as follows: (M - B)/(MAX, - B). As a consequence, proliferation
curves of untreated cells always peak at 100%, while proliferation curves
of drug-exposed cells can terminate below or above 100%. One representative
example of two independent experiments carried out on REC-1, HBL-2 and
GRANTA-519 is shown. In summary, REC-1 R clone was > 100-fold sensitive to
Bruton tyrosine-kinase (BTK) inhibitor ibrutinib compared to REC-1 CTRL cells.
Both HBL-2 and GRANTA-519 R clones were approx. 2-fold more sensitive to
ibrutinib compared to HBL-2 and GRANTA-519 CTRL cells.

Abbreviations

ACN: Acetonitrile; ADCC: Antibody-dependent cytotoxicity; AML: Acute
myelogeneous leukemia; BTK: Bruton tyrosine-kinase; araC: Cytarabine, a
pyrimidine analog used for anticancer therapy; CDA: Cytidine-deaminase, a
key inactivating enzyme of nucleotide salvage pathway; CMC: Complement-
mediated cototoxicity; CTRL: araC-sensitive MCL cell line; DCK: Deoxycytidine-
kinase, a rate-limiting enzyme of nucleotide salvage pathway;
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DTT: Dithiothreitol; FFPE: Fresh-frozen paraffin-embedded (lymph node
sections); HDAC: High-dose araC; iv.: Intravenous injection; MCL: Mantle
cell lymphoma; NHL: Non-Hodgkin lymphoma; NT5C2: Cytoplasmic
5'nucleotidase II, a key inactivating enzyme of nucleotide salvage pathway;
PBMC: Peripheral-blood mononuclear cells; PE: Pleural effusion; R: araC-
resistant clone derived from araC-sensitive cell line; R-CHOP: A combination
of rituximab, cyclophosphamide, doxorubicin, vincristin and prednisone;
R-DHAP: A combination of rituximab, high-dose cytarabine, cisplatin and
dexamethasone; RR-MCL: Relapsed/refractory mantle cell lymphoma;

s.C.. subcutanous injection.
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7.3 Appendix 3

Detailed functional and proteomic characterization of fludarabine resistance in mantle cell
lymphoma cells. Lorkova L, Scigelova M, Arrey TN, Vit O, Pospisilova J, Doktorova E, Klanova
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Abstract

Mantle cell ymphoma (MCL) is a chronically relapsing aggressive type of B-cell non-Hodg-
kin lymphoma considered incurable by currently used treatment approaches. Fludarabine is
a purine analog clinically still widely used in the therapy of relapsed MCL. Molecular mecha-
nisms of fludarabine resistance have not, however, been studied in the setting of MCL so
far. We therefore derived fludarabine-resistant MCL cells (Mino/FR) and performed their
detailed functional and proteomic characterization compared to the original fludarabine
sensitive cells (Mino). We demonstrated that Mino/FR were highly cross-resistant to other
antinucleosides (cytarabine, cladribine, gemcitabine) and to an inhibitor of Bruton tyrosine
kinase (BTK) ibrutinib. Sensitivity to other types of anti-lymphoma agents was altered only
mildly (methotrexate, doxorubicin, bortezomib) or remained unaffacted (cisplatin, benda-
mustine). The detailed proteomic analysis of Mino/FR compared to Mino cells unveiled over
300 differentially expressed proteins. Mino/FR were characterized by the marked downre-
gulation of deoxycytidine kinase (dCK) and BTK (thus explaining the observed crossresis-
tance to antinucleosides and ibrutinib), but also by the upregulation of several enzymes of
de novo nucleotide synthesis, as well as the up-regulation of the numerous proteins of DNA
repair and replication. The significant upregulation of the key antiapoptotic protein Bcl-2 in
Mino/FR cells was associated with the markedly increased sensitivity of the fludarabine-
resistant MCL cells to Bcl-2-specific inhibitor ABT199 compared to fludarabine-sensitive
cells. Our data thus demonstrate that a detailed molecular analysis of drug-resistant tumor
cells can indeed open a way to personalized therapy of resistant malignancies.
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Introduction

Mantle cell lymphoma (MCL) is a chronically relapsing aggressive type of B-cell non-Hodgkin
lymphoma. Its estimated annual incidence in Europe is 0.45/100,000 persons. MCL remains
incurable; despite the fact that most patients achieve an objective response (complete or partial
remisison) after induction therapy, virtually all patients relapse sooner or later [1,2]. MCL is
characterized by the translocation t(11;14)(q13;q32) leading to the overexpression of cyclin D1
with the ensuing deregulation of cell cycle machinery. Additional molecular aberrations
include mutation in ATM, TP53, CDKN2A, RB1, CDK4/6, and MDM2, among other genes
[1,3].

Newly diagnosed MCL patients are typically subjected to a combinatorial immunochem-
otherapy comprising anti-CD20 antibody rituximab (R), intensified anthracycline-based che-
motherapy (e.g. R-Maxi-CHOP: cyclophosphamide, vincristine, doxorubicin, and prednisone),
high-dose cytarabine (R-HDAC), and consolidation with high-dose therapy and autologous
stem cell rescue. Prognosis of relapsed/refractory MCL is poor [1,2], no standard of care has
been defined for such a condition. Second-line treatment approaches are based on nucleoside
analogs (fludarabine, cladribine), DNA modifying agents (bendamustine, cisplatin), or targeted
therapeuticals (bortezomib, temsirolimus, lenalidomide or ibrutinib). In everyday clinical prac-
tice, fludarabine-based regimens still remain important and widely used options for the salvage
therapy of relapsed/refractory MCL [4]. In addition, several novel multi-agent combinations
incorporating fludarabine have been tested and showed promise in the therapy of RR-MCL
[5]. Outside MCL, fludarabine-based regimens are used for the first-line therapy of chronic
lymphocytic leukemia (CLL), and the salvage therapy of indolent lymphomas and acute myelo-
geneous leukemias (AML).

Fludarabine (9-beta-p-arabinofuranosyl-2-fluoroadenine) is a prodrug administered in the
form of a monophosphate (F-ara-AMP) which is dephosphorylated in vivo by plasma phos-
phatases and transported into cells. There it is retained after its re-phosphorylation to mono-
phospate by deoxycytidine kinase (dCK) in the rate limiting step of fludarabine utilization.
Next, F-ara-AMP is phosphorylated by adenylate kinase to a diphosphate F-ara-ADP, and by
nucleoside diphosphate kinase to a triphosphate F-ara-ATP representing the active form of the
drug. Incorporation of F-ara-ATP into DNA results in chain termination, replication fork stall-
ing, and DNA breaks [6,7]. The replication stress activates DNA damage response resulting in
either DNA repair or apoptosis. In addition, F-ara-ATP also decreases available ANTP pool by
inhibiting ribonucleotide reductase, an enzyme critical for sufficient supply of deoxyribonucle-
otides. Fludarabine is also incorporated into RNA, and has been shown to directly induce apo-
ptosis via caspase activation [6].

Unfortunately, acquired resistance to fludarabine is frequent. Mechanisms of fludarabine
resistance in lymphomas are largely unknown. So far, several studies reported various mole-
cules mutated or deregulated in association with fludarabine refractoriness (i.e. inherent resis-
tance or acquired resistance in leukemic cells (CLL, AML)), including molecules/genes
involved in the nucleotide salvage pathway (dCK, nucleotide transporters, ribonucleotide
reductase) [8-11], antiapoptotic molecules (BCL2 family, BIRC3), transcription factors (MYC,
NOTCH), mediators of genotoxic stress (ATM, TP53, SF3B1) and others (SULF2, MTORC2)
[12-20]. Molecular mechanisms of fludarabine resistance thus appear highly heterogeneous,
and potentially might even be disease-specific, a consequence of different genetic (mutational)
background between acute myeloid and chronic lymphoid leukemias. To the best of our
knowledge, the molecular mechanisms of fludarabine resistance in MCL have not been studied
so far.
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In this manuscript we derived fludarabine-resistant MCL cells, and studied their sensitivity
to clinically-approved and experimental anti-lymphoma agents in order to empirically identify
optimal strategies for elimination of fludarabine-resistant MCL cells. In addition, using detailed
SILAC-based proteomic analysis we described molecular events responsible for and associated
with fludarabine resistance in MCL, including causative, contributing and adaptive cellular
processes.

Materials and Methods
Establishment of fludarabine-resistant clones

MCL cell line Mino [21] was purchased from ATCC, and cultured in Iscove’s modified Dulbec-
co’s medium (IMDM) supplemented with 15% fetal bovine serum (FBS) and 1% penicillin/
streptomycin under standard tissue culture conditions. Fludarabine-resistant Mino cells
(Mino/FR) were derived by co-culture with gradually increasing doses of fludarabine up to

100 pM.

Proliferation assays

Cytarabine, fludarabine, gemcitabine, cladribine, doxorubicin and cisplatin were from Clinical
Dept. of Hematology, University Hospital in Prague, Czech Republic. Bortezomib, bendamus-
tine, ABT-199 and ibrutinib were purchased from Selleck Chemicals. Proliferation was esti-
mated using WST-8 Quick Cell Proliferation Assay Kit (BioVision) according to the
manufacturer instructions. Briefly, 10,000 cells were seeded into a 96-well plate on day 1.
Drugs were added on day 1. Proliferation was measured on day 1, and then starting on day 4
on a daily basis. The antiproliferative activity of each drug was analyzed at several concentra-
tions. Absorbance of the samples (triplicate) was measured on ELISA reader after a three-hour
incubation with WST-8 reagent at 37°C in a thermostat. Maximum absorbance (MAXu)
obtained from the untreated cells during the particular experiment was arbitrarily set to repre-
sent 100%. Absorbance of medium without cells was used as background (B). For each cell
population (i.e. unexposed and drug-exposed) and for each measurement (M1, M2, M3.. .MX)
the proliferation curve was calculated as follows: (MX—B)/(MAXu—B). As a consequence, the
proliferation curve of untreated cells always peaks at 100%, while proliferation curves of drug-
exposed cells can terminate below or above 100%.

SILAC labeling

Mino cells were maintained in DMEM medium. To prepare SILAC heavy and light media,
SILAC DMEM (Arg, Lys and Leu free) was supplemented with 10% dialyzed fetal bovine
serum (FBS), 1% penicillin-streptomycin, sodium pyruvate (1 mM), glucose (4.5 g/L). The
light (L) and heavy (H) media were supplemented with either 146 mg/L of L-lysine (L) or
L-[Cq, °N,] lysine (H) and either 84 mg/L of L-arginine (L) or L-[PCy, °N,] arginine (H).
L-proline (200 mg/L, Thermo Scientific) was added to both media to avoid the conversion of
arginine to proline. All other chemicals were obtained from Sigma-Aldrich (St. Louis, MO,
USA).

Mino cells were first grown in the “heavy media” (forward labeling) and Mino/FR in the
“light media”. In a parallel experiment, the media were swapped (reverse labeling). The cells
were grown for at least six generations, and the complete incorporation of heavy amino acids
was verified by a mass spectrometric analysis.

The same amounts (10 x 10° cells) of “light” and “heavy” labeled cells were mixed and pro-
cessed further. The cells were washed three times with PBS. The mixed cell pellets (20 x 10°
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cells) were homogenized in 160 L lysis buffer (10 mM HEPES, pH 7.4, 140 mM NaCl, 1.5%
Triton X-100) at 4°C for 10 min. The whole cell lysates were centrifuged for 10 min (18,000 g)
at 4°C. Protein concentration was determined using Bradford assay (Bio-Rad, CA, USA).

Filter-aided sample preparation (FASP)

Whole cell lysates (H+L) were digested using the filter-aided sample preparation (FASP)
method [22] enabling detergent removal, reduction, alkylation and digestion on a filter. Cell
lysates (100 pg total protein) were mixed with 300 uL of 8 M urea in 0.1 M Tris/HCI, pH 8.5
(UA buffer) supplemented with 100 mM DTT and incubated for 15 min at room temperature.
After centrifugation at 18,000 g for 10 min, the supernatant was loaded on Ultrafree-MC cen-
trifugal filter with a nominal molecular weight cutoff of 10,000 Da (Sigma-Aldrich, St. Louis,
MO, USA) and centrifuged at 5,000 g. Retenate was diluted again in 300 pL of UA buffer and
centrifuged until the complete removal of UA. The proteins were then alkylated with 100 uL
50 mM iodoacetamide dissolved in UA, incubated for 20 min at room temperature in the
dark. Samples were then washed twice with 100 uL UA and three times with 100 uL of 50 mM
ammonium bicarbonate. Proteins were digested with trypsin in the filter cone in 40 pL of

50 mM ammoniom bicarbonate at 37°C overnight, at an enzyme to protein ratio of 1:100. Pep-
tides were collected by centrifugation, and the sample was acidified by addition of TFA to a
final concentration 0.1% TFA. Samples were desalted using macrotrap (Peptide Macrotrap,
Michrom Bioresources, Inc., CA, USA). Peptides were eluted by 200 pL 80% acetonitrile in 1%
aqueous TFA. Eluted peptide samples were dried in SpeedVac Concentrator (Eppendorf, CR)
and kept at -80°C until analyzed.

LC-MS/MS analysis and data processing

Samples were solubilized in 10 ul of 60% (v/v) aqueous acetonitrile and sonicated for approx.
2 min. Next, 40 pl of 0.1% (v/v) aqueous TFA solution were added, and the samples were soni-
cated for another 3 min. Peptides were analyzed using nano UHPLC (Easy-nLC 1000; Thermo
Fisher Scientific, Odense, Denmark) coupled to the quadrupole-Orbitrap mass analyzer (Q
Exactive; Thermo Fisher Scientific, Bremen, Germany). The sample (1 ul) was loaded onto
Thermo Scientific Acclaim EasySpray PepMap C18 RSLC column (internal diameter 75 um,
length 50 cm, 2 pum particle size, 100 A pore size) maintained at a constant temperature (40°C)
and equilibrated with 5% (v/v) acetonitrile in 0.1% (v/v) aqueous formic acid (FA). Peptides
were separated with a 180-minute linear gradient (5-35%) of acetonitrile in 0.1% (v/v) aqueous
solution of formic acid, flow rate 250 nl/min. Total run time was 210 min. Each sample was
run in quadruplicate.

Data dependent acquisition on the Q Exactive operated in positive mode. Peptide parent
ions were detected in a high resolution full scan (mass range 350-1500 m/z, 70,000 resolving
power setting (resolving power defined as a full peak width at half maximum height at m/z
200)). The instrument was set so that 10 most intense ions of every full spectrum, meeting spe-
cific threshold criteria (minimum intensity threshold 1.7 x 104, charge state >1), should be
selected for MS/MS. Peptides were isolated with an isolation window of 3 Da, fragmented
(HCD fragmentation with NCE 27 collision energy setting), and the resulting fragment ions
were detected (17,500 resolving power setting). Other settings: target value 3 x 10° and 1 x 10°
for full scan and MS/MS scan, respectively; maximum ion time 50 ms and 120 ms for full scan
and MS/MS scan, respectively. Following their fragmentation the precursors were put on an
exclusion mass list for 30 seconds.

Data processing: Thermo Scientific Proteome Discoverer v. 1.4 (Thermo Fisher Scientific,
Bremen, Germany) software package was used for protein identification and quantitation. The
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spectra were searched using Mascot (Matrix Science, London, UK) search engine against the
human subset of SwissProt database with added contaminant protein sequences (20,249
sequences in total) with the following search settings: cleavage specificity-trypsin; max. 2
missed cleavage sites; precursor mass tolerance 10 ppm; fragment mass tolerance 20 mDa; car-
bamidomethylation of Cys residues (+57,021) set as a static modification; heavy Arg and Lys
residues (+10,008 and +8,014) set as dynamic modifications; maximum 3 dynamic modifica-
tions per peptide allowed. The search results were validated with decoy database search strategy
using Percolator [23].

Quantitative analysis was based on the area under curve (AUC) for extracted ion chromato-
grams (6 ppm mass tolerance) of the respective peptide precursors. Protein ratio was calculated
as the median of peptide ratios. Only unique peptides were considered.

Proteins confidently identified in both forward and reverse analyses with at least 2 peptides
(1377 proteins) were futher evaluated. To normalize for minor differences in protein loading
during mixing of “light” and “heavy” cells, SILAC ratios were log normalized. For the semi-
quantitative expression analysis only the proteins with with at least 3 SILAC pairs in each (For-
ward and Reverse) experiment were included. As differentially expressed we considered pro-
teins showing a protein ratio change of at least 1.5-fold and having protein ratio variability
lower or equal 40%.

The mass spectrometry proteomics data have been deposited to the ProteomeXchange Con-
sortium via the PRIDE partner repository with the dataset identifier PXD002034 (http://www.
ebi.ac.uk/pride/archive/projects/PXD002034).

Western blotting

Cells were lysed in NHT buffer (140 mM NaCl, 10 mM HEPES pH 7.4, 1.5% Triton X-100)
and centrifuged at 18,000 g to clear away debris. Protein concentration in resulting superna-
tants was determined by the Bradford assay. Lysates were combined with SDS loading buffer
containing 2-mercaptoethanol, and boiled for 5 min. Quadruplicate samples (50 ug) were sepa-
rated on Mini-PROTEAN TGX Stain-Free Precast Gels (Bio-Rad) in Tris-glycine-SDS buffer
(Bio-Rad). Electrophoresis was performed at a constant voltage for 20 minutes at 300 V per gel
until the dye front reached the gel bottom. Proteins were transferred onto 0.45 pum Immobilon-
P PVDF membranes (Millipore) in Trans-Blot Turbo™ Transfer System semi-dry blotter (Bio-
Rad) using pre-set transfer settings. Membranes were incubated in PBS (Sigma) containing 0.1
Tween-20 (Promega) and 5% non-fat milk for 30 minutes. GAPDH was used as a loading con-
trol. As primary antibodies anti-deoxycytidine kinase mouse monoclonal antibody (sc-81245,
Santa Cruz Biotechnology) diluted 1:200, anti-Bcl-2 mouse monoclonal antibody (610539, BD
Biosciences) diluted 1:1000, anti-Btk rabbit polyclonal antibody and anti-phospho-Btk (Y233)
rabbit antibody (3533 and 5082, Cell Signaling Technologies) both diluted 1:1000, anti-phos-
phoserine aminotransferase rabbit polyclonal antibody (ab96136, Abcam) diluted 1:500, anti-
SH-PTP1 rabbit polyclonal antibody (sc-287, Santa Cruz Biotechnology) diluted 1:100,000 and
anti-GAPDH rabbit polyclonal antibody (G9545, Sigma) diluted 1:10,000 were used. After
thorough washing in PBS with 0.1% Tween-20, secondary horseradish peroxidase-conjugated
anti-mouse (sc-2005) or anti-rabbit (sc-2313, both from Santa Cruz Biotechnology) was added
(diluted 1:10,000). The signal was detected using LumiGLO Reserve (KPL, Gaithersburg, MD,
USA) or Western Blotting Luminol Reagent (Santa Cruz Biotechnology) and membranes were
exposed to X-ray films (Kodak, Rochester, NY, USA) or visualised using ChemiDoc MP Imag-
ing System.
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Flow cytometry analysis of CD marker expression

Cells were resuspended in 1% immunoglobulin/phosphate-buffered saline solution (IVIG/PBS)
to prevent non specific staining. Cells were then labeled with anti-human CD20-APC mono-
clonal antibody, clone HI40a (EXBIO, Praha, Czech Republic) or anti-human CD38-PE-Cy7
monoclonal antibody, clone HIT2 (BIOLEGEND, San Diego, CA) on ice for 30 minutes. Flow
cytometry was then perfomerd on FACS Aria ITu (488 nm; 50 mW orbis, 633 nm, cube coher-
ent 24 mW laser and a 355 nm 5SDU 20 mW laser, BD Biosciences, San Jose, CA, USA). Data
were evaluated using BD FACS Diva 6 software.

Results and Discussion
Establishment of fludarabine-resistant Mino/FR cells

Mino cells represent an established model of MCL, derived from a Caucasian male patient
[21]. Mino cells are sensitive to fludarabine treatment, with fludarabine LD, approximatelly
1-2 uM. By growing Mino cells in the presence of increasing doses of fludrabine for a pro-
longed period of time we derived a fludarabine-resistant Mino subclone (Mino/FR). The resis-
tant Mino/FR cells proliferated in 100 uM fludarabine. Toxicity of fludarabine in Mino and
Mino/FR cells was determined in vitro by cell proliferation assay (Fig 1A).

Mino/FR cells are cross-resistant to all tested purine and pyrimidine
antinucleosides and to ibrutinib, but remain sensitive to other anti-cancer
drugs

To characterize the Mino/FR cells in terms of their sensitivity to currently used anti-MCL
agents we exposed the cells to a range of clinically used anti-lymphoma drugs with different
mechanism of action. We included an anti-folate methotrexate, anti-nucleosides cytarabine,
gemcitabine and cladribine, a DNA-intercalating agent doxorubicin, a DNA-modifier cisplatin,
a proteasome-inhibitor bortezomib, a novel cytostatic with unique mechanism of anti-lym-
phoma activity bendamustine, and the recently approved taregted inhibitor of Bruton tyrosine
kinase-ibrutinib. Mino and Mino/FR cells were exposed to the abovementioned drugs for 6-8
day. The appropriate range of drug concentrations was determined in preliminary experi-
ments. Relative toxicity of the drugs was determined daily using WST-8 cell proliferation assay
starting on the day 4 of the experiment. Triplicate samples (10,000 cells/well) were used for
each drug concentration and measurement.

Mino/FR cells were significantly more resistant not only to fludarabine (proliferated in
100-fold higher concentrations compared to Mino cells and LD, was not achieved) but also
to another purine antinucleoside cladribine (LD, o approximately 1,000-fold higher), as well as
to pyrimidine-derived cytarabine (LD;q approx. 2,000-fold higher) and gemcitabine (LD
approx. 25,000-fold higher) (Fig 1B-1D). Moreover, Mino/FR cells were significantly more
resistant to the BTK inhibitor ibrutinib (LD, approx. 4,000-fold higher) (Fig 1E) and slightly
more resistant to anti-folate MTX (LD at least 2-fold higher) (Fig 1]). On the other hand,
Mino/FR cells were more sensitive to bortezomib and doxorubicin, tolerating only approxima-
telly 2-fold lower concentrations compared to Mino cells (Fig 1F and 1G). Sensitivity to alkylat-
ing agent bendamustine and cisplatin remained comparable to the original Mino cells (Fig 1H
and 1I).

The marked cross-resistance of Mino/FR cells to purine and pyrimidine anti-nucleosides
suggests a nucleoside-specific mechanism of resistance, while the observed resistence to BTK-
inhibitor ibrutinib may suggest the deregulation of B-cell receptor (BCR) signaling in Mino/FR
cells. The slightly increased sensitivity to an intercalating cytostatic doxorubicin suggested a
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Fig 1. Proliferation of Mino and Mino/FR cells in presence of fludarabine and other anti-lymphoma agents. Cells were grown for 6-8 days in presence
of increasing concentrations of (A) fludarabine, (B) cladribine, (C) cytarabine, (D) gemcitabine, (E) ibrutinib, (F) bortezomib, (G) doxorubicin, (H) cisplatin, (1)
bendamustine and (J) methotrexate. Relative toxicity of the drugs was determined by the WST-8 cell proliferation assay, Dashed lines with open circles or
triangles indicate cell proliferation in absence of an anti-lymphoma drug. Other curves represent the cells grown in increasing concentrations (indicated by
the associated number) of the tested drug. Maximal absorbance (highest number of viable cells) of cells grown without an anti-lymphoma agent in each

experiment was set as 100%. Standard deviations were < 5% for all measurements.

doi:10.1371/journal.pone.0135314.g001

potential deregulation of particular DNA repair mechanisms, while the slightly increased sensi-
tivity to proteasome inhibitor bortezomib might suggest deregulation of NFB pathway. The
data thus suggested multiple alterations in MCL cell homeostasis associated with the acquired
resistance to fludarabine.
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Fig 2. Correlation of protein expression ratios in forward and reverse SILAC experiments. Heavy/Light protein ratios (log values) from the forward
experiment were plotted against log values of Light/Heavy protein ratios obtained from the reverse labeling experiment.

doi:10.1371/journal.pone.0135314.g002

Proteomic analysis of Mino versus Mino/FR cells

To uncover the processes responsible for and associated with the fludarabine resistance and to
identifie the key molecules we performed in-depth proteomic analysis of Mino and Mino/FR
cells.

The differential proteomic analysis of Mino versus Mino/FR cells used metabolic incorpo-
ration of stable isotopes in cell culture (SILAC) [24]. Mino cells were first grown in the pres-
ence of °C and "°N-labeled arginine and lysine while Mino/FR cells were grown in normal
media with unlabeled amino acids (forward labeling). To make the results sufficiently robust,
the experiment was repeated with swapped media (reverse labeling). Fig 2 shows the high cor-
relation of expression ratios between forward and reverse experiments. We identified 1942 and
1700 proteins in forward and reverse experiment, respectively. Only the proteins identified in
both analyses (1377 proteins) were further considered. For further quantitative analysis, we
used 1201 proteins, each detected with at least 3 SILAC pairs and at the same time showing
protein ration variability below 40 percent in both forward and reverse experiments. We identi-
fied 312 proteins in the resistant Mino/FR cells showing the fold change of at least 1.5, of
which 152 were downregulated and 160 upregulated. (Table 1, for the full report see S1 Table).

PLOS ONE | DOI:10.1371/journal.pone.013531

4 August 18,2015 8/19



@'PLOS ‘ ONE

Characterization of Fludarabine Resistant MCL Cells

Bioinformatic analysis of the proteomic data

Functional annotation and pathway analysis of differentially expressed proteins using KEGG
(Kyoto Encykopedia of Genes and Genomes) via DAVID (Database for Annotation, Visualiza-
tion and Integrated Discovery) highlighted several processes affected by the fludarabine resis-
tance in the Mino-FR cells. Most notably, it pointed toward the upregulation of proteins
involved in the processes and pathways responsible for the DNA integrity maintenance. In
particular, proteins ionvolved in DNA replication (p-val 1.1x10™'°), mismatch repair (p-val
0.000001), nucleotide excision repair (p-val 0.005) and purine (p-val 0.03) and pyrimidine
(p-val 0.06) metabolism were upregulated. In addition, proteins involved in aminoacyl t-RNA
biosynthesis (p-val 1.6 x10”7) were also enriched among upregulated proteins.

Table 1. Differentially expressed proteins in Mino/FR cells identified by the proteomic analysis. Differ-
entially expressed proteins with fold-change >1.5 are listed. Gene names are shown, proteins with fold-
change >3 fold are present in bold letters).

Proteins upregulated in Mino/FR cells
DNA replication and repair FANCI, LIG1, MCM2, MCM3, MCM4, MCM5, MCM6, MCM7, MSH2,

MSH6, NCAPD2, NCAPD3, NCAPG, NCAPH, PARP1, PDE12, RFC2,
RFC3, RFC4, RFC5, RUVBL1, RUVBL2, SMC2, SMC4

Purine and pyrimidine ADA, CTPS1, GMPS, HPRT1, IMPDH2, PNP, RRM2, UMPS, TYMS
metabolism

Aminoacyl tRNA CARS, DARS, GARS, EPRS, IARS, LARS, MARS, NARS, YARS
biosynthesis

Other processes ABCF1, ABCF3, ACAD9, ACLY, ACO2, ADRBK1, ALDH5A1, ALOX5,

ANP32B, AP2M1, APEH, ATG3, ATP1A1, ATP1B3, ATP6V1C1, ATXN10,
BCL2, BLVRA, CD2AP, CKAPS5, CLPTM1L, COBRA1, CPNE1, CPNE3,
CUL1, CYB5R3, DCUN1D1, DCXR, DDX17, DHCR24, DHCR7, DHRS7B,
DHX30, DNAJC2, DNMT1, EEF1E1, EHD1, EIF2A, EIF4A2, EIF4E,
EIF4G1, ERLIN1, ERO1L, ERP44, EXOSC7, EZR, FAM105B, FAM162A,
FAM213A, FASN, FDFT1, FKBP5, FXR1, GAPVD1, GNA13, GNL1, GNL3,
GOT1, GRHPR, GYG1, HEATR2, HMGB2, HNRNPD, HS2ST1, HSPA14,
KHSRP, KIF11, KNTC1, KPNA2, LBR, LRMP, LSS, MYH10, NAA25,
NAP1L4, NDUFAF4, NUP210, PA2G4, PAICS, PDCD6IP, PFKM, PFKP,
PHGDH, PLCG2, PPM1G, PPP2R4, PRDX6, PSAT1, PSMD5, PSMG2,
PTBP1, PTPRC, PTPRCAP, RAB7A, RRAS2, SBDS, SEC11C, SEC24A,
SET, SFXN1, SLC1A4, SLC1A5, SLC25A1, SLC2A1, SRPR, ST13,
TPD52, TRIP13, TROVE2, TUBA4A, TUBB4B, TUBGCP2, UBE2E1,
VPRBP, XPNPEP1, XPO7, XPOT, ZW10

Proteins Downregulated in Mino/FR cells

Fatty acid metabolism ACAA2, ACADVL, ACOT1 ACSL4, CPT2, HADHB

Glutathione metabolism GSTK1, GSTP1, G6PD, IDH2, PGD

CD molecules CD20 (MS4A1), CD38, CD43, CD70, CD74

Adherens junctions CSNK2A2, MAPK1, PTPN1, PTPN6, SMAD3

Other processes ALG5, ANXA2, APMAP, ARHGAP1, ARHGAP17, ARHGAP4, ARHGEF2,

ARLG6IP5, ARL8B, ASCC2, ATAD1, ATP2A3, ATPAF2, AUP1, BAX,
BCAP31, BCAT2, BTK, CFA20, C1QBP, CNDP2, COPG2, CSTF3,
CTPS2, DAGLB, DCK, DDX24, DDX3X, DKC1, DLST, DNAJA2, EIF4AT1,
EIF5A, ELMO1, EML4, FAM129C, FAM3C, FBXO7, FLAD1, FLNA, GBE1,
GFPT1, GLOD4, GNPDA1, GOT2, HIST1H2AH, HIST1H2BK, HIST1H4A,
HM13, HMGB3, HSP90B1, HSPH1, ICAM1, ICAMS, IER3IP1, IGF2BP3,
INPP5D, IQSECH, ITPR2, KPNAS, LTA4H, LRRFIP1, M6PR, MAT2A,
ME2, MPDU1, MSN, MTA2, MYBBP1A, NAGK, NDUFA13, NDUFA9,
NDUFB8, NDUFS1, NEK9, NLN, NRD1, NUDT19, MOB1B, OGDH, PDIA4,
PEPD, PFAS, PGRMC1, POLR2B, POR, PPCS, PPIB, PRMT1,PRPF6,
PRPSAP2, PSAP, PSME1, PSME2, PSMF1, PTPN2, PUS1, RASALS3,
RNH1, ROCK1, RUFY1, SCRIB, SEC23IP, SEPT9, SLC25A5, SLC25A6,
SLC38A5, SND1, SNRNP200, SRP54, STK4, TDP1, TMED4, TMXS3,
TOM1, TPM3, TPP2, TRMT6, TSR1, TST, TSTA3, UBLCP1, VARS, VATI,
VPS13C, VPS26A,VPS35, WDR1, XPO5, ZMPSTE24

doi:10.1371/journal.pone.0135314.1001
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Fig 3. Verification of differential expression of the key proteins identified by proteomics. (A) Relative expression of four differentially expressed
proteins—deoxycytidine kinase (dCK), phoshatase SHP-1 (alias PTPN6), Bcl-2 and phoshoserine aminotransferase (PSAT-1)-was determined by Western
Blotting using specific antibodies in Mino and Mino/FR cells. GAPDH was used as a loading control. (B) Relative expression of two surface CD markers
(CD20 and CD38) determined by flow cytometry using specific antibodies. Open histograms represent Mino/FR cells, full histograms show Mino cells.
Histograms demonstrate approximately 2-fold decreased expression of CD20 and CD38 in Mino/FR cells as indicated by decreased median fluorescence

intensity.
doi:10.1371/journal.pone.0135314.g003

Among the downregulated proteins the enrichment was less significant; proteins implicated
in fatty acid metabolism (p-val 0.003), glutathione metabolism (p-val 0.006), and adherens
junctions (p-val 0.03) were implicated.

Verification of the landmark expression changes

Among the proteins with the most pronounced (at least 5-fold) differential expression were
these downregulated proteins: deoxycytidine kinase (dCK) and phosphatase PTPNG6 (alias
SHP-1, Tyrosine-protein phosphatase non-receptor type 6), and these upregulated ones: Bcl-2
and phosphoserine aminotransferase (PSAT). Using specific antibodies we confirmed the sig-
nificantly altered expression of all four landmark proteins (Fig 3A). Observed downregulation
of cell surface markers CD20 (MS4A1) and CD38 revealed by proteomics in Mino/FR cells
was confirmed by flow cytometry using specific antibodies (Fig 3B).

Deoxycitidine kinase, purine and pyrimidine utilization and metabolism

Several-fold downregulation of deoxycytidine kinase (dCK) was among the most prominent
alterations in the fludarabine-resistant cells detected by the proteomic analysis. In fact, dCK was
under detection limit in our Western blotting analysis in Mino/FR cells (Fig 2A), suggesting at
least 10-fold downregulation, if not a total absence, of the protein. Deoxycytidine kinase is the
key enzyme of deoxyribonucleoside salvage, a metabolic pathway that recycles products of DNA
degradation and enables utilization of nucleosides from the environment. Deoxycytidine kinase
is responsible for the first intracellular phosphorylation of deoxynucleosides (dCyd, dGuo and
dAdo) including clinically relevant analogs cytarabine, cladribine, gemcitabine and fludarabine
[9,25]. Despite its name, dCK is promiscuous and phosphorylates both pyrimidine and purine
(anti)nucleosides [25]. Downregulation of dCK expression and activity has been demonstrated to
cause antinucleoside resistance in human leukemic cell lines by others [8, 9, 26-28]. We have
shown recently that the downregulation of dCK is responsible for the resistance to pyrimidine
antimetabolite cytarabine in MCL cells, and for cross-resistance of the cytarabine-resistant cells
to other antinucleosides [29]. Deoxycytidine kinase is the dominant, if not exclusive, kinase for
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fludarabine phosphorylation to its monophosphate [9,25-27]. We can thus reasonably conclude
that the marked downregulation (or possibly even a total absence) of dCK is the critical alteration
responsible for the fludarabine resistance in our MCL model. Substrate promiscuity of dCK
explains the cross-resistance of Mino/FR cells to all other purine and pyrimidine antinucleosides
included in our study.

Purine and pyrimidine metabolism

Deoxyribonucleotide triphosphates (ANTPs) essential for DNA replication and repair can be
produced either by the de novo pathway or by the nucleoside salvage pathway. Rapidly prolifer-
ating leukemia and lymphoma cells utilize nucleosides from the environment using the nucleo-
tide salvage pathway [30]. Downregulation of dCK in the resistant Mino/FR cells limits
fludarabine activation, preventing or limiting its toxic effect. Simultaneously, it also limits utili-
zation of natural purine and pyrimidine nucleosides (dCyd, dAdo, dGuo) from the environ-
ment. Mammalian cells with negligible dCK activity thus become highly dependent on de novo
nucleotide synthesis [30, 31].

This seems valid also in our model. In the Mino/FR cells we observed a modest, neverthe-
less, consistent upregulation of many components of purine and pyrimidine metabolism,
namely those of de novo synthesis and consecutive interconversion reactions. Upregulated
were GMP synthase, CTP synthase 1, inosine-5 -monophosphate dehydrogenase, uridine-
5’-monophosphate synthase, purine nucleoside phosphorylase, adenosine deaminase,
purine nucleoside phosphorylase, thymidilate synthase, and ribonucleoide reductase sub-
unit M2.

Ribonucleotide reductase is the key enzyme of the de novo pathway for the production of
deoxyribonucleosides for DNA synthesis from ribonucleosides. Ribonucleotide reductase activ-
ity is known to be directly inhibited by fludarabine [6-9] resulting in depleted ANTP pool.
Upregulation of ribonucleotide reductase and its increased activity have been associated with
fludarabine resistance in leukemia cells [9].

The concurrent upregulation of the purine and pyrimidine synthetic machinery suggests an
increased demand for ANTPs. Resistant cells need to compensate for the loss of deoxynucloside
utilization from the environment (normaly facilitated by dCK) by the de novo synthesis of both
purines and pyrimidines, and their conversion to deoxynucleosides by ribonucleoside
reductase.

DNA replication and repair

Fludarabine incorporation into DNA ultimately activates DNA damage response resulting in
apoptosis, unless the DNA damage is effectively and rapidly repaired. Increased efficiency

of DNA repair is a general mechanism of resistance to DNA-targeting drugs. Mino/FR cells
lacking dCK activity face, however, another challenge. Disruption of ANTP pools may cause
the misincorporation of nucleotides into DNA resulting in a replication stress which further
increases the demand for an effective DNA repair. It has been clearly demonstrated that inacti-
vation of dCK in leukemia cells leads to replication stress and activates DNA-damage response
[31].

In general, cells with damaged DNA might escape the damage-triggered apoptosis in so far
as they can, at least partially, cope with the inhibited replication, and repair the DNA damage.
In agreement with the results of KEGG pathway analysis, we observed upregulation of the large
number of proteins participating in both of those processes. DNA repair of a damage in the
form of nicks or double-strand breaks is initiated by poly[ADP-ribose] polymerase 1 (PARP-
1). We found PARP-1 upregulated in Mino/FR cells. PARP-1 acts as a sensor that is thought to
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organize the damage site chromatin and/or serve as a scaffold for the subsequent recruitment
of repair proteins. PARP-1 directly associates with condensin I protein complex, a conserved
multiprotein multifunction assembly partaking in DNA replication and DNA repair [32,33].
We observed upregulation of all five subunits of condensin I protein complex (condensin
complex subunits 1, 2, 3 and structural maintenance of chromosomes proteins 2 and 4).
Similarly, upregulated Fanconi anemia group I protein (FANCI) is recruited to stalled repli-
cation forks at the sites of DNA damage and aids to the repair of double strand lesions [34].
Among other proteins known to contribute to DNA repair we identified the upregulated DNA
replication licensing factors MCM2, MCM3, MCM4 MCM5, MCM6 and MCM?7, replica-
tion factor C subunits 2, 3, 4 and 5, pontin, reptin, and DNA ligase 1.

The tight orchestration of replication stress response is mediated by ATM, ATR and check-
point kinases. Recently, Nek9 kinase has been identified as a key component of the regulatory
cascade [35]. Nek9 kinase was also found upregulated in Mino/FR cells.

The upregulation of numerous proteins participating in the maintenance of DNA integrity
clearly indicates increased demand for DNA repair in Mino/FR cells. Such an upregulation
may either contribute to the fludarabine resistance (despite the limited dCK activity, small
amounts of fludarabine may still be incoroporated into DNA) and/or compensate for the
higher incorporation error rate due to the deficiency of ANTPs caused by insufficient dCK
activity [31].

Avoiding apoptosis. Altered Bax /Bcl-2 ratio in Mino/FR

In addition to the processes directly responsible for the resistance (silenced expression of dCK)
and the secondary/adaptive changes represented by the changes in nucleotide metabolism, rep-
lication and DNA repair, cells can avoid drug-induced apoptosis by the alteration of down-
stream processes, namely, signaling pathways leading to apoptosis. Apoptosis is regulated,
among others, by the Bax/Bcl2 ratio [36, 37], where Bax promotes apoptosis by binding to and
antagonizing the anti-apoptotic Bcl-2 protein. Upregulation of Bcl-2 as the mechanism of
avoiding cell death has been documented in drug resistant cancer cells previously [38]. In our
study, Bcl-2 was also among the most strongly upregulated proteins in Mino/FR (Fig 3A),
while expression of Bax was downregulated.

Markedly decreased Bax/Bcl-2 ratio in Mino/FR cells most likely reflects an anti-apoptotic
process. This alteration per se does not, however, confer universal resistance to apoptosis as
demonstrated by the preserved sensitivity of Mino/FR cells to cisplatin and bendamustine
(Fig 1H and 1I). We hypothesize that the decreased Bax/Bcl-2 ratio might counterbalance the
adverse alterations of the cell metabolism that result from the downregulation of dCK. Impor-
tantly, the Bcl-2 upregulation represents a potential therapeutic target for fludarabine-resistant
MCL cells.

High sensitivity of Mino/FR to Bcl-2 inhibitor ABT-199

Bcl-2 is an attractive therapeutic target. Sevreal Bcl-2 inhibitors have been developed and are
currently in clinical tests. Highly selective Bcl-2 inhibitor ABT-199 showed great promise in a
wide range of B-cell malignancies, with greatest efficacy reported in chronic lymphocytic leuke-
mia and mantle cell lymphoma [39, 40]. In order to evaluate the potential of ABT-199 for the
therapy of antinucleoside-resistant MCL, we tested relative toxicity of ABT-199 in Mino and
Mino/FR cells. We observed markedly increased sensitivity of Mino/FR cells to ABT-199 com-
pared to Mino cells (Fig 4). While Mino cells rapidly proliferated in 1uM ABT-199, prolifera-
tion of the Bcl-2 —overexpressing Mino/FR cells was reduced already at 0.01 uM ABT-199
while 0.1 pM ABT-199 effectively killed all Mino/FR cells in culture (LD;4o 10-100-fold lower).
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Fig 4. Mino/FR cell are highly sensitive to ABT-199. Proliferation of Mino and Mino/FR cells in presence of
of 0.01-10 pM Bcl-2 inhibitor ABT199. Cells were grown for 6-8 days in presence ABT199. Relative toxicity
of the drugs was determined by the WST-8 cell proliferation assay. Dashed curves and open circles or
triangles indicate cell proliferation in absence of ABT199. Maximum absorbance (highest number of viable
cells) of cells grown without ABT199 experiment was set as 100%. Other curves represent the cells grown in
increasing concentrations (indicated by the associated number) of ABT199. Standard deviations were < 5%
for all measurements.

doi:10.1371/journal.pone.0135314.g004

To ensure, that the phenomenon is not exclusive to Mino/FR cells, we determined the relative
expression of Bcl-2 and sensitivity to ABT-199 in another MCL cell line REC-1 and its cytra-
bine (CR) and fludarabine (FR) resistant subclone REC-1/CR/FR which we derived and char-
acterized previously [29]. We demonstrated that the antinucleoside-resistant REC-1 cells also
overexpress Bcl-2 and are more sensitive to ABT199 treatment in vitro. (S1 Fig). Our observa-
tion thus suggests high potential of the novel anti-Bcl-2 drug ABT-199 for the therapy of flu-
darabine-resitant MCL.

B-cell receptor signalling. Bruton tyrosine kinase (BTK) and the
resistance to ibrutinib

As we demonstrated in the initial battery of toxicity tests, fludarabine-resistant Mino/FR cells
were significantly cross-resistant to ibrutinib, an inhibitor of Bruton tyrosine kinase (BTK)—
recently approved for the therapy of relapsed/refractory mantle cell lymophoma [41]. BTK is a
key component of B-cell receptor (BCR) signaling crucial to cell survival and proliferation dur-
ing B-cell developement [42], and implicated in pathogenesis of B-cell malignancies, including
MCL [3, 43]. Upon complex BCR stimulation, BTK is phosphorylated and the activated BTK
phosphorylates phospholipase C gamma 2 (PLCG2). In turn, several downstream target path-
ways are activated including transcription factor NF-kB and mitogen-activated protein kinase
(MAPK), leading to cell survival and proliferation [44]. Our proteomic analysis identified
strong downregulation of BTK in Mino/FR. Because of its therapeutic importance, we verified
both total and activated (phoshpo-BTK"*?>**) BTK levels in Mino and Mino/FR cells using
Western blotting (Fig 5). BTK expression and p-BTK levels were markedly decreased in Mino/
FR cells, clearly indicating the disruption of BCR signaling in Mino/FR cells. This provides the
explanation for the observed resistance of Mino/FR cells to ibrutinib.

Still, many other players may contribute to the complex sum of signals that decide the cellu-
lar fate and response to ibrutinib. Among the downregulated proteins identified in Mino/FR
cells there were two phosphatases known to contribute to BCR signalling as well—phosphatase
PTPNG (alias SHP-1) and phosphatidylinositol 3,4,5-trisphosphate 5-phosphatase 1 (alias
SHIP-1) [45, 46]. We also observed downregulation and MAPK kinase, one of the down-
stream effectors of BCR signalling. Other molecules involved in different signalling cascades
(such as STAT3, kinases CSNK2A2 and ROCK, and phosphatases PTPN1 and PTPN2, all
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Fig 5. Decreased levels of total BTK and its activated p-BTKY23 form in Mino/FR cells. Relative
expression of total and phosphorylated (active) p-BTK233 was determined by Western blotting using specific
antibodies in Mino and Mino/FR cells. GAPDH was used as the loading control.

doi:10.1371/journal.pone.0135314.g005

downregulated in Mino/FR cells) could also contribute to Mino/FR survival via signalling
crosstalk.

Nevertheless, the association of marked ibrutinib resistance with fludarabine resistance in
Mino/FR cells, accompanied by the downregulation of BTK and p-BTK, are important obser-
vations indicating that disrupted BCR signalling may limit the effective usage of ibrutinib in
MCL patients with fludarabine-resistant disease.

Decreased expression of CD20 and other CD antigens, and the potential
implications

Among the proteins downregulated in MinoFR cells we found six proteins belonging to the
leukocyte CD (cluster of differentiation) antigens, namely, CD20 (MS4A1), CD38, CD70,
CD74 and CD43 (leukosialin). Importantly, no CD antigen was identified as upregulated.
Loss of the CD antigens in the resistant cells may be specific to resistance developement
and/or reflect the shift of the resistant lymphoma cells toward differently matured B-cell
phenotype.

Since most of the CD proteins are expressed on the cell surface, they represent attractive
therapeutic targets. Downregulated expression of CD molecules may theoretically limit the
efficacy of therapeutic antibodes such as rituximab (anti-CD20) used in lymphoma therapy.
Recently, Kluin-Nelemans et al. published their landmark paper on the survival benefit of
maintenance rituximab (R) in the elderly patients with newly diagnosed mantle cell lymphoma
[2]. Interestingly, the influence of maintenance rituximab was detected only in patients who
received R-CHOP (cyclophosphamide, vincristin, doxorubicin and prednisone), but not in
those who received R-FC (fludarabine, cyclophosphamide). In the light of our own data, the
downregulation of CD20 in those MCL cells that had survived fludarabine-based induction
therapy might at least partially contribute to the failure of rituximab maintenance observed in
that cohort of patients.

Metabolic alterations in Mino/FR cells

Among the highly upregulated proteins in the resistant MCL cells were two enzymes responsi-
ble for two consecutive steps of serine synthesis, namely D-3-phosphoglycerate dehydroge-
nase (PHGDH) and phosphoserine aminotransferase (PSAT1, verified by Western blotting,
Fig 3A). Since serine is an essential compound for the de novo nucleotide biosynthesis (as a
source of carbon moieties in the folate cycle) the upregulation of serine production may there-
fore satisfy the increased demand for stimulated de novo nucleotide synthesis in Mino/FR cells,
which are unable to recycle or obtain nucleosides from the environment due to the missing or
defficient dCK activity. This hypothesis seems to be supported by the concomitant
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upregulation of neutral amino acid transporter A (SLC1A4) and neutral amino acid trans-
porter B (SLC1A5), transporters specific for serine, alanine, cysteine, and threonine. Interest-
ingly, upregulation of PSAT1 has been shown to increase proliferation and tumorigenic
potential, as well as to protect tumor cells from oxaliplatin toxicity [46]. Whether the PSAT1
effect is directly connected with nucleotide metabolism or rather a more general compensatory
metabolic alteration remains to be determined.

The downregulation of six enzymes partaking in the metabolism of fatty acids, (carnitine
O-palmitoyltransferase 2, trifunctional enzyme subunit beta, acyl-CoA thioesterase,
3-ketoacyl-CoA thiolase, long-chain-fatty-acid-CoA ligase 4, and very long chain specific
acyl-CoA dehydrogenase) accompanied by the downregulation of mitochondrial ADP/ATP
translocases 2 and 3 as well as other important mitochondrial proteins, may suggest a complex
metabolic re-arrangement in Mino/FR cells.

Marked up-regulation (5-6-fold) of biliverdin reductase may contribute to the resistant
phenotype. Biliverdin reductase converting biliverdin to bilirubin is a potent intracellular anti-
oxidant, which is induced under hypoxia and contributes to hypoxia-induced resistance to
doxycycline, paclitaxel and temozolomide in cancer cells [47, 48]. Whether biliverdin reductase
contributes to antinucleoside resistance in our model or merely reflects increased oxidative
stress remains to be determined. Similarly, upregulation of two key glutathione transferases,
GSTP1 and GSTKI1, in Mino/FR may have several explanations. Upregulation of GSTP1 has
been linked to an aquired drug resistance, including drugs which are not substrates for glu-
tathionylation-based detoxification (e.g.antimetabolites) [49].

Interestingly, nine aminoacyl tRNA synthases were upregulated in the Mino/FR cells. In
addition to their canonical roles, these molecules exert various other functions as recently
reviewed [50]. Their in contribution to the survival of resistant cells remains to be elucidated.

Conclusions

Detailed molecular analysis of therapy-resistant tumor cells is essential for in-depth under-
standing of causative mechanisms, as well as contributing and compensatory processes. Such
knowledge then potentialy opens a way to the personalized therapy of the drug-resistant
malignancy. Here we provided a detailed functional and proteomic snapshot of molecular
mechanisms associated with the aquired fludarabine resistance of mantle cell lymphoma
cells. Our data suggest the silencing of dCK as the probable causative mechanism of the resis-
tance to fludarabine and of the cross-resistance to other antinucleotides, both pyrimidine-
and purine-derived. In addition to the downregulation of dCK, we identified several second-
ary contributing or compensatory processes associated with the development of fludarabine
resistance. Ineffective use of antinucleosides from the environment induces replicative stress
and makes the resistant cells highly dependent on de novo nucleotide synthesis and effective
DNA repair (Fig 6). Some of the identified alterations might have direct therapeutic conse-
quences, including the downregulation of BTK (associated with the decreased sensitivity

of fludarabine-resistant cells to ibrutinib) or the upregulation of Bcl-2 (responsible for an
increased sensitivity to ABT-199). Our detailed functional and proteomic analysis of mantle
cell lymphoma model of acquired resistance to fludarabine thus provides a proof-of-concept
that might be exploited in the clinical setting (namely in mantle cell lymphoma and chronic
lymphocytic leukemia) for prediction of optimal treatment strategies for those patients who
fail fludarabine-based regimen. Due to the remarkable sensitivity and speed of high-resolu-
tion mass spectrometry, enabling rapid and detailed molecular characterization of small
populations of cancer cells, proteomics may contribute to the formulation of individualized
therapies in near future.
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Fig 6. Schematic illustration of the processes associated with fludarabine resistance in Mino/FR cells
summarizes the landmark observations in our analyses.

doi:10.1371/journal.pone.0135314.g006

Supporting Information

S1 Fig. Bcl-2 expression and ABT199 toxicity in REC-1 and REC-1/CR/FR cells. Cytrabine-
and fludarabine resistant subclone REC-1/CR/FR has been derived and characterized previ-
ously from an established MCL cell line REC-1 [29]. A) Expression of Bcl-2 in REC-1 and
antinucleoside resiatnt REC-1/CR/FR cells. Relative expression of Bcl-2 was determined by
Western blotting using specific antibodies in total cell lystates. GAPDH was used as the loading
control. B) Proliferation of REC-1 and REC-1/CR/FR cells in presence of Bcl-2 inhibitro
ABT199. Proliferation of REC-1 and REC-1/CR/ER cells in presence of of 0.01-10 uM Bcl-2
inhibitor ABT199 was determined. Cells were grown for 6-7 days in presence ABT199. Relative
toxicity of the drugs was determined by the WST-8 cell proliferation assay. Dashed curves and
open circles or triangles indicate cell proliferation in absence of ABT199. Maximum absor-
bance (highest number of viable cells) of cells grown without ABT199 experiment was set as
100%. Other curves represent the cells grown in increasing concentrations (indicated by the
associated number) of ABT199. Standard deviations were < 5% for all measurements.

(TIF)

S1 Table. The complete list of differentially expressed proteins. The list of differentially
expressed proteins identified in Mino/FR cells by SILAC analysis. The proteins are ordered
according the observed fold-change. Downregulated and upregulated proteins are shown in
two separate tables. Number of unique and total peptides identified, number of SILAC pairs
and normalized SILAC ratio are diplayed for each protein.

(PDF)
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1. Introduction demonstrated to be unsuitable for the analysis of mammalian hydro-

Cellular membranes provide an essential physical interface between
individual subcellular compartments, and between the cell and its envi-
ronment. Composed of proteins, phospholipids and glycolipids, cellular
membranes play a critical role in cell function and survival by spatially
restricting chemical and biochemical processes and defining cell bor-
ders. Integral membrane proteins, i.e. proteins that cross the phospho-
lipid bilayer, are coded by roughly 25% of human genes [1] while
representing circa 7-8% of the overall cellular protein mass in human
cells [2].

Integral membrane proteins (IMPs) function as important trans-
porters, channels, receptors, and enzymes, responsible for signal trans-
duction, regulatory processes and cell-cell and cell-environment
interactions. These roles make IMPs enormously attractive targets for
therapeutic interventions. In fact, approximately half of the currently
approved drugs in human medicine target IMPs [3]. The recent revolu-
tion in the development of therapeutic antibodies against surface plas-
ma membrane proteins further augmented the wide interest in IMPs.
However, our knowledge of the structure, function and expression dy-
namics of IMPs is still limited, mostly because of their adverse
physico-chemical properties and low expression levels. Based on their
structure, IMPs can be characterized as alpha-helical or beta-barrel pro-
teins. Since beta-barrels are a minor component of mammalian ge-
nomes, restricted to several proteins of bacterial origin present in the
mitochondrial membrane and can be studied by conventional ap-
proaches, this review will further discuss only the hydrophobic alpha-
helical proteins. Similarly, monotopic membrane proteins, i.e. molecules
that are attached or anchored to the membrane but do not traverse the
bilayer, will not be discussed here.

Alpha-helical IMPs are amphipathic - composed of hydrophilic
extramembrane segments and one or more hydrophobic alpha-helical
segments of 20-30 amino acids spanning the phospholipid bilayer. It
is this amphipathy that renders IMPs difficult to solubilize and makes
membrane proteomics so challenging. Due to their “split personality”
and low expression levels, IMPs are underrepresented in conventional
bottom-up proteomic analyses, which generally favor soluble, abundant
and easy-to-digest proteins and peptides. [4,5]. In addition to their low
abundance and relative hydrophobicity, a third adverse feature of IMPs
exists — low digestibility with trypsin- since the hydrophobic alpha-
helical segments are poor in the charged lysines (K) and arginines
(R) that are the targets for trypsin. Furthermore, the exposed hydrophil-
ic extra-membrane segments are often of limited length and may not
provide enough tryptic peptides for identification, despite being ade-
quately rich in tryptic cleavage sites (see Fig. 1). For more information
on IMP structure and their alpha helices, several high quality reviews
can be recommended [6-8].

This review will summarize recent developments in the proteomics
of mammalian IMPs, namely the progress in sample preparation steps
preceding LC-MS analysis, and outline the most successful strategies
to date regarding the number of identified IMPs and their enrichment.
We will therefore deal mostly with the different strategies of solubiliza-
tion and digestion of membrane samples. We also do not address the
conventional 2-DE technology, as it has been largely abandoned and

phobic IMPs in complex mixtures. This incompatibility has several rea-
sons, the major one being the low solubility of IMPs during isoelectric
focusing (IEF). For detailed information on 2-DE applications in mem-
brane proteomics, two excellent reviews can be highly recommended
[9,10].

In proteomic publications, the numbers of identified IMPs are usual-
ly reported either according to their proper Gene Ontology (G.0O.) anno-
tation or, more stringently, as numbers of proteins containing at least
one predicted transmembrane segment. Experimental evidence on the
topology of IMPs is quite limited, but topology prediction algorithms
provide fast, though potentially inaccurate information on probable
IMP topology. Early methods for topology prediction were based solely
on the identification of hydrophobic stretches of 15-25 amino acid res-
idues in the protein sequence. Later, with the discovery of the “positive-
inside” rule [11], predictions were further refined by enabling the cor-
rect orientation of TM segments. Current prediction methods use
various algorithms ranging from the “sliding window across the
sequence” to more advanced artificial neural networks, support vector
machines, hidden Markov models and dynamic Bayesian networks
(forreview see [1,12-15]). Among the difficulties in topology prediction
are hydrophobic signal sequences that are similar to N-terminal TM seg-
ments, kinks in the TM segments, and short re-entrant segments. Some
of prediction methods are, however, capable of dealing even with these
obstacles. Several of the algorithms also use evolutionary information
by introducing multiple sequence alignments, or refine the prediction
with incorporation of preexisting knowledge of the topology of some
regions of the sequence. The very recently introduced CCTOP prediction
web server integrates 10 different topology prediction methods [16]. In
this review, we have made an effort to report the numbers of IMPs iden-
tified in the referenced publications based on the prediction of TM seg-
ments. In several cases, where such information was not available in the
publication, we used the original published data and recalculated the
proportion of IMPs with the TMHMM algorithm based on the hidden
Markov models [17].

The field of membrane proteomics has changed dramatically in the
last decade. Aside from the massive improvement in mass spectrometry
(MS) instrumentation, the advent of MS-compatible detergents, filter
assisted sample preparation (FASP) and surface capture protocols
have markedly diversified our proteomic tool-box and opened the
way toward understanding the proverbial black box of the membrane
proteome.

2. Enrichment of membrane material

In general, two basic strategies in membrane proteomics exist.
Membrane proteins can be either targeted as whole molecules, or alter-
natively, a “divide and conquer” approach can be used, aiming separate-
ly or exclusively at their hydrophilic (extramembrane) or hydrophobic
(transmembrane) segments. Regardless of the strategy, membrane en-
richment is an essential, and usually the first, step in both workflows.
The enrichment of membrane material is almost always performed by
centrifugation, ranging from one-step medium-speed crude membrane
sedimentation to multistep isolation involving a density gradient or
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Fig. 1. The problematic digestion of IMPs with trypsin. An example of an integral membrane protein with multiple transmembrane domains - the membrane iron exporter ferroportin (10
transmembrane segments, 571 amino acids, GRAVY score 0,426). Without solubilization of the protein, a theoretical digestion with trypsin would produce 11 peptides of length between 5
and 25 amino acids. A theoretical tryptic digestion of completely solubilized ferroportin (no missed cleavages) would generate only 2 additional peptides shorter than 35 amino acids.
However, an entire 49% of the molecule sequence will be represented by 6 long transmembrane hydrophobic peptides (P1-P6, orange) ranging in length from 38 to 68 amino acids
(MW from 3990 to over 7290) and high hydrophobicity (GRAVY scores from 0.51 up to 1.36). Such peptides may easily get lost during sample preparation and analysis. In addition to
the critical transmembrane a-helices, even the extra-membrane (soluble) portion of the ferroprotin molecule contributes one long and hydrophobic segment (P7, blue, 5018 Da,
GRAVY 0.98), further increasing the proportion of the ferroprotin sequence that could possibly escape detection. Graphics: http://wlab.ethz.ch/protter/

cushion ultra-centrifugation (reviewed in [18]) based on protocols
established several decades ago. Plasma membrane enrichment via
peeling by a cationic silica pellicle is a methodically interesting ap-
proach, which has not, however, found wider application [19].

No matter how complex the sedimentation strategies are, due to
subcellular complexity and the large hydrophobic surface of membrane
vesicles, isolated “membrane enriched” fractions are inevitably heavily
contaminated by major cellular proteins, ribosomes, components of
the cytoskeleton, proteins attached to membranes, and other molecules.
In fact, these contaminants dominate MS spectra and hamper the anal-
ysis of underrepresented IMPs. To further enrich IMPs and strip the sol-
uble contaminants and peripheral membrane proteins, isolated
membrane fractions can be washed with aqueous high ionic strength
buffers, typically using high pH sodium carbonate washes originally in-
troduced by Fujiki in the 1980s [20]. In addition to the striping of pe-
ripheral proteins, the alkaline pH and high ionic strength of sodium
carbonate stimulate opening of the membrane vesicles and releasing
the entrapped contents, and alkaline carbonate washing is now routine-
ly employed in membrane proteomics [21-23 and others]. In addition,
high salt washes with 1-5 M NaCl, KCI or NaBr are sometimes added
to the carbonate washes [19,24-28]. As an alternative to sodium car-
bonate treatment, membrane washes with an organic solvent, namely
trifluoroethanol (TFE), have been also successfully tested [29]. It is

evident, though, that no matter how vigorous and intensive such wash-
ing steps are, they only partially reduce the presence of non-membrane
proteins in the sample, as the percentage of IMPs identified in isolated
and carbonate-washed membrane fractions ranges from 20 to 60% of
all identified proteins even after multi-step fractionation procedures.
[21,25,30-32].

No significant developments in the membrane enrichment, in the
classical sense, have been made in the last decade. However, a strategy
for analysis of the plasma membrane proteome based on the affinity en-
richment of surface proteins, known as Cell Surface Capture (CSC), has
been developed and successfully applied in numerous studies. This
method will be discussed in Section 5.1.

3. Solubilization and digestion

An enriched membrane fraction is the starting material in most pro-
teomic workflows focusing on IMPs. Extracellular segments of IMPs
with large extramembrane segments may, and often do, provide several
peptides sufficient for protein identification even without membrane
solubilization [21,33-35]. However, a significant proportion of an IMP
molecule (and in some cases most of it) is safely buried in the phospho-
lipid bilayer, and inaccessible to protease activity. The lack of solubility
of IMPs not only prevents their complete digestion but also accounts
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Compound

Advantages for membrane
proteomics

Disadvantages

Detergents
Sodium dodecyl
sulfate (SDS)

Sodium dodecyl
cholate (SDC)

Acid-labile
surfactants

Organic solvents
Methanol,
trifluoroethanol

Formic acid

Chaotropes
Urea, guanidine
hydrochloride

-Efficiently solubilizes cell
membranes and denatures all
types of proteins

-Can be removed using the
FASP procedure

-Compatible with trypsin in
the concentration necessary
for membrane solubilization
(5% SDC)

-Efficient removal by phase
transfer or acid precipitation
-Rapid detergent removal by
acid cleavage

-60% methanol (or 50% TFE)
solubilizes membranes and
IMPs

-Trypsin remains partially
active in 60% methanol (or
25% TFE)

-5-15% TFE can be used for
removal of
membrane-associated
proteins from membrane
surfaces

-Easy evaporation prior to LC
-Effectively solubilizes
membranes, hydrophobic
proteins and peptides
-Compatible with chemical
cleavage using cyanogen
bromide

-6-8 M urea can be used to
denature extra-membrane
parts of IMPs in combination
with certain proteases (Lys-C,
Glu-C)

-Efficient removal of both
guanidine and urea prior to
LC/MS using common
desalting methods

-Proteases do not tolerate
concentrations of SDS higher
than 0.1%

-Even very low
concentrations of SDS impair
liquid chromatography and
mass spectrometry
-Removal procedures are
either relatively laborious,
inefficient or cause partial
loss of the sample

-Lower solubilizing and
denaturing ability compared
to SDS

-Expensive

-Loss of hydrophobic peptides
after acid cleavage and
precipitation (RapiGest)

-Trypsin activity and
specificity are severely
lowered in 60% methanol

-Incompatible with most
proteases

-May cause formylation and
hydrolysis of proteins and
peptides

-Does not solubilize
membranes nor IMPs
-Incompatible with trypsin at
concentrations needed for
protein denaturation (6 M
guanidine, 6-8 M urea)
-Urea may cause protein
modifications at elevated
temperatures

for protein precipitation, aggregation and non-specific adhesion to lab-
oratory plastic. Therefore, solubilization of the membrane material is
the cornerstone of success in membrane proteomics. The solubilization
step is particularly important for the release of peptides resulting from a
cleavage in extramembrane loops of IMPs with multiple transmem-
brane segments. Chaotropes, organic solvents and especially detergents
may assist in this task to various extents (Table 1).

3.1. Detergents

Detergents are amphipathic molecules mimicking the properties of
the membrane phospholipids, including the assembly of micelles. That
makes them enormously useful in membrane disintegration and pro-
tein solubilization. However, detergents differ greatly in their solubiliza-
tion power and denaturing effects. Also, depending on their
characteristics, detergents may inactivate trypsin and other proteases,
stick to hydrophobic surfaces, interfere with chromatographic separa-
tion and/or suppress peptide ionization and contaminate mass

spectrometers. Therefore, significant effort has been invested into the
advancement of methods for detergent removal prior to digestion or
LC-MS analysis, and into the development of new detergents without
such adverse effects.

3.1.1.SDS

Sodium dodecyl sulfate (SDS), a linear chain strong ionic detergent,
is highly effective in the solubilization of membranes and membrane
proteins as well as in protein denaturation [36]. Trypsin activity is lim-
ited in even 0.1% SDS, however, and much lower SDS concentrations
can cause a reduction in the separation power of liquid chromatography
(LC) and hamper peptide ionization during MS analysis [37-41]. There-
fore, SDS must be removed prior to protein digestion or LC-MS/MS. To
remove SDS from a membrane sample, ion-pair extraction using a mix-
ture of triethylamine, acetone, acetic acid and water can be used [42].
Precipitation of SDS by potassium chloride is also effective and possibly
more convenient [43]. Alternatively, protein precipitation with organic
solvents, namely TCA [44,45], acetone, or chloroform/methanol/water
[46] is an effective, simple and inexpensive way to deplete SDS with suf-
ficient protein recovery.

Similarly to traditional in-gel protein digestion, a complex mem-
brane sample containing SDS can be briefly electrophoresed on conven-
tional SDS-PAGE, SDS extracted from the gel slice, and then proteins in
the gel digested and peptides extracted [19,22,47-50]. In a less labori-
ous alternative, the SDS-solubilized sample is simply mixed with a
small amount of the acrylamide solution prior to its polymerization
[32,51,52]. The in-gel digestion trypsin-based approach solves the prob-
lem of SDS; unfortunately, however, its applicability for the analysis of
IMPs, especially IMPs with multiple transmembrane segments, is limit-
ed, since long hydrophobic peptides resist extraction from acrylamide
gels [22].

Another methodically distinct way of SDS depletion from a complex
sample is based on the covalent capture of proteins. Magnetic nano-
beads coated with tresyl-functioned PEG covalently bind free amino
groups of proteins from SDS-solubilized membranes. The captured pro-
teins can then be washed and digested. A recent application of this ap-
proach in the analysis of a liver microsomal fraction enabled the
identification of >1500 IMPs, representing roughly a quarter of all pro-
teins identified in the study [53]. SDS depletion using SCX chromatogra-
phy has also been explored [54] and found efficient in samples where
SDS concentrations exceed its critical micellar concentration [55].
More importantly, a successful detergent removal on a desalting size-
exclusion column with the assistance of 8 M urea [27] led to the intro-
duction of filter assisted sample preparation (FASP) - an elegant method
of sample clean-up and digestion [56].

FASP allows the depletion of detergents (or generally any low mo-
lecular weight soluble compounds) including SDS from a complex sam-
ple by centrifugation through an ultrafilter with a 10-30 kDa cut-off
combined with washes with 8 M urea buffer. Further buffer exchange
and a direct on-filter sample digestion may follow the washing step.
This was demonstrated to be superior to the in-solution digestion ap-
proach in terms of protein sequence coverage, number of protein iden-
tifications and the absence of bias against hydrophobic proteins [56].
The applicability of the FASP workflow to membrane proteomics was
clearly demonstrated in an analysis of a mouse hippocampal membrane
fraction using a double on-filter digestion with Lys-C followed by tryp-
sin that allowed the identification of over 1600 IMPs [30]. In combina-
tion with a complex multi-step sample processing procedure, GELFrEE
(gel eluted liquid fraction entrapment electrophoresis), the application
of FASP later enabled the identification of 2090 IMPs from a membrane
fraction of human leukemia cells [57]. Recently, FASP facilitated the
identification of over 300 IMPs in an analysis of technically-
challenging membrane microdomains of a human renal carcinoma [58].

A modification of the FASP method with lectin-affinity capture led to
development of glyco-FASP [59], enabling the selective enrichment of
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glycosylated peptides from IMP extramembrane domains of the plas-
matic membrane, lysosomes and endosomes (see more in Section 5.3.).

Being widely adopted and incorporated into various workflows, the
elegantly simple FASP has changed the methodological repertoire of
current proteomics. As evidenced above, FASP combined with a strong
detergent, namely SDS, has enabled the identification of up to 1000-
2000 IMPs in a single study.

3.1.2. Sodium deoxycholate

Although SDS has been the detergent of choice for the solubilization
of membrane proteins, alternatives have been sought and evaluated. So-
dium deoxycholate (SDC) is an ionic detergent with a steroidal hydro-
phobic part and a charged carboxyl group. SDC facilitates the digestion
of hydrophobic proteins through efficient denaturation, although com-
pared to SDS, cholates possess lower denaturing and solubilizing ability
[60,61]. One clear advantage of SDC is its high compatibility with tryp-
sin, which tolerates SDC concentrations up to 5-10% [61,62].

Similarly to SDS, SDC must be removed from the peptide sample be-
fore MS analysis. It can be effectively depleted by phase transfer into a
water-immiscible solvent, namely ethyl acetate [61]. SDC has been suc-
cessfully applied to the analysis of membranes of human HelLa cells,
resulting in the identification of a total of 1450 proteins, of which 512
(35%) were IMPs [61]. Later, an analysis of membrane samples from
human breast tumors solubilized by SDC led to the identification of
7095 proteins including 1977 (28%) IMPs, with at least one transmem-
brane alpha helix predicted by TMHMM [63]. SDC also enabled the iden-
tification of 5556 proteins including 1567 (28%) IMPs in human
colorectal cancer samples [64]. SDC can be alternatively removed by
acid precipitation in aqueous buffer using 0.1-2% trifluoroacetic acid
or formic acid followed by centrifugation [62,65]. Side-by-side compar-
isons of the phase transfer and acid precipitation of SDC have produced
several conflicting reports. Lin et al. [66] showed that both strategies of
SDC removal led to a loss of peptides, and this loss was more pro-
nounced in the phase transfer method. Others have demonstrated
that acid precipitation is more reproducible [67,68], as it does not
require the potentially problematic removal of the aqueous phase.
On the other hand, Le6n et al. [69] documented higher sequence
coverage in samples undergoing phase transfer compared to acid
precipitation.

SDC has also been repeatedly evaluated side-by-side with other
detergents including SDS and acid-cleavable RapiGest (see below),
with SDC found to be superior for the solubilization and digestion of
IMPs with trypsin [69,70]. In general, enabling the identification of
500-2000 IMPs, SDC has firmly established its potential for membrane
analysis along with the traditional SDS.

3.1.3. Acid-labile surfactants

Acid-labile surfactants (ALS) have been developed relatively recent-
ly to avoid or simplify the detergent removal prior to LC-MS. As the
name suggests, these detergents are cleaved by a low-pH environment
at elevated temperature. Their hydrophobic part becomes water-
immiscible, and forms an easily-removable precipitate, while the re-
maining part of the molecule is LC- and MS-compatible. RapiGest™
was the first ALS to reach wider attention [71]. It structurally mimics
SDS by having an ionic sulfonate moiety and hydrophobic undecyl
chain, and effectively solubilizes membranes. Another important advan-
tage of RapiGest is that it does not limit trypsin activity in concentra-
tions up to 1% [71-74]. RapiGest was shown to be more powerful
compared to urea in the solubilization of organelle-enriched fractions
[72]. It was initially found to be slightly more efficient in comparison
with SDS in regard to the number of identified proteins in the human
MCF-7 cell line. [54] In the same study, analysis of an E. coli membrane
fraction using RapiGest resulted in the identification of 1626 proteins,
with about half being predicted IMPs. When an improved method for
SDS removal was applied, both SDS and RapiGest allowed a comparable
number of protein identifications in MCF-7 cells, with around 400 IMPs

[55]. Several other ALSs have been developed and tested, such as 3-[3-
(1,1-bisalkyloxyethyl)pyridin-1-yl]propane-1-sulfonate (PPS) [75],
and more recently Progenta Anionic Acid Labile Surfactants I and II
were found to be a good alternative to RapiGest [76].

The advantage of RapiGest, i.e. simplified detergent removal is, nev-
ertheless, counterbalanced by its high price. In addition, a major compli-
cation of the RapiGest application in membrane proteomics can be the
loss of the most hydrophobic peptides due to co-precipitation with
the hydrophobic RapiGest fragment during its removal [61,71,77].
With the advent of FASP, which enables effective detergent removal,
traditional, effective and cheap SDS, SDC or other detergents may pre-
vail over their expensive acid-cleavable alternatives.

Several excellent reviews are available that give more detail and
wider information on the available detergents and their application in
the analysis of membrane proteins [60,78,79].

3.2. Organic solvents

Organic solvents have mainly been tested as an alternative to deter-
gents. After the advent of FASP, which enables easy detergent removal,
however, their importance as single agents for membrane protein solu-
bilization and digestion will probably fade. Despite this, here we review
the most commonly used.

3.2.1. Methanol and trifluoroethanol

To completely avoid the troubles with detergents interfering with LC
separation or MS analysis, methanol has been exploited as an alterna-
tive for IMP solubilization and digestion. Trypsin has been shown to re-
tain most of its activity in up to 20% methanol [80]; however, higher
concentrations are needed to solubilize membranes. Trypsin activity is
reduced to one-fifth in 60% methanol compared to aqueous buffer [81]
and its specificity may also decrease [82]. Nevertheless, a detergent-
free solubilization of an isolated membrane fraction in 60% methanol
(assisted by sonication) followed by tryptic digestion in the same sol-
vent enabled the identification of over 700 IMPs (including peptides
from their transmembrane segments) in murine macrophages [83]
and almost 500 membrane proteins (according to their GO annotation)
in human epithelial cells [84].

Recently, however, a side-by-side comparison by Moore demon-
strated that solubilization and digestion in 60% methanol is markedly
inferior compared to 0.15% RapiGest or 1% SDC in a yeast membrane
fraction. The use of detergents increased the total number of identified
proteins and IMPs several-fold compared to methanol. [70] As an alter-
native to methanol, 50% trifluoroethanol (TFE) has been evaluated as
membrane-solubilizing agent for erythrocyte membranes. Despite the
fact that TFE-solubilized membranes provided a lower number of iden-
tified IMPs compared to 60% methanol, the proteins and peptides re-
leased by TFE had markedly higher hydrophobicity, suggesting some
potential of TFE as a complementary solvent for IMP analysis. [85]. TFE
has also been employed in a methodically different setting - first, to re-
lease peripheral membrane proteins from isolated membranes (5% and
15% TFE wash) and then to solubilize delipidated membrane samples
and assist trypsin digestion (25% TFE) in the analysis of a human NK-
like cell line microsomal fraction. In this complex multi-step study in-
cluding sample delipidation, 681 IMPs were identified. [29].

Although organic solvents may assist membrane solubilization, an
extensive comparison of various solvents, detergents and chaotropes
in the protein extraction and digestion of mouse brain samples demon-
strated that detergent-based protocols including detergent removal by
FASP significantly outperform organic solvents and chaotropes in the
number of identified membrane proteins. The best detergent-based
protocol enabled the identification of over 500 proteins, of which 29%
were IMPs [86]. More recently, a similar side-by-side comparison of sev-
eral detergents, two organic solvents, and chaotropes and their combi-
nations confirmed the superiority of detergents over organic solvents
and chaotropes in membrane analysis. The same study, however,
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pointed out the advantage of the additive effect of an organic solvent
(acetonitrile), a chaotrope (guanidine) and an MS-compatible deter-
gent used in combination. [76].

3.2.2. Formic acid

Concentrated formic acid (FA) is an excellent solvent for the solubi-
lization of membranes and hydrophobic proteins and peptides. Signifi-
cant downsides to FA, however, are its incompatibility with trypsin
activity and tendency to generate uncontrolled damage to protein sam-
ples, like D-P bond cleavage [87] and protein formylation [88]. However,
these modifications can be prevented by working at low temperatures
[46].

Despite being incompatible with trypsin, FA has found its use as an
alternative to SDS in the solubilization of membrane samples [89] and
precipitated protein pellets [46], as a solvent for the extraction and
MS-analysis of long hydrophobic peptides from acrylamide gels follow-
ing their in-gel digestion [44], as well as a solvent for the digestion of
membrane material with pepsin [90]. Most importantly, FA can be
used for chemical cleavage of hydrophobic peptides with cyanogen bro-
mide (CNBr) [24,91]. This will be further discussed in Sections 4.1.6. and
52.

3.3. Chaotropes

Although less potent in membrane protein solubilization compared
to detergents and organic solvents, chaotropes are sometimes used in
proteomics for the disruption of protein-protein interactions, denatur-
ation, and maintaining the unfolded state of proteins. Urea and guani-
dine hydrochloride are used most often. In contrast to detergents,
these small molecules do not interfere significantly with LC/MS. If de-
sired, urea and guanidine can be removed prior to MS by common
desalting techniques. The optimal concentrations of guanidine hydro-
chloride or urea needed for denaturation of proteins are 6 M and 8 M,
respectively, both far too high to be compatible with sufficient trypsin
activity. Dilution to 1 M (guanidine) and 2 M (urea) concentrations be-
fore digestion of a protein sample with trypsin is needed. However, such
a dilution may lead to protein refolding [74].

Although chaotropes do not fully extract IMPs from the membrane,
urea has been reported to facilitate the digestion of their
extramembrane parts [91-93]. However, a side-by-side evaluation of
trypsin digestion efficiency in isolated membrane fractions showed no
benefit of 2 M urea over ammonium bicarbonate buffer in terms of the
number of the identified membrane proteins [25]. Similarly, 1 M guani-
dine hydrochloride enhances the digestion efficiency of trypsin com-
pared to ammonium bicarbonate buffer without additives [45,74] and
its advantage compared to urea is also its chemical inertness [94]. Com-
pared to detergents including ALS, the effect of chaotropes in membrane
sample solubilization and digestion has been shown to be lower in
terms of the number of identified proteins and peptides [25,74,76].

However, the role of chaotropes in membrane proteomics cannot be
dismissed. The use of urea is inseparable from the use of endoproteases
Lys-C and Glu-C, unique enzymes that tolerate up to 8 M urea. Digestion
of a membrane sample with Lys-C in 6-8 M urea before dilution of the
chaotrope and sample re-digestion with trypsin has been shown to im-
prove IMP identification [25] and has become one of new standards in
sample preparation (see more in Section 4.1.1).

4. Digestion of integral membrane proteins

Even the best solubilization strategy cannot increase the number of
identified IMPs, nor improve their sequence coverage, without the pro-
duction of peptides of a size and hydrophobicity compatible with cur-
rent bottom-up technologies. Trypsin is undoubtedly the optimal
protease for standard soluble protein sequences containing advanta-
geous distributions of arginine and lysine residues [95]. However, tradi-
tional trypsin-centric strategies may not be sufficient for unlocking the

secrets of the phospholipid bilayer, and the analysis of IMPs may require
other strategies. Arginines and lysines, although sufficiently frequent in
extracellular soluble segments of plasma membrane, may be sterically
inaccessible to trypsin due to extensive glycosylation. [25,96]. More-
over, the size of trypsin-cleavable hydrophilic extramembrane portions
of IMPs varies from conveniently large extracellular domains down to
very short terminal or loop segments that may not provide enough se-
quence information for unequivocal protein identification. Most impor-
tantly, the well-established scarcity of charged lysine and arginine in
hydrophobic transmembrane segments, formed preferentially by non-
polar and polar uncharged amino acids, is the most critical obstacle to
effective trypsin use in membrane proteomics [97,98]. Trypsin-
generated peptides including one or more transmembrane alpha-
helical segments are inevitably large (30 + amino acids) and highly hy-
drophobic, as peptide hydrophobicity seems to be to some extent a
function of their length [97]. Such peptides may readily adhere to plastic
surfaces and get lost during sample preparation, may be retained on LC
columns, or may not be detected by current MS instrumentation. The
problem of long hydrophobic peptides resulting from trypsin cleavage
is demonstrated in Fig. 1. A theoretical and complete (no missed cleav-
ages) digestion of the fully solubilized IMP ferroportin demonstrates
that half of the protein sequence is represented by 6 problematic trans-
membrane hydrophobic peptides with MW up to 7290 and high hydro-
phobicity as determined by their GRAVY score [99].

Some of the abovementioned complications of trypsin use in the
analysis of IMPs may be overcome or at least limited: for instance, inclu-
sion of a deglycosylation step prior to proteolytic digestion can lead to
anincrease in the number of identified IMPs [25]. Similarly, detectability
of shorter trypsin-generated hydrophobic peptides by MS can be en-
hanced by chemical modifications leading to their increased solubility,
such as the modification of methionines by oxidation [97]. However,
such improvements are largely negligible, and a better solution may
be to look for an alternative cleavage strategy. Such as strategy may be
sought among other proteases, including specific, semi- and non-
specific proteases, or among chemicals enabling peptide cleavage. Alter-
natively, hydrophilic and hydrophobic segments of IMPs can be targeted
separately, with each requiring different strategies and tools.

4.1. The neglected world beyond trypsin

Trypsin has long been the gold standard in proteomics. Its clear
dominance can be reflected in the number of available tryptic peptide
datasets in databases. Enzymes other than trypsin account for only 4%
of the data available in the Global Proteome Machine Database (GPM
DB). Of the non-tryptic data, Lys-C has been the most significant con-
tributor [100]. In the next paragraph, we will review the application of
proteases other than trypsin in the analysis of IMPs, including the spe-
cific proteases Lys-C and Glu-C but also several semi-specific or nonspe-
cific proteases (see also Table 2).

4.1.1. Lys-C and Glu-C

The major advantage of the bacterial serine endoprotease Lys-C
(which is specific for the C-terminal peptide bond after lysine) is that
it retains its activity in urea concentrations up to 8 M and enables the
specific pre-digestion of hydrophobic samples in the presence of a
chaotrope. This facilitates a partial solubilization and digestion of mem-
brane proteins before urea removal and a final re-digestion with trypsin.
This sequential strategy has been employed and shown to be beneficial
in several membrane proteomics analyses, either in solution [34,35,52,
92,101,102 and others] or in a FASP-based arrangement [30,103]. In
both cases, the advantage is that urea-denatured proteins are more
prone to digestion, and after necessary dilution of the sample, this
pre-digestion limits sample aggregation and facilitates the final diges-
tion with trypsin.

The combination of detergent removal, pre-digestion with Lys-C in
urea followed by final digestion with trypsin has established a workflow
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Summary of proteases and chemicals with high potential for analysis of IMPs.

0. Vit, J. Petrak / Journal of Proteomics 153 (2017) 8-20

Enzyme/compound Properties

Strengths

Weaknesses

Trypsin

Lys-C

Glu-C (V8
protease)

Chymotrypsin

Elastase

Pepsin

Proteinase K

Cyanogen bromide

-Cleaves C-terminally to Arg and Lys

-Cleaves C-terminally to Lys

-Cleaves C-terminally to Asp and Glu

-Cleaves C-terminal to Phe, Tyr and Trp, to a lesser
extent to Leu and Met

-Cleaves preferably C-terminally to small
uncharged amino acids, and to a lesser extent to
other amino acids

-Cleaves preferably C-terminally to Tyr, Phe, Trp,
Leu, and to a lesser extent Ala, Gly.

-Nonspecific, but preferentially C-terminal to
aliphatic and aromatic hydrophobic amino acids

-Cleaves C-terminally to met, converts to
homoserine or homoserine lactone

-Generates doubly positively charged peptides

-Efficient ionization of peptides, compatibility with

SILAC

-Tolerance to some organic solvents

-Active in high concentrations of urea - allows
efficient denaturation, suitable for “shaving-off”
approaches

-Active in high concentrations of urea - allows
efficient denaturation, suitable for “shaving-off”
approaches

-Cleavage sites present in hydrophobic segments

-Allows cleavage in hydrophobic transmembrane
segments

-Active in the presence of formic acid, which is a
good solvent for hydrophobic proteins
-Attenuated at high pH - generates favorable
lengths of peptides

-In combination with sodium carbonate buffer
good for “shaving-off” approaches

-Sequentially specific to hydrophobic amino acid
occurring in transmembrane segments

-No sterical hindrance, does not produce missed

-Arg and Lys in hydrophobic segments are
rare - long hydrophobic peptides escape
identification

-Low tolerance to detergents and chaotropes
-Lys in hydrophobic segments is rare - long
hydrophobic peptides escape identification
-Incubation in sub-optimal temperature in the
presence of urea to prevent carbamoylation
-Asp and Glu in hydrophobic segments are
rare - long hydrophobic peptides escape
identification

-Incubation in sub-optimal temperature in the
presence of urea to prevent carbamoylation
-Not an entirely specific protease

-Generates long hydrophilic peptides that
escape identification

-Nonspecific: generates a complex mix of
multiply-overlapping peptides

-Nonspecific: generates a complex mix of
multiply-overlapping peptides
-Nonspecific: generates a complex mix of
multiply-overlapping peptides

-High toxicity

cleavages

that has become almost a standard in membrane proteomics. Lys-C has
been included in the most successful membrane proteomics studies.
Among those certainly deserving mention are an analysis of mouse hip-
pocampal membranes resulting in the identification of over 1600 IMPs
[30], a study of human breast tumors that resulted in the identification
of 7095 proteins including 1977 (28%) IMPs [63], and an analysis of a
liver microsomal fraction with >1500 identified IMPs [53].

It should be kept in mind, however, that high concentrations of urea
can lead to the carbamoylation of primary amino groups in the sample
when exposed to temperatures above 30-40 °C for prolonged periods
of time [104]. For this reason, urea-assisted Lys-C digestions are usually
carried out at 30 °C or below. Although the inclusion of Lys-C in urea fa-
cilitates the solubilization and digestion of membrane proteins, espe-
cially of their extramembrane domains, it does not solve the existing
problem of long transmembrane lysine- and arginine-less segments.

Glu-C (alias V8 protease) from Staphylococcus aureus also retains its
activity in 8 M urea but cleaves peptide bonds on the COOH terminal
side of either Glu or Asp. Since these charged amino acids are not fre-
quent in transmembrane segments, Glu-C offers only limited advan-
tages over Lys-C. Dormeyer et al. compared the performance of Glu-C
with Lys-C in a sequential digestion in 8 M urea, followed by trypsin di-
gestion. Both enzymes produced a similar percentage of IMPs among
the identified proteins, but the use of Glu-C resulted in a lower overall
number of identified proteins [25].

4.1.2. Chymotrypsin

Chymotrypsin cleaves at C-terminal peptide bonds following the
large aromatic amino acids phenylalanine (F), tyrosine (Y) and trypto-
phan (W), and also with lower efficiency after leucine (L) and methio-
nine (M). These amino acids occur relatively frequently in the
hydrophobic transmembrane segments of IMPs. Its specificity for F, W
and Y was reported to increase in the presence of organic solvents
[80]. An in silico proteome analysis assessing optimal cleavage condi-
tions for IMPs of eukaryote origin suggested that chymotrypsin in com-
bination with trypsin would radically (100-fold) lower the occurrence
of large peptides (>4 kDa), while the use of chymotrypsin alone was

predicted to result in higher sequence coverage of IMPs by peptides of
appropriate MWs between 0.6 and 4 kDa compared to trypsin [105].

Despite its theoretical advantages, chymotrypsin has been used in
only a limited number of studies. Simultaneous chymotrypsin plus tryp-
sin digestion in 60% methanol was tested on Corynebacterium
glutamicum membranes and resulted in the identification of 267 IMPs.
[24]. The number of identified IMPs was later increased to 297 when
this procedure was modified by the addition of high salt washes and
dextran-PEG phase partitioning [106]. For such a simple prokaryotic or-
ganism, three hundred IMPs represent a substantial fraction of its mem-
brane proteome.

Recently, sequential digestion of yeast membrane fractions with
trypsin-chymotrypsin in tandem was shown to be inferior compared
to trypsin alone [70]. While Dormeyer et al. confirmed the suitability
of the chymotrypsin-trypsin combination for mammalian IMPs, they
also reported that in comparison with sequential Lys-C-trypsin diges-
tion in urea, chymotrypsin with trypsin allowed fewer overall identifi-
cations of IMPs [25].

4.1.3. Elastase

Elastase has received only limited attention in proteomics. This
semi-specific protease cleaves at the C-terminal side of small neutral
amino acids. Rietschel et al. compared the performance of porcine pan-
creatic elastase with trypsin on methanol-solubilized bacterial mem-
branes. The two enzymes showed only a very limited overlap of
identified proteins and a different representation of identified peptides:
while trypsin covered over-loop segments of IMPs, elastase allowed the
identification of a high number of transmembrane peptides [82].
Elastase's relative specificity was found to be 70% for the peptide bond
following five amino acids (I, V, A, T, L, S) and 30% for the rest [82]. In
general, the use of a protease with low specificity leads to the genera-
tion of short multiply-overlapping peptides of which only a fraction is
positively charged. To address this drawback, TMT tags were used to
label membrane samples digested by elastase in 60% methanol,
allowing increased identifications of hydrophobic neutral and acidic
cleavage products of elastase by MALDI-MS. [107].
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4.1.4. Pepsin

As a gastric enzyme, pepsin has its highest activity between pH 2-4,
and has been shown to preferentially cleave C-terminally to the aromat-
ic and hydrophobic residues Y, F, W and L and to a lesser extent after A
and G, its specificity being pH dependent [108-110].

So far, this protease has been employed in only a limited number of
studies. Pepsin was used for the analysis of rat liver microsome mem-
branes solubilized with 90% FA and digested with immobilized pepsin
after FA dilution. Out of 235 identified proteins, 39% were IMPs [90].
Golizeh et al. compared several strategies for the digestion of microsom-
al membrane samples, and demonstrated the advantage of sequential
pepsin and trypsin digestion in markedly increasing the sequence cov-
erage of IMPs compared to cleavage with trypsin only [45].

4.1.5. Proteinase K

Nonspecific proteinase K (which can digest proteins down to dipep-
tides) was used by Wu et al. to digest or “shave” the extramembrane do-
mains of IMPs in a protocol named “high pH-proteinase K” (hppK). The
use of an alkaline carbonate buffer during agitation enabled the removal
of membrane-adhered proteins and promoted the opening of mem-
brane vesicles, enabling digestion at both membranes surfaces. The
“shaved-off” soluble extramembrane peptides generated by proteinase
K were analyzed by LC-MS, and 454 proteins (representing 28% of
1600 total identifications) were predicted to be IMPs. [21] More impor-
tantly, the hppK method was later extended to also include analysis of
the hydrophobic transmembrane segments that remain safely
protected from the protease activity by the phospholipid bilayer [91].
To make the long transmembrane segments amenable to MS analysis,
the authors used chemical cleavage of the peptides with CNBr. This ap-
proach introduced a unique method for analysis of the neglected hydro-
phobic transmembrane segments and will be covered in detail in
Section 5.2.

The potential of semi- or nonspecific proteases for the analysis of
IMPs, and namely of their hydrophobic segments, may seem obvious.
However, it should be kept in mind that non-tryptic non-specific pep-
tides are usually more difficult to identify than tryptic peptides. This
can be attributed to their poorer ionization and fragmentation and to
the fact the lack of defined termini markedly increases database search
space, as more possible peptides fall within the precursor mass toler-
ance and increase the false positive rates [111]. The handful of
endoproteases reviewed here and summarized in Table 2 represents
only a minor fraction of the proteolytic enzymes currently available
for protein digestion in proteomics. More information on the current
protease repertoire can be found in a recent review by Tsiatsiani et al.
[100].

4.1.6. Chemical cleavage with cyanogen bromide

In addition to the rich protease palette, non-enzymatic protein
cleavage further diversifies our proteomic toolbox, as exemplified by cy-
anogen bromide. In acidic environments (originally 0.1 N HCI [112], but
more efficiently in 70% trifluoroacetic acid [113] or formic acid [114])
CNBr selectively reacts with methionine residues and yields peptidyl
homoserine or homoserine lactone and an aminoacyl peptide fragment.
Reduced cysteine residues may also be subject to cleavage under these
conditions, although this reaction is very slow and can be avoided by
cysteine alkylation [112]. Compared to any endoprotease, CNBr treat-
ment is very robust, with yields reaching 90-100% cleaved methionine
sites. The exceptions are oxidized methionines, which remain
uncleaved [115], and methionines followed by serine or threonine resi-
dues, where the cleavage efficiency is reduced [116].

CNBr has been proposed as an optimal complementary tool for the
MS analysis of hydrophobic IMPs, because of its specificity for the me-
thionine C-terminal peptide bond and the fact that methionine occurs
at relatively convenient intervals, mainly in TM helices [97]. Results of
an in silico proteomic analysis of the yeast membrane proteome sug-
gested a combination of CNBr and trypsin as one of the methods of

choice, as it lowers the occurrence of large (>4 kDa) peptides compared
to trypsin used alone, and leads to one of the highest sequence cover-
ages in the given 0.6-4 kDa window for the yeast membrane proteome
of all tested combinations of proteolytic agents [105]. As can be demon-
strated by a model IMP - ferroportin - methionines are present in 5 of
its 10 transmembrane segments, and the theoretical application of
CNBr would generate shorter peptides from the trypsin-generated hy-
drophobic segments P1-6 (Fig. 1).

Van Montfort et al. demonstrated that following standard in-gel
trypsin digestion, in-gel cleavage with CNBr roughly doubled the se-
quence coverage of hydrophobic transmembrane segments, while the
coverage of non-membrane segments of IMPs did not change [117,
118]. Similar results were also reported for CNBr-only or a sequential
CNBr/trypsin in-gel digestion of bacteriorhodopsin compared to trypsin
alone [42]. A sequential CNBr-Lys-C-trypsin digestion was employed by
Washburn et al. on a yeast crude membrane fraction [119], and CNBr-
trypsin sequential digestion was applied to C. glutamicum membranes
by Fischer et al. [24], In both studies, the inclusion of CNBr led to the
identification of satisfactory numbers of IMPs (with regard to the MS in-
strumentation then available).

CNBr requires an acidic environment for specific protein digestion
[120]. The use of formic or acetic acid as solvents at high temperature
enables the simultaneous cleavage with CNBr and acid hydrolysis of
the protein, which preferentially leads to cleavage on both the N- and
C-termini of Asp residues. This dual chemical cleavage was employed
by Lee et al. in an analysis of a rat kidney membrane fraction. Dual diges-
tion increased the number of identified membrane proteins compared
to CNBr or acid cleavage alone. A combination of dual cleavage and sub-
sequent re-digestion with trypsin further increased the number of iden-
tified membrane proteins [114]. However, the presence of acetic or
formic acid at increased temperature may cause extensive protein acet-
ylation or formylation, respectively.

The great potential of CNBr is partly counterbalanced by its toxicity,
which must always be considered though not exaggerated. Since only
minor amounts (typically <10 mg) are used for a typical cleavage reac-
tion, working in a fume hood and properly disposing the toxic waste
(including precipitated vapors from sample evaporation) should be suf-
ficient to ensure safe work.

Despite the large potential for IMP analysis due to its specificity,
compatibility with organic acids and the relative high occurrence of me-
thionine in hydrophobic transmembrane segments, CNBr has been rath-
er neglected. More recently, however, CNBr in combination with
proteinase K[91] or trypsin [121] has paved the way toward more com-
prehensive analyses of integral membrane proteins including their
transmembrane segments, as will be discussed in Section 5.2.

5. “Divide and Conquer” strategies
5.1. Hydrophilic extramembrane segments

The difficult-to-overcome obstacles of membrane proteomics men-
tioned above, arising namely from the amphipathic nature of IMPs,
have led inevitably to the development of “divide and conquer” strate-
gies that aim separately or exclusively at either hydrophilic
(extramembrane) or hydrophobic (transmembrane) segments. The hy-
drophilic extra-membrane segments of IMPs provide the easier target.
Here, membrane proteomics intersects with glycoproteomics.

5.1.1. Cell-surface-capture (CSC)

Exposed extracellular segments of plasma membrane (glyco)pro-
teins are attractive targets for labeling and affinity capture. Using biotin
(or other) labels with different protein-reactive groups, different pep-
tide moieties can be targeted. Using primary amine-reactive labels
such as sulfo-NHS-SS-biotin (containing a disulfide bridge for simple re-
ductive elution) and sulfo-NHS-LC-biotin (containing a long chain link-
er), the N-termini and primary amine groups of accessible lysines are
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labeled [122]. More importantly, periodate-oxidated sugar moieties of
surface glycoproteins can be labeled using hydrazide chemistry [123,
124]. After solubilization and digestion, biotinylated (glyco)peptides
from hydrophilic segments of exposed molecules can be affinity-
isolated using streptavidin-coated beads. Isolated glyco-peptides can
then be eluted using peptide-N-glycosidase F (PNGase F) and subjected
to MS/MS analysis.

The initial use of sulfo-NHS-SS-biotin [125] and sulfo-NHS-LC-biotin
[126] in analyses of cell surface proteins led to only moderate numbers
of identifications and relatively low IMP enrichment. Wollscheid et al.
enhanced the protocol for glycopeptide capture and established the
use of these labels, namely biocytin hydrazide in an optimized proce-
dure termed Cell Surface Capture (CSC) [127]. This method has been ap-
plied to the analysis of the plasma membrane proteome in cell cultures
or primary cells to study various biological processes such as T-cell acti-
vation [127], the cell surface response to the induction of selected sig-
naling pathways [128], and the response to retinoic acid stimulation in
human leukemia cells [129], as well as to characterize induced pluripo-
tent stem cells [130], study the druggability of glioblastoma cells
[131], the physiology of primary adipocytes [132], surfaceome
changes during the development of neural cells [133,134] and
others. Some of these studies used the CSC method in a quantitative
arrangement combined with SILAC [127], or label-free analysis [128,
129,131-134].

Besides the biomedical reach of these works, from the technical per-
spective of membrane proteomics, this method has allowed an unprec-
edented enrichment of predicted IMPs reaching up to 90% [130] and up
to 600 identified proteins with predicted transmembrane segments.
The success of this method and the extensive number of plasma mem-
brane proteome publications has given rise to a new term: surfaceomics
or surfomics. The recently assembled “Cell Surface Protein Atlas” is a da-
tabase of the surfaceomes of over seventy human and mouse cell types,
containing 1500 human and 1300 mouse surface glycoproteins [135].
Despite the unprecedented IMP enrichment and high numbers of plas-
ma membrane proteins identified, one should be aware of two limita-
tions of the CSC method: it requires live cells, and preferentially
targets the N-glycoproteins of the plasma membrane. One less obvious
drawback may be the laboriousness of the method, which may explain
the relatively limited number of laboratories currently adopting this
promising technique.

5.1.2. SPEG

The requirement for live cells in the CSC protocol arises from the im-
perative for amine-reactive labels, where prevention of their penetra-
tion into the cell is essential [129]. In the more common cell surface
(glyco)capture, the labeling of live cells enables a high enrichment of
IMPs. However, glycosylation-targeted labeling is more or less specific
for membrane and secreted proteins (soluble cytosolic proteins are
only very rarely glycosylated) and can be modified for fresh or frozen
tissues, as recently demonstrated by Liu et al. [ 136]. Solid Phase Extrac-
tion of formerly N-glycosylated Glycoproteins method (SPEG) uses the
conjugation of oxidized sugars to hydrazide-coated beads [137,138]
and has been used to identify glycoproteins associated with tumor ag-
gressiveness in prostate cancer samples [136,139,140]. After extensive
washing, glycopeptides were eluted from the hydrazide beads with
PNGase F and subjected to SWATH-MS. This led to the identification of
almost 900 glycoproteins, with 220 differentially expressed, of which
56% were predicted to be IMPs. [136].

5.1.3. Glyco-FASP

An alternative surface-oriented approach that combines the FASP
method with lectin-affinity capture was introduced by Zielinska et al.
[59]. Enrichment of glycosylated plasma membrane proteins from a
whole cell lysate was achieved by the capture of SDS-solubilized glyco-
proteins on a lectin layer in an ultrafilter. After on-filter digestion,
glycopetides remained captured by the lectin filter and were later

released by PNGase. This strategy enabled the identification of 2352 gly-
coproteins in mouse tissues [59]. In a more recent study, Han et al. com-
bined three FASP-based approaches including glyco-FASP, and
identified 2360 IMPs in mouse tissue [141]. Deeb et al. used glyco-
FASP in the analysis of human lymphoma cells, resulting in IMP enrich-
ment (70%) and the identification of 925 IMPs [142]. Despite the im-
pressively high numbers of identified IMPs, both N-glyco-FASP and
SPEG have an identical limitation, namely exclusively targeting N-
glycosylated peptides. Such peptides can be found not only in IMPs
but also in secreted and potentially other non-membrane proteins.
Other peptides and proteins are omitted by these methods, limiting
complete descriptions of membrane proteomes.

5.2. Hydrophobic transmembrane segments

The attractivity of the accessible cell surface, advantageous specific-
ity of glycosylation for membrane proteins and friendly nature of solu-
ble domains are obvious. However, a significant portion of each IMP
(in some cases most of the molecule) remains hidden deep in the phos-
pholipid bilayer, inaccessible to most conventional methods and resis-
tant to trypsin digestion. How can we effectively tap the treasure
trove of information hidden in the phospholipid bilayer?

5.2.1. hppK-CNBr

A pioneering step in the analysis of the overlooked hydrophobic
membrane-embedded segments of IMPs was taken by Blackler et al.
[91], taking advantage of the important observation that the phospho-
lipid bilayer effectively protects the transmembrane segments of IMPs
from enzymatic proteolysis. In their hppK-CNBr (high pH, proteinase
K) method, isolated membrane vesicles were “opened” by a sodium car-
bonate wash at high pH and low temperature, and treated with nonspe-
cific proteinase K. The use of an alkaline carbonate buffer during
agitation enabled the removal of membrane-adhered proteins and pro-
moted the opening of membrane vesicles [20], enabling digestion at
both membrane surfaces along with the unprotected extramembrane
segments of IMPs [21]. The protease-treated lipid bilayer with the em-
bedded protease-protected hydrophobic peptides was then further
processed. As the membrane-embedded segments of IMPs are rather
large and highly hydrophobic for optimal LC-MS analysis, they had to
be re-digested. Shaved membranes were therefore solubilized in con-
centrated formic acid, and effectively re-digested with CNBr (which
cleaves at methionine, see Section 4.1.6). The CNBr-cleaved samples
were then delipidated by lipid precipitation in a diluted organic solvent
and analyzed by LC-MS. Using this method, they identified 670 proteins
in human Hela cells. Of the 670 proteins 479 (72%) were IMPs. Impor-
tantly, two thirds of the identified IMPs were identified by peptides
that overlapped with predicted transmembrane segments.

The pioneering hppK-CNBr method is not limited to plasma mem-
brane proteins and can also be applied to frozen samples or tissue biop-
sies. Despite its high enrichment and the obvious potential for tapping
the valuable information hidden in the phospholipid bilayer, the strate-
gy has not attracted many followers. This is possibly because of the labo-
rious multi-step workflow and application of less common cleavage
strategies (non-specific proteinase K and CNBr), and potentially also
the safety issues when working with toxic CNBr. Recently, our group
has followed the original hppK-CNBr philosophy and introduced several
modifications to the method, and applied it to the analysis of human
lymphoma cells (see below).

52.2. hpTC

The use of non-specific proteinase K in the original hppK-CNBr pro-
tocol enables the efficient shaving of extramembrane protein material
from both sides of membrane vesicles. However, the low specificity of
proteinase K produces numerous overlapping peptides, leading to in-
creased sample complexity and potentially decreasing the number of
identified proteins. Moreover, the use of proteinase K precludes
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Fig. 2. The most successful strategies for proteomic analysis of IMPs. Two basic strategies in membrane proteomics can be defined. Membrane proteins are targeted either as whole
molecules, or the “divide and conquer” approach can be used, aiming separately or exclusively at their hydrophilic (extramembrane) or hydrophobic (transmembrane) segments. The
“classical” approach (left) is represented here by two most successful protocols, SDS-FASP and SDC-phase transfer removal (PTC). The “divide and conquer” approaches (right) target
either hydrophilic domains of IMPs, as in the cases of CSC, SPEG and Lectin-FASP or hydrophobic transmembrane segments in the cases of hppK + CNBr and hpTC.

quantitative analysis using SILAC and potentially complicates label-free
quantitation. Our group has modified the original method [121], in par-
ticular excluding an unnecessary ultracentrifugation step, replacing
proteinase K with trypsin, and employing on-column sample
delipidation with dichloromethane (a method originally devised for de-
tergent removal [143]) instead of lipid precipitation in the aqueous-
organic solvent used by Blackler et al. [91]. In reference to the original
hppK method, we use the abbreviation hpTC (high pH, trypsin, CNBr).

This altered strategy enabled us to identify 1224 proteins in human
lymphoma cells, including 802 (65.5%) IMPs with 1 to 16 transmem-
brane domains. Roughly half of the unique peptides belonging to IMPs
overlapped with predicted transmembrane segments. Among the pro-
teins identified were thirteen so-called “missing proteins”, i.e. proteins
with no previous evidence at the protein level. The introduction of tryp-
sin instead of proteinase K eliminates the production of multiple over-
lapping peptides and increases the method's sensitivity and, most
importantly, opens a new way toward combining this method with
SILAC or label-free quantitation.

6. Conclusions

Aside from the rapid development of MS instrumentation, several
methodical innovations and novel strategies have enabled marked
progress in deciphering the membrane proteome over the last decade.
In particular, the introduction of the FASP method for detergent remov-
al, the establishment of SDC and its removal, and the application of Lys-
Cin the pre-digestion step are the most important methodical improve-
ments, which have markedly increased the numbers of identified IMPs
using the “classical strategy” that targets IMPs as whole molecules.
The novel “divide and conquer” strategies oriented toward soluble gly-
cosylated peptides (CSC, SPEG and glycol-FASP) or targeting hydropho-
bic segments using CNBr (hppK-CNBr and hpTC) have also significantly
improved our knowledge of the membrane proteome. The most suc-
cessful approaches in the current membrane proteome analyses ad-
dressed here are briefly summarized in Fig. 2. However, none of these
workflows has the potential to completely decipher the membrane pro-
teome in its vast complexity. Despite the high numbers of identified
proteins, the classical trypsin-based strategies will inevitably neglect
proteins that offer an insufficient number of (reasonably short and sol-
uble) tryptic peptides. Similarly, glycopeptide-oriented analyses pro-
vide only a limited glyco-centric view of the membrane proteome,

omitting non-glycosylated proteins. The analyses targeting the hydro-
phobic transmembrane alpha-helices also provide only an incomplete
view of the membrane realm. However, the information provided by
these three main approaches are complementary, and the combined
forces of all three will probably be needed to obtain more comprehen-
sive insights into the black box of the membrane proteome. For in-
stance, a combination of glyco-capture with complementary analysis
of the hydrophobic segments in one biological sample can be
envisioned. If combined with SILAC labeling, such a combined analysis
should provide a thorough and more complete snapshot. If further
complemented by a classical detergent-(Lys-C)-trypsin strategy, such
a “3-D” analysis would certainly provide unprecedented coverage of
the membrane proteome.
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Integral membrane proteins are generally under-represented in routine proteomic analyses, mostly because of
their relatively low abundance, hydrophobicity and lack of trypsin-cleavage sites. To increase the coverage of
membrane proteomes, various strategies have been developed, targeting mostly the extra-membrane segments
of membrane proteins. We focused our attention to the rather overlooked hydrophobic transmembrane seg-
ments. Such peptides can be isolated after carbonate stripping and protease “shaving” of membranes isolated
Keywords: by simple centrifugation procedure. The treated membranes with embedded hydrophobic peptides can then
Integral membrane proteins be solubilized in organic solvents, re-digested with CNBr, delipidated and subjected to LC-MS/MS analysis. We
CNBr modified the original “hppK” method, and applied it for the analysis of human lymphoma cells. We identified

Transmembrane 1224 proteins of which two-thirds were IMPs with 1-16 transmembrane segments. This method allowed us to
Missing proteins identify 13 “missing proteins” — proteins with no previous evidence on protein level.
Hydrophobicity Biological significance: Integral membrane proteins execute numerous essential functions and represent substan-
Lymphoma tial part of eukaryotic proteomes. Our knowledge of their function and expression is, however, limited. Novel ap-
proaches extending our knowledge of membrane proteome are therefore highly desired. As we demonstrate
here, a non-conventional method which targets rather overlooked hydrophobic transmembrane segments of in-
tegral membrane proteins has wide potential to provide the missing information on the membrane proteome.
We show that it can deliver identification and potentially also quantification of hundreds of integral membrane
proteins including the so called “missing proteins”.
© 2016 Elsevier B.V. All rights reserved.
1. Introduction both hydrophilic and hydrophobic domains makes IMPs amphipathic

Approximately one third of eukaryotic genes code for integral
membrane proteins (IMPs). These molecules execute important func-
tions — namely signal transduction, transmembrane transport, cell-cell
communication, cell adhesion to extracellular matrix and many other
processes [1]. Their roles make IMPs ideal pharmacological targets. In
fact, membrane proteins are the targets of 50-60% of all currently ap-
proved drugs [2]. Yet, because of relatively low expression and, above
all, their hydrophobicity, IMPs are generally under-represented in rou-
tine proteomic analyses [3]. Isolation of membrane-enriched fractions
is often inefficient, being plagued by extensive contamination with
major cytosolic proteins, components of cytoskeleton and other proteins.
Carbonate washing only partially reduces the problem of nonspecific ad-
hesion, as the percentage of IMPs of all identified proteins in isolated
membrane fractions is typically only up to 40-50% [4-6]. Presence of

http://dx.doi.org/10.1016/,jprot.2016.03.016
1874-3919/© 2016 Elsevier B.V. All rights reserved.

and therefore difficult to solubilize. Use of harsh conditions including
high concentration of organic solvents or inclusion of detergents may in-
terfere with protease digestion and/or MS analysis and often requires la-
borious removal [7,8]. Analysis is further complicated by the fact, that the
hydrophobic (mostly alpha-helical) transmembrane domains of IMPs
are resistant to digestion by conventional proteases due to inherently
low solubility and the absence of specific cleavage sites.

To overcome some of these obstacles, methods targeting selectively
either the hydrophilic (extra-membrane) or the hydrophobic (trans-
membrane, TM) sections of IMPs have been introduced. Extracellular
hydrophilic sections of plasma membrane proteins can be targeted by
surface biotinylation of amine residues or glycosylated aminoacids,
followed by protease digestion and affinity purification of labeled extra-
cellular peptides [9,10]. This strategy of “surfaceome” analysis has been
applied to human leukemia cells [11,12], adipocytes [13], glioblastoma
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[14], stem cells [15,16] and other cell types. The surface capture method
provides very high enrichment of IMPs, 45-90% of identified proteins in
these analyses contain at least one predicted TM segment. The strategy
is, however, limited to intact live cells and does not allow analysis of fro-
zen samples, biopsies or post-mortem tissues, unless lectin-based
glycocapture is used instead of surface biotinylation as recently demon-
strated [17].

Alternative or rather complementary approach targets the over-
looked “dark side” of IMPs — hydrophobic membrane-embedded seg-
ments. This unique approach has been developed by Adele Blackler
and Christine Wu [18] and takes advantage of the fact, that the
phosholipid bilayer protects the transmembrane peptides from enzy-
matic proteolysis. Isolated membrane vesicles can thus be opened at
high pH and all non-protected non-membrane proteins can be “shaved”
by a protease from both surfaces of the membranes. The treated mem-
branes with embedded hydrophobic peptides can then be solubilized
in organic solvents, re-digested with CNBr, delipidated and subjected
to LC-MS. The method is not limited to plasma membrane and can
also be applied to frozen samples or tissue biopsies. Despite its obvious
potential to tap the valuable information hidden in the phospholipid bi-
layer, the strategy has not attracted many followers, possibly because of
the laborious multi-step workflow and application of less common
cleavage strategies (non-specific proteinase K and CNBr).

We followed the directions set up by Blackler and Wu [18], modified
the method and applied it for a large-scale analysis of membrane proteins
in human lymphoma cells. Our modification avoids ultracentrifugation
step, includes on-column sample delipidation and, most importantly, re-
places the non-specific proteinase K employed in the original method
with trypsin. This critical modification prevents the analysis of numerous
overlapping peptides generated by the non-specific proteinase K and
thus makes the technique more sensitive and makes it compatible with
quantitative analysis using SILAC labeling. Using this modified version
of the technique, we identified 1224 proteins in the lymphoma cell line
sample, of which two-thirds (802 proteins) were IMPs with 1-16 trans-
membrane segments according to the Tied Mixture Hidden Markov
Model (TMHMM) prediction [19].

2. Methods
2.1. Isolation of membranes, carbonate stripping and trypsin digestion

Human mantle cell lymphoma Mino cells (CRL-3000, purchased from
ATTC) were grown in 75 cm? cultivation flasks in Iscove's Modified
Dulbecco's Medium (Lonza) and upon harvesting were washed in chilled
Dulbecco's Phosphate Buffered Saline (Sigma). The harvested cells were
stored at — 80 °C until further processing. The cell pellets were resus-
pended in hypotonic lysis buffer (10 mM NacCl, 10 mM HEPES pH 7.5),
kept on ice for 20 min, and homogenized by passing 20 times through
a gauge 25 hypodermic needle. The homogenate was centrifuged
(500 x g, 5 min, 4 °C) to pellet unbroken cells and nuclei. The supernatant
was treated with bovine deoxyribonuclease I (Sigma) (120 Kunitz units,
60 min incubation at 37 °C with 25 mM MgCl, and 5 mM CaCl, added)
and centrifuged in a benchtop centrifuge (18,000 x g, 30 min, 4 °C).
The pellet was solubilized in ice-cold 100 mM Na,COs, agitated for
30 min on ice and centrifuged again (18,000 x g, 30 min, 4 °C). Resulting
pellet was solubilized in 25 mM (NH4)HCO3 with sequencing grade
modified porcine trypsin (Promega) and incubated at 37 °C overnight.
After the tryptic digestion the suspension was again centrifuged at
18,000 x g, the resulting pellet was solubilized in ice-cold 100 mM
Na,CO0s, agitated for 30 min on ice, and the suspension was frozen and
thawed 3 times, before being finally centrifuged at 18,000 x g.

2.2. Electron microscopy

Three aliquots were taken during the process of membrane isolation:
A) after the first centrifugation at 18,000 x g, B) after the first incubation

in Na,COs and C) after digestion with trypsin. Upon centrifugation at
18,000 x g, all four aliquots were resuspended in 250 mM sucrose at
1:1 v/v ratio. Fixation was done by overlaying samples with 2.5% glutar-
aldehyde in 0.1 M cacodylate buffer (pH 7.2), incubation for 30 min on
ice and centrifugation at 18,000 x g, 20 min, 0 °C. Postfixation was
done in 2% OsO, in the same buffer. Fixed tissue was dehydrated through
an ascending ethanol series and embedded in Araldite - Poly/Bed® 812
mixture (Polysciences). Thin sections were cut on a Reichert-Jung
Ultracut E ultramicrotome and stained using uranyl acetate and lead cit-
rate. Sections were examined and photographed using a JEOL JEM-1011
transmission electron microscope.

2.3. Preparation of standard membrane protein sample

Proton coupled chloride transporter from Escherichia coli (CLC-EC1,
UniProt accession number P37019) was expressed and purified as de-
scribed previously [20]. Protein was precipitated using acetone in the
presence or absence of a model lipid, 1,2-dimyristoyl-sn-glycero-3-
phosphocholine (DMPC, Avanti Polar Lipids).

2.3.1. Cyanogen bromide digestion

The pellet of isolated membranes (approx. 60 pl) was resuspended
in 100 wl 70% trifluoroacetic acid (TFA) with 20 mg/ml cyanogen bro-
mide (CNBr) and digested in dark at room temperature overnight.
Digested peptides were then dried in speedvac and twice solubilized
in 70% methanol and dried again to remove the remaining CNBr.

Standard protein was digested by CNBr according to the same proto-
col. Five micrograms of pure or DMPC-spiked CLC-EC1 were subjected
to digestion overnight. DMPC alone was processed in the same manner
as well. For method comparison purposes, CLC-EC1 was also digested by
the original procedure as described previously by [18], where the sam-
ples were digested in 90% FA and no CNBr removal step followed the
reaction.

2.3.2. Standard sample preparation for LC-MS analysis

To optimize the sample preparation method, the standard samples
containing CLC-EC1, DMPC or their mixture were processed by three
different protocols. In two of those, dried sample was reconstituted in
80% acetonitrile/10% H,0/10% formic acid, sonicated and diluted with
solvent A (0.5% formic acid in H,0) to 10% acetonitrile concentration.
The sample was then loaded on a peptide Macrotrap in an off-line hold-
er (Optimize Technologies) and desalted using solvent A. Next, the trap
was either subjected to direct elution with 150 il solvent B (90% aceto-
nitrile/5% water/5% formic acid) or to a modification of lipid removal
procedure described previously [21,22]. In the latter, the trap was
washed (sample delipidated) with dichloromethane/0.5% FA (up to
2500 ). After delipidation the elution was done with 150 ul solvent
B. In all cases the trap was finally cleaned by 40% acetonitrile/20% meth-
anol/10% isopropanol/10% formic acid/10% water. Alternatively the
sample was also processed by the procedure described by Blackler
etal,, where the supernatant as well as the pellet after lipid precipitation
was desalted [18]. In all the three protocols, aliquots collected at every
step of the preparation were analyzed by mass spectrometry.

Following the method optimization, the cyanogen bromide digested
transmembrane peptides isolated from Mino cells were processed ac-
cording to the procedure with dichloromethane delipidation on a pep-
tide trap. Desalted and delipidated peptides were dried in speedvac
and stored at —80 °C.

2.3.3. MS analysis of the standard sample

Development of the sample preparation procedure was monitored
by MALDI-FT-ICR and ESI-FT-ICR on a 12T SolariX XR (Bruker Daltonics).
Samples from the individual steps of offline clean-up and delipidation
were either directly infused via an ESI source or spotted on a MALDI
plate and overlaid with a-cyano-4-hydroxycinnamic acid. MALDI
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spectra were recorded with mass range from 400 to 6000 and ESI spec-
tra from 200 to 3000.

24. LC-MS/MS analysis

For the trans-membrane peptide sample, the material was dissolved
in 5 pl of 10% aqueous formic acid containing 80% (v/v) acetonitrile. The
sample was further diluted by the addition of 4 volumes (20 ) of
water, and 5 pl of that solution were loaded onto a Thermo Scientific
PepMap peptide trap (internal diameter 100 pm, length 2 cm, 5 pm par-
ticle size) using 0.05% aqueous formic acid containing 2% acetonitrile at
flow rate 8 pl/min. Peptides were further separated on Thermo Scientific
Acclaim EasySpray PepMap C18 RSLC column (internal diameter 75 pm,
length 50 cm, 2 pm particle size, 100 A pore size) maintained at a con-
stant temperature (40 °C) and equilibrated with 2.4% (v/v) acetonitrile
in 0.1% (v/v) aqueous formic acid (FA). Pumping was done by nano
UHPLC (Easy-nLC 1000; Thermo Fisher Scientific) with a 90 min linear
gradient of solvent B (80% acetonitrile in 0.1% aqueous formic acid) in
solvent A (0.1% aqueous formic acid), according to the following profile:
0-5 min 10% B; 5-10 min ramping to 15% B; 10-95 min ramping to 55%
B; 95-100 min ramping to 100% B; 100-104 min hold at 100% B; 104-
105 min return to 10% B; 105-120 min equilibration at 10% B; flow
rate of 300 pl/min. Total run time was 120 min.

Separated peptides were detected with the quadrupole-Orbitrap
mass analyzer (Q Exactive; Thermo Fisher Scientific) using a data de-
pendent acquisition in positive mode. Peptide parent ions were detect-
ed in a high resolution full scan (mass range 350-1500 m/z, 70,000
resolving power setting at m/z 200). The instrument was set so that
10 most intense ions of every full scan spectrum, meeting specific
threshold criteria (minimum intensity 1.7 x 10%, charge state >1),
were selected for MS/MS. Peptides were isolated with an isolation win-
dow of 3 Da, fragmented (HCD fragmentation with NCE 27 collision en-
ergy setting), and the resulting fragment ions were detected (17,500
resolving power setting). Other settings: target value 3 x 10° and
1 x 10 for full scan and MS/MS scan, respectively; maximum ion time
50 ms and 120 ms for full scan and MS/MS scan, respectively. Following
their fragmentation the precursors were put on an exclusion mass list
for 30 s (exclusion width + 10 ppm from the parent ion).

Data processing: Proteome Discoverer v. 1.4 (Thermo Fisher Scientific)
software package was used for protein identification. The spectra were
searched using Thermo Fisher Scientific Sequest HT search engine against
the human subset of Swiss-Prot database with added contaminant pro-
tein sequences (20,249 sequences in total). The search settings differed
between the standard and membrane sample in the cleavage specificity,
trypsin with 3 missed cleavage sites and cyanogen bromide (semi-specif-
ic) with 2 missed cleavage sites, respectively. Also, there was an extra dy-
namic modification, Met changing to homoserine lactone (Met —48.003)
on any peptide C-terminus, defined for the membrane sample search. The
other settings were the same for both samples: precursor mass tolerance
10 ppm; fragment mass tolerance 60 mDa; oxidation of Met residues
(+15.995) set as dynamic modification; maximum 3 equal dynamic
modifications per peptide allowed. The search results were validated
with decoy database search strategy using Percolator [23] with target
FDR 0.01 and validation based on g-value.

3. Results and discussion

The pioneering work of Adele Blackler and Christine Wu [18] tapped
the previously unexplored information on transmembrane segments of
membrane proteins buried in the lipid bilayer — it enabled identifica-
tion of almost 500 IMPs. The use of proteinase K at high pH facilitates
membrane stripping of associated proteins and promotes membrane
vesicle opening resulting in efficient shaving of extramembrane protein
material from both sides of membrane vesicles [18].

However, the low specificity of proteinase K produces numerous
overlapping peptides leading to increased complexity of sample and

potentially decreases the number of identified proteins. In our modified
approach we used trypsin instead of proteinase K and verified its effica-
cy for the membrane shaving and analysis of integral membrane pep-
tides. In the course of our experiments we also introduced several
other modifications. We avoided the relatively laborious purification
of membrane vesicles by ultracentrifugation steps, used different CNBr
digestion protocol and performed on-column delipidation of solubilized
membranes instead of lipid precipitation. In reference to the original
hppK (high pH, proteinase K) strategy [18,24], we propose an acronym
hpTC (high-pH-Trypsin-CNBr) for this modified method.

3.1. Isolation of membrane-enriched fraction

Instead of ultracentrifugation steps used in the original protocol we
homogenized the lymphoma cells simply by passing through a hypo-
dermic needle in a hypotonic buffer and isolated the crude membrane
fraction as described previously [25] (Fig. 1A).

To cope with the viscous clump of DNA released from residual nuclear
fragments during the subsequent steps, we treated the crude membrane
sample with DNAse prior to the digestion. The crucial step - opening of
membrane vesicles in 100 mM Na,COs3 at high pH - was performed es-
sentially as described in the original protocol [18] (Fig. 1B). For the diges-
tion of all non-membrane proteins and extramembrane sections of
membrane proteins we chose trypsin instead of proteinase K employed
by Blackler et al.

Since the peptides produced by non-specific proteinase K are highly
overlapping, the resulting sample would be unnecessarily complex,
compared to identical digest resulting from specific cleavage with tryp-
sin. Also, since current state-of-the-art MS instrumentation provides
better fragmentation spectra and also higher resolution and mass preci-
sion, it is no longer necessary to increase the protein identification con-
fidence by fragmenting several overlapping peptides covering the same
protein sequence. This in turn leads to higher individual signal intensi-
ties as the amount of each analyte protein is not split into several over-
lapping peptides concurrently occurring in the sample. Further, C-
terminal arginine or lysine in each peptide generated by trypsin cleav-
age facilitate ionization and confident protein identification and valida-
tion. Last but not least, trypsin is compatible with SILAC labeling,
enabling convenient semi-quantitative expression analysis of IMPs.

The successful digestion with trypsin in the re-formed membrane
vesicles is visible in Fig. 1C as the vesicles are more sharply defined. To
release the cleaved extramembrane peptide content from the vesicles
we re-opened the vesicles again in 100 mM Na,COs at high pH and
washed and pelleted the trypsin-treated membranes. To remove all po-
tential soluble peptides, the vesicles were repeatedly freeze-thawed in
the carbonate buffer.

3.2. Re-digestion of membrane peptides

Membrane-embedded peptides produced by the treatment of mem-
branes with trypsin alone are rather large and hydrophobic for optimal
LC-MS analysis. A typical vertebrate transmembrane alpha-helix consists
of 20-30 amino acids depending on particular membrane type (ER, Golgi
or plasma membrane) [18,26]. Furthermore a variable number of amino
acid residues to the nearest trypsin cleavage site(s) or protein terminus
must be added to such a theoretical calculation as well. In order to reduce
the size of the peptides and lower their hydrophobicity, solubilization of
the trypsin-treated membranes in strong acid (preferably FA or TFA)
followed by chemical cleavage of hydrophobic peptides with CNBr can
be used [27]. CNBr cleaves proteins or long peptides C-terminal to methi-
onine residues and generates peptides with homoserine lactone at their
C-termini. Also, as the cleavage is mediated only by a small chemical
agent, it is well suited to digesting samples even in the membrane bilayer
environment, where enzymatic digestion suffers from the very limited
accessibility of large protein-based enzymes to the substrate. High toxic-
ity of CNBr and its byproducts, however, needs to be considered and all
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Fig. 1. Isolation, carbonate stripping and proteolytic shaving of membranes steps visualized by transmission electron microscopy (TEM). A) Upon homogenization and centrifugation steps,
the isolated crude membrane fraction consists of variously sized membrane vesicles containing trapped proteins and other material. B) Carbonate stripping allows opening of the vesicles
and release of trapped content. Due to the use of centrifugation during fixation for TEM, the opened membranes appear to be stacked. C) After tryptic digestion, the membrane outlines are
more sharply defined and the vesicles appear empty compared to 1A. Due to previous opening and stacking, some of the resulting vesicles are multilayered.

work involving CNBr must be strictly performed in a fume hood. It
should be mentioned that a combined cleavage with CNBr/trypsin has
been used in membrane proteomics previously to analyze bacterial
membrane, however, in a reverse order - i.e. CNBr cleavage followed
by trypsin digestion and in different experimental design [28].

Initially, we performed a pilot experiment with a standard sample -
membrane protein CLC-EC1. We performed the digestion according to
the hppK-CNBr protocol which used solubilization and CNBr digestion
in 90% formic acid. When applied to our model protein, CLC-EC1, sub-
stantial portion of the digestion products was found to be modified by
formylation (Supplementary Fig. 1A). We therefore replaced the formic
acid by TFA and despite the fact that formic acid was used for subse-
quent sample desalting, virtually no formyl adducts were found (Sup-
plementary Fig. 1B).

3.3. Sample delipidation

After the chemical cleavage, the phospholipid-rich sample must be
delipidated prior to the LC-MS/MS analysis. The original protocol
employed lipid precipitation in aqueous-organic buffer [18]. Since we
observed quite substantial amount of lipids in the supernatant of the
precipitated and centrifuged sample, we replaced the precipitation
step with on-column delipidation using dichloromethane [21,22]. The
method was originally designed for non-ionic detergent removal from
peptide digests but when applied to a detergent solubilized mitochon-
drial membrane protein ANT1, removal of the lipids was observed as
well [22]. In a pilot experiment we tested the lipid removal procedure
on pure CLC-EC1 digest and observed no peptide loss. In addition,
even very hydrophobic peptides were detected in the final acetonitrile

eluate from the trap column. Next we verified that CNBr treated lipid
(DMPC) can be efficiently removed. As expected, the lipid eluted from
the trap when dichloromethane was applied and no signal for the intact
lipid or the acid-generated degradation product, lysoDMPC was found
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Fig. 2. Peptide hydrophobicity. Comparison of the distribution of peptide GRAVY score in
our hpTC dataset with the original hppK-CNBr method. Distribution of peptides in our
dataset is shifted toward higher GRAVY score (more hydrophobic peptides), presumably
due to different method of sample delipidation.
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in the acetonitrile elution. Finally, we used DMPC-spiked CLC-EC1 for di-
gestion and performed the purification procedure on this sample. The
result is shown in Supplementary Fig. 2 and confirms that the on-
column delipidation approach represents a feasible sample preparation
for membrane proteomics samples. This is further supported by the hy-
drophobicity calculation (GRAVY score) [29] of the peptides identified
in our dataset and those from the original dataset of Blackler et al. [18]
obtained after lipid precipitation. The distribution can be seen in Fig. 2.
Our dataset contained more peptides with high hydrophobicity (pep-
tides with positive GRAVY score) probably due to their preferential cap-
ture on the hydrophobic stationary phase.

3.4. LC-MS/MS analysis

In the original paper, authors analyzed the delipidated membrane
sample using MudPit approach [30] consisting of twelve 2-hour steps
[18]. Our 1D LC-MS/MS analysis using a 90 min gradient on a 50 cm
heated column connected to Orbitrap Q Exactive mass spectrometer re-
sulted in identification of 1224 proteins with average sequence cover-
age 12.2%. Of the 1224 proteins 802 molecules (65.5%) were predicted
to have at least one transmembrane domain by TMHMM [19]. For the
complete list of the identified proteins see Supplementary Table 1.

3.5. Integral membrane proteins, transmembrane segments

Using the hpTC method we identified 802 IMPs with up to 16 trans-
membrane segments (except one outlying protein with 31 predicted
transmembrane segments, Piezo1, Q92508) in the human lymphoma
Mino cell sample, of which proteins with two or more TM segments rep-
resented roughly two thirds. (Fig. 3) The observed distribution is in
agreement with genome-wide predictions for human proteins [1] sug-
gesting that the hpTC method is not biased toward a specific group of
transmembrane proteins. Furthermore a closer analysis showed that
approximately half (1274/2561) of the unique peptides used for the
identification of the IMPs overlapped with predicted transmembrane
regions.

To illustrate the contribution of transmembrane peptides in the
hPTC analysis several topological maps generated by Protter software
[31] are shown in Fig. 4. Also, to determine the relative contribution of
trypsin digestion and CNBr cleavage among the identified peptides,
we calculated the distribution of terminal arginines and lysines and me-
thionines converted by CNBr to homoserine lactones (Supplementary
Fig. 3). Roughly 75% of all the peptides identified in our analysis were
produced by CNBr or combined action of trypsin and CNBr. However,
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Fig. 3. Number of transmembrane segments in the identified IMPs. Number of predicted
transmembrane regions (based on TMHMM prediction) in the 802 IMPs identified in
our study.

this proportion is significantly higher (97%) for the peptides which o-
verlapped with predicted transmembrane segments. This underlines
the benefit of CNBr use in the analysis of membrane proteins.

3.6. Access to all cellular membrane compartments

Among the IMPs identified in the human lymphoma cells, there were
numerous transporters, membrane enzymes, receptors, signal transduc-
tion proteins, and proteins with immunity-related activities and other
functions. According to gene ontology annotations, the identified mem-
brane proteins originate from various organelles, confirming the ability
of the method to access not only plasmatic but all cellular membranes.
Due to dynamic nature of cellular membranes (and according to their
multiple G.O. annotations), many membrane proteins are associated
with two or more cellular compartments. This complicates the evalua-
tion and prevents any clear-cut calculation of protein distribution
among the various membrane compartments. Nevertheless, we also ob-
served proteins annotated exclusively to mitochondrial membrane (e.g.
ADP/ATP translocases 1-3, numerous components of respiratory
chain), to membranes of endoplasmic reticulum (e.g. GIcNAc-1-P trans-
ferase, UDP-glucuronic acid/UDP-N-acetylgalactosamine transporter)
and Golgi (e.g. Alpha-(1,6)-fucosyltransferase, Beta-1,4-
galactosyltransferase 3), proteins localized to nuclear envelope (e.g.
lamin-B receptor, nucleoporin NDC1) and proteins known for their typ-
ical plasma membrane localization such as proteins belonging among
the CD (cluster of differentiation) molecules. CD proteins expressed on
the cell surface represent promising targets of modern anti-cancer
drugs including therapeutic antibodies, as exemplified by rituximab
targeting CD20 in B-cell lymphomas, trastuzumab targeting-HER2 in
breast cancer patients or ipilimumab targeting CTLA-4 in patients with
melanoma [32]. The information on expression of CD markers in cancer
cells is therefore of tremendous importance. We identified 48 CD mole-
cules in our analysis of human lymphoma cells (Table 1.)

3.7. Opening the black box

IMPs with large extra-membrane domains can provide several tryptic
peptides and can be therefore identified in the conventional large scale
proteomic analyses or using the surface-capture strategy. However,
some membrane proteins possess only small extra-membrane segments
offering no tryptic peptides of reasonable size. Such proteins thus inevita-
bly escape detection by both surface capture methods and routine prote-
omic analyses. Here we show, that the CNBr cleavage of intra-membrane
segments of such proteins may enable their identification as demonstrat-
ed by several proteins identified in our hpTC analysis. Such a typical diffi-
culty to identify proteins with no extramembrane tryptic peptide can be
exemplified by the identified Dolichyl-diphosphooligosaccharide-protein
glycosyltransferase subunit 4 (OST4_HUMAN) or NADH-ubiquinone oxi-
doreductase chain 4L (NU4LM_HUMAN) in Fig. 4.

Recently, the Human Proteome Project sparked an interest in identi-
fication of “missing proteins” i.e. proteins having no evidence of exis-
tence on protein level [33]. The latest release of the neXtProt database
(www.nextprot.org, September 2015) contains 3243 “missing proteins”
[34]. In our dataset we identified 13 of such “previously unseen” pro-
teins, namely 015342, 060478, Q14330, Q14656, Q5SWH9, Q6UWH6
(evidence on transcript level), ASMWL7, A2A368, C9J798, P69849
(based on homology) and 060361, Q5T1J5, Q92928 (classified as uncer-
tain). Seven out of the thirteen proteins (015342, 060478, Q14330,
Q14656, Q5SWH9, Q6UWH6, ABMWL7) are IMPs with 2-7 transmem-
brane segments.

3.8. Proteins with no transmembrane domain. Contaminants?
The treatment of membranes with carbonate washing at high pH

followed by trypsin digestion was in our study effective for removal
of most but not all non-membrane contaminants. Among the 1224
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CD20_HUMAN
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Fig. 4. Examples of sequence coverage of identified IMPs on topological prediction maps. Sequences of identified peptides used for the identification are labeled blue. Topology maps were
generated using Protter (http://wlab.ethz.ch/protter). These examples illustrate that peptides overlapping with transmembrane segments significantly contribute to the protein
identification. As demonstrated by OST4_HUMAN and NUALM_HUMAN this method allows proteomic identification of small, highly hydrophobic IMPs with limited presence of trypsin

cleavage sites.

identified proteins, 422 were predicted to have no transmembrane seg-
ment. Presence of these proteins in the hpTC isolate may be explained by
their tight specific association with membrane lipids or proteins. For in-
stance, we identified non-membrane protein beta-2-microglobulin,
which is known to exist as a component of a large membrane-bound
MHC class I complex and may be therefore shielded by the al/a2
MHC heterodimer (also identified in our study) from the trypsin activity.
Similarly, the presence of hydrophobic segments in the structure of non-
membrane proteins may cause their non-specific sticking to the phos-
pholipid bilayer during the sample preparation and may thus prevent
their complete removal. In our lymphoma cell study we observed con-
tamination by major cytosolic (alpha enolase, GAPDH, glucose-6-
phosphate isomerase), cytoskeletal (actin, tubulin) and also nuclear (his-
tones, small nuclear ribonucleoproteins) high-abundance proteins.
However, as exemplified by histones, which may also be extra-nuclear
and have been shown to directly interact with membrane [35,36], it is
not always easy to decide where precisely to draw the line between pro-
teins of interest and contaminants. Overall, despite the presence of some
contaminating proteins in the results of our analyses, integral membrane

proteins represented over 65% of all identified proteins, thus demon-
strating high efficacy of the hpTC method.

3.9. Quantitative analysis of membrane proteome?

Analysis of membrane-embedded peptides clearly taps the invalu-
able information on membrane proteome. However, mere cataloguing
of membrane proteome is not sufficient. Can we make such an analysis
(semi)quantitative?

Implementation of trypsin instead of proteinase K to the method
workflow potentially opens the door to quantitative membrane analysis
using SILAC labeling [37]. To evaluate the theoretical potential of SILAC
labeling for the hpTC method, we queried the content of canonic
SILAC-compatible amino acids - arginine (R) and lysine (K) in the unique
peptides identified in our lymphoma cell line analysis (Fig. 5). Out of the
total number of 3884 peptides, 2055 (53%) contained at least one lysine,
while arginine was present in 1965 (51%). Almost 83% of the peptides
contained either K or R. Theoretically, an application of “double” (K and
R) SILAC could provide semi-quantitative information on a significant
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List of identified lymphoma membrane CD proteins

CD No. Accession Entry name Protein name

CD10 P08473 NEP_HUMAN Neprilysin

CD11a  P20701 ITAL_HUMAN Integrin alpha-L

CD18 P05107 ITB2_HUMAN Integrin beta-2

CD19 P15391 CD19_HUMAN  B-lymphocyte antigen CD19

CD20 P11836 CD20_HUMAN  B-lymphocyte antigen CD20

CD21 P41597 CCR2_HUMAN  C-C chemokine receptor type 2

CD27 P26842  CD27_HUMAN  (CD27 antigen

CD32 P31994 FCG2B_HUMAN  Low affinity immunoglobulin gamma Fc
region receptor II-b

CD39 P49961 ENTP1_HUMAN Ectonucleoside triphosphate
diphosphohydrolase 1

CD40 P25942 TNR5_HUMAN  Tumor necrosis factor receptor
superfamily member 5

CD43 P16150  LEUK_HUMAN  Leukosialin

CD45 P08575 PTPRC_HUMAN  Receptor-type tyrosine-protein
phosphatase C

CD47 Q08722  CD47_HUMAN  Leukocyte surface antigen CD47

CD48 P09326  CD48_HUMAN (D48 antigen

CD50 P32942 ICAM3_HUMAN Intercellular adhesion molecule 3

CD53 P19397 CD53_HUMAN  Leukocyte surface antigen CD53

CD54 P05362 ICAM1_HUMAN Intercellular adhesion molecule 1

CD63 P08962  CD63_HUMAN (D63 antigen

CD70 P32970  CD70_HUMAN  CD70 antigen

CD71 P02786 TFR1_HUMAN Transferrin receptor protein 1

CD72 P21854  CD72_HUMAN  B-cell differentiation antigen CD72

CD74 P04233 HG2A_HUMAN  HLA class II histocompatibility antigen
gamma chain

CD79a P11912 CD79A_HUMAN B-cell antigen receptor
complex-associated protein alpha chain

CD79b P40259  CD79B_HUMAN B-cell antigen receptor
complex-associated protein beta chain

CD81 P60033  CD81_HUMAN (D81 antigen

CD82 P27701 CD82_HUMAN (D82 antigen

CD84  Q9UIB8  SLAF5_HUMAN  SLAM family member 5

CD92 Q8WWI5 CTL1_HUMAN Choline transporter-like protein 1

CD97 P48960  CD97_HUMAN  CD97 antigen

CD98 P08195 4F2_HUMAN 4F2 cell-surface antigen heavy chain

CD99 P14209  CD99_HUMAN  (CD99 antigen

CD102  P13598 ICAM2_HUMAN Intercellular adhesion molecule 2

CD107a P11279 LAMP1_HUMAN Lysosome-associated membrane
glycoprotein 1

CD132 P31785 IL2RG_HUMAN  Cytokine receptor common subunit
gamma

CD147 P35613 BASI_HUMAN Basigin

CD159a P26715 NKG2A_HUMAN NKG2-A/NKG2-B type Il integral
membrane protein

CD184 P61073 CXCR4_HUMAN C-X-C chemokine receptor type 4

CD185 P32302 CXCR5_HUMAN C-X-C chemokine receptor type 5

CD192  P41597 CCR2_HUMAN  C-C chemokine receptor type 2

CD197 P32248 CCR7_HUMAN  C-C chemokine receptor type 7

CD205 060449  LY75_HUMAN Lymphocyte antigen 75

CD217 Q96F46 [17RA_HUMAN Interleukin-17 receptor A

CD222 P11717 MPRI_HUMAN  Cation-independent
mannose-6-phosphate receptor

CD225 P13164 IFM1_HUMAN Interferon-induced transmembrane
protein 1

CD230 P04156 PRIO_HUMAN Major prion protein

CD289 Q9NR96 TLR9_HUMAN Toll-like receptor 9

CD298  P54709 AT1B3_HUMAN  Sodium/potassium-transporting ATPase
subunit beta-3

CD361 P34910  EVI2B_HUMAN  Protein EVI2B

portion of proteins identified in our current hpTC analysis. However, we
further evaluated the content of leucine, another essential amino acid
compatible with SILAC labeling, which also occurs frequently in hydro-
phobic transmembrane segments. Leucine was found in 3213 (83%) of
all the unique peptides. Taken together, vast majority of all identified
peptides (97%) contained at least one lysine, arginine or leucine, suggest-
ing that using a triple (K, R and L) SILAC labeling of the cells could provide
semi-quantitative information on most proteins identified in our current
hpTC analysis (Fig. 5).
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Fig. 5. Compatibility with SILAC. Percentage of unique peptides identified in our analysis
containing SILAC-compatible amino acids.

4. Conclusions

In this study we demonstrate that the analysis of membrane-
embedded peptides using the hpTC method enables very high enrich-
ment of membrane proteins from all cellular compartments, including
proteins with numerous transmembrane segments.

Identification of hundreds of integral membrane proteins in mam-
malian cells can be easily achieved in a single analysis and the whole ex-
periment, including LC-MS/MS analysis, can be accomplished in
approximately 50 h. The modified method avoids ultracentrifugation
steps, employs more effective delipidation step and does not require
any specialized instrumentation. Another important novelty of our
modification to the original hppK method is the introduction of trypsin
instead of non-specific proteinase K. This makes the method more sen-
sitive and better suited for quantitative approaches, namely SILAC label-
ing and potentially opens the way toward a detailed semi-quantitative
membrane proteome analysis using SILAC or super-SILAC strategy [37,
38]. However, the amphipathic nature of integral membrane proteins
clearly calls for a combination of two complementary approaches. Join-
ing forces of hydrophobic peptide-oriented hpTC approach with a
soluble-peptide oriented method should provide the best results and
enable deep expression analysis of membrane proteomes.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.jprot.2016.03.016.
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