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Abstract: Global mass spectrometry (MS)-based proteomic and phosphoproteomic studies of acute
myeloid leukemia (AML) biomarkers represent a powerful strategy to identify and confirm proteins
and their phosphorylated modifications that could be applied in diagnosis and prognosis, as a
support for individual treatment regimens and selection of patients for bone marrow transplant.
MS-based studies require optimal and reproducible workflows that allow a satisfactory coverage of
the proteome and its modifications. Preparation of samples for global MS analysis is a crucial step and
it usually requires method testing, tuning and optimization. Different proteomic workflows that have
been used to prepare AML patient samples for global MS analysis usually include a standard protein
in-solution digestion procedure with a urea-based lysis buffer. The enrichment of phosphopeptides
from AML patient samples has previously been carried out either with immobilized metal affinity
chromatography (IMAC) or metal oxide affinity chromatography (MOAC). We have recently tested
several methods of sample preparation for MS analysis of the AML proteome and phosphoproteome
and introduced filter-aided sample preparation (FASP) as a superior methodology for the sensitive
and reproducible generation of peptides from patient samples. FASP-prepared peptides can be
further fractionated or IMAC-enriched for proteome or phosphoproteome analyses. Herein, we will
review both in-solution and FASP-based sample preparation workflows and encourage the use of the
latter for the highest protein and phosphorylation coverage and reproducibility.

Keywords: acute myeloid leukemia; proteomics; phosphoproteomics; sample preparation; FASP;
SILAC; mass spectrometry; IMAC; StageTip; biomarker

1. Introduction

Acute myeloid leukemia (AML) is a hematopoietic disease distinguished by the rapid
growth of abnormally differentiated myeloid cells in the bone marrow and peripheral blood [1,2].
The proliferation of the leukemic blasts interferes with the normal hematological system and it is
frequently seen as a reduced production of healthy blood cells. AML is the most lethal type of
acute leukemia as it is frequently associated with relapse and drug resistance. The average five-year
survival percentage is only 26.6% [3], but the predicted survival prognosis differs based on risk
factors, such as molecular abnormalities and age [1]. AML is divided into subtypes M0 through M7
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(based on the type of cell from which the leukemia develops and how mature the cells are) in the
French-American-British (FAB) classification of AML [4]. In the World Health Organization (WHO)
system, AML is subclassified according to cellular morphology, hematopoietic lineage as well as
known translocations and mutations [5]. These factors contribute to different therapy responses in
patients, and render the prognostication and choice of treatments difficult [1]. The causes of AML
are mostly unknown although recent studies have suggested an inherited predisposition of AML by
germline mutations in AML-associated genes, like Runt-related transcription factor 1 (RUNX1) and
CCAAT/enhancer binding protein alpha (CEBPA) [6,7].

Great effort has been put into understanding the biological complexity of AML, aimed at
improving the prognostication and therapy. Specially, mass spectrometry (MS)-based proteomic
studies on AML patient samples have been increasingly published in the past years. Most of them have
been recently reviewed by another research group [8] and us [9]. Early MS-based proteomic studies
on AML, which have mostly been carried out with two-dimensional electrophoresis (2DE)-based
approaches combined with matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOF)-
or liquid chromatography (LC)-MS, resulted in a low number of quantified proteins compared to
shotgun proteomics. Even so, several potential AML diagnosis, prognosis and treatment-response
biomarkers were described from such studies. Current proteomic methods carried out using highly
sensitive and fast mass spectrometers allow the identification and quantification of several thousands
of proteins and post-translational modifications (PTM) from a single patient sample. However,
proteomic and phosphoproteomic workflows are not universal and they might work differently
depending on the characteristics of the sample and the experience of the researcher. Published global
MS proteome and phosphoproteome analysis of AML patient samples have used the standard
one-dimensional electrophoresis (1DE), 2DE and the in-solution digestion method with urea in the lysis
buffer to digest AML proteins prior to MS analysis or phosphorylation enrichment [10-14]. We have
recently tested several methods of sample preparation for the MS analysis of the AML blasts that
included in-solution digestion methods with urea and guanidinium hydrochloride as denaturant
reagents in the lysis buffer and filter-aided sample preparation (FASP) [15,16]. Several methods of
phosphorylation enrichment, immobilized metal affinity chromatography (IMAC) [17], metal oxide
affinity chromatography (MOAC) [18] and sequential elution from IMAC (SIMAC) [19] were also
included in our tests. Herein, we will briefly review the sample preparation procedures used in
previous global MS AML studies and we will describe those used in our method testing. We will
support the FASP procedure as a reproducible and high-proteome-coverage strategy to investigate
AML samples.

2. Sample Preparation Workflows in Global MS Proteome Studies of AML

The first MS-based global proteomic study addressed the protein profiling of AML FAB subtypes
(M1 and M2) and whether the sample collection method (bone marrow or peripheral blood sampling)
might influence the 2DE-based identification of AML biomarkers [10]. The authors suspended 71 and
57 AML samples of peripheral blood and bone marrow, respectively, with an isoelectric focusing
buffer containing 7 M urea, 2 M urea and 2% CHAPS, loaded from 500 to 800 ug proteins on different
pH strips and digested with trypsin before being run on MALDI-TOF or electrospray ionization
(ESI)-MS/MS as mass spectrometers (Bruker Daltonics, Billerica, MA, USA). This proteomic workflow
identified 861 proteins.

The first MS-based phosphoproteomic study with peripheral blood samples from 14 AML patients
(in addition to two AML cell lines) introduced KSEA, an untargeted kinase-substrate enrichment
analysis, for the systematic profiling of kinase pathway activities [11]. AML samples were lysed
with a buffer containing 8 M urea and several potent inhibitors of protein phosphatases such as
sodium vanadate and okadaic acid. Protein digestion was performed with immobilized trypsin after
reducing the urea concentration to 2 M. The peptides were desalted and enrichment of phosphorylated
peptides was performed with TiO, affinity beads (MOAC) as described by Montoya et al. [20].
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Using 500 ug of AML protein lysate, 5792 phosphopeptides were identified from the 14-patient
cohort on an LTQ-Orbitrap XL mass spectrometer (Thermo Fisher Scientific, Waltham, MA, USA).
Although the phosphoproteomic workflow presented in this study comprised a few steps of low
technical difficulty, the use of urea in the lysis buffer required the addition of expensive and toxic
phosphatase inhibitors that need to be handled with care.

The first MS-based phosphoproteomic study with bone marrow samples investigated the response
to treatment with quizartinib, a tyrosine kinase inhibitor, in a patient cohort with six responders and
six non-responders [12]. The AML cells were lysed with a buffer containing 8 M urea, sodium vanadate
(among several other protein phosphatase inhibitors) and commercially available phosphatase inhibitor
cocktail and protease inhibitor cocktail tablets. The average protein amount from the patient samples
was approximately 450 pg. Protein digestion was first performed with Lys-C followed by trypsin.
The desalted peptides were fractionated by strong cation exchange (SCX). Twelve fractions were
collected and desalted before phosphopeptide enrichment with IMAC. More than 13,236 phosphosites
were identified with an LTQ-Orbitrap Velos (Thermo Fisher Scientific). This phosphoproteomic
workflow used an expensive lysis buffer, two proteases and involved the use of a complex fractionation
step that drastically increased the time and cost of the mass spectrometer usage. The cost and
complexity of this sample preparation strategy might not be applicable when larger patient cohorts
need to be analyzed.

Src homology 2 (SH2) domains are phosphotyrosine-binding modular structures found mainly
in several signaling and adaptor proteins for intracellular signal transduction. Moreover, SH2
domains of Src family kinases are themselves tyrosine phosphorylated in some blood cancers
including AML [13]. To study the binding properties of those tyrosine-phosphorylated SH2 domains
to phosphotyrosine-containing polypeptides and proteins, peripheral blood mononuclear cells
from 12 AML patients were collected and lysed with a buffer containing 9 M urea and sodium
vanadate among several phosphate-containing molecules that served as phosphatase substrates.
The trypsin digested samples were enriched for phosphotyrosine peptides using PhosphoScan reagents
(Cell Signaling Technology, Danvers, MA, USA) and analyzed with a Q Exactive or Elite (Thermo Fisher
Scientific) mass spectrometers [13]. Sixty phosphotyrosine peptides were identified with an adapted
phospho-enrichment step using 2 mg of cell lysate [21].

A recent MS-based proteomic study of the secretome from apoptosis-resistant AML blasts
was performed to characterize how the secreted microenvironment influences apoptosis regulation
in neighboring cells. The authors used 1DE with polyacrylamide gels to resolve protein bands
before in-gel digestion with trypsin [14]. The analysis of whole secretome from 11 (five with high
anti-apoptosis index (AAI), six with low AAI) bone marrow samples of AML patients identified
1492 proteins whereas 4232 proteins were identified from extracellular vesicles prepared from the bone
marrow samples of only two AML patients (one with high AAI, one with low AAI) from the first
cohort using LTQ-FTMS and Q Exactive mass spectrometers (Thermo Fisher Scientific), respectively.
For each sample, 60-80 pg of protein was loaded onto the precast gels using lithium dodecyl sulfate
(LDS)-based reducing sample buffer (Invitrogen, Waltham, MA, USA). Although the 1DE approach
was able to identify a satisfactory number of proteins using a cheap sample preparation method, this
strategy might not be applicable when larger patient cohorts need to be analyzed.

3. Testing of Standard and Novel MS-Based Proteomic and Phosphoproteomic Workflows

Besides the standard in-solution digestion strategy with urea in the lysis buffer, several methods to
prepare samples for large MS-based proteomic and PTM studies have been developed in the past years
(Figure 1). The spin filter approach, first introduced by Manza et al. [22], and the FASP approach [16]
have become popular sample preparation methods in the proteomics community and they offer the
use of a cheap sodium dodecyl sulfate (SDS)-based lysis buffer with no need to add costly protease
and phosphatase inhibitors [16,22]. Conventionally, it is performed with one protease (trypsin) but
the sequential use of two proteases (Lys-C and trypsin) has been shown to increase the proteome
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and phosphoproteome coverage of the sample [23-25]. With a StageTip format, a new in-solution
approach named the in-StageTip method has been described to allow deep proteome coverage and
high quantification accuracy [26]. In-StageTip can be performed with different lysis buffers that
contain 8 M urea, 6 M guanidinium hydrochloride or 1% (w/v) sodium deoxycholate in addition to
tris(2-carboxyethyl)phosphine (TCEP) and chloroacetamide (CAA) for simultaneous reduction and
alkylation at high temperature. However, the use of the urea lysis buffer at temperatures higher
than 40 °C is not recommended in order to prevent protein carbamylation. Optimized in-solution
methods using trifluoroethanol as a protein denaturant [27] or guanidinium hydrochloride in the
presence of TCEP and CAA [28] are attractive in-solution digestion alternatives that do not require
additional protease and phosphatase inhibitors during cell lysis. Although 1DE is still of use for many
MS-based proteomic studies (see [14] as an example in AML MS-based proteomics), an in-gel protocol
that copolymerizes the entire protein sample with monomeric acrylamide and allows the depletion of
denaturant agents used in the lysis buffer before proteolysis has been recently introduced as gel-aided
sample preparation (GASP) [29]. The analogue acronym to FASP reflects similar working principles
and workflows of both approaches.

MS-based sample preparation methods for proteomic and
phosphoproteomic analysis of AML samples

Peptide production Peptide fractionation Phospho-enrichment
n-solution 3
StageTip MM 3+
\ ) digestion (U) U agelip IMAC (Fe*)

‘ In-solution g StageTip SCX MOAC (Ti*)

/| digestion (G)

; sk gsg SIMAC

b Proteomics
1 GASP "
v, Phosphoproteomics

Figure 1. Proteomic and phosphoproteomic strategies tested on AML patient samples. The FASP
protein filters and the GASP “reactor tube” illustrations were taken from manufacturer’s online
resources and from the GASP publication [29] with permission from Wiley-VCH Verlag GmbH and
Co. KGaA, respectively; U stands for urea, G for guanidinium hydrochloride, MM for mixed mode and
SCX for strong cation exchange.

In order to find out the optimal quantitative workflows for MS studies of AML patient samples,
we have recently tested most of the sample preparation methods described above [15]. We used blast
cells from peripheral blood of an AML patient for all the proteomic workflows while we used pooled
samples from several AML patients for all the phospho-enrichment workflows. Although the tests were
carried out with label-free and stable isotope labeling with amino acids in cell culture (SILAC)-labeled
AML patient samples, we will only review herein our results from the SILAC-quantified samples.
We used 20 pg of AML lysate and 20 pg of super-SILAC mix [30] for each proteomic workflow.
We have also included two fractionation strategies using the StageTip format and the procedures with
polystyrenedivinylbenzene reversed phase sulfonate (SDB-RPS, so-called mixed mode, MM) and SCX
plugs described by Kulak et al. [26]. For enrichment of phosphopeptides, we tested IMAC, MOAC
and SIMAC workflows [17-19] on the peptide samples produced from selected sample preparation
strategies using 315-400 ug of AML lysate and the corresponding half amount of the super-SILAC mix.
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Samples were analyzed on an Orbitrap Elite mass spectrometer coupled to an Ultimate
3000 Rapid Separation LC system (Thermo Fisher Scientific). The mass spectrometer was operated
in the data-dependent acquisition (DDA) mode and ions were fragmented by low-energy
collision-induced-dissociation (CID). Similar amounts of peptides and phosphopeptides were loaded.
We kept the MS acquisition time constant or comparable for all the analyses. A detailed description of
the LC-MS conditions can be found in the Supplemental Methods of our comparison study [15].

Our comparisons of the proteomic workflows revealed two important results (Table 1): (i) as
expected, in-solution digestion approaches worked better with fractionation than with the use of
one or two proteases; the in-solution digestion method (including fractionation) with guanidinium
hydrochloride in the lysis buffer clearly outperformed the in-solution digestion method with the
classical urea lysis buffer; (ii) without fractionation, the FASP approach produced the highest number
of quantified protein groups when compared to the in-solution digestion methods; the FASP approach
followed by the MM fractionation produced the highest number of quantified protein groups among
all the workflows tested in the study. Between the in-solution with guanidinium hydrochloride and
FASP, both followed by fractionation, we chose the FASP strategy with MM fractionation and with the
lowest percentage of missed cleavages observed in the comparison study. This was an important factor
to consider as a high percentage of missed cleavages can impair the protein match from MS data [31].
We did not include our quantitative proteomic results using the GASP procedure. We were not able
to remove the SDS used in the lysis of AML patient samples, even after increasing the number of
urea/acetonitrile washes as recommended [29]. This had a deleterious effect on the analytical column
of our LC-MS system and provided a low number of quantified protein groups (data not shown).

Table 1. Quantitative analysis of different proteomic workflows 1.

Method 2 (SILAC Labeling) Quantified Protein Groups  Quantified Peptides  Missed Cleavages 3 (%)

In-solution digestion, U, SD 1011 8082 42
In-solution digestion, U, SD, MM 1627 11,096 29
In-solution digestion, U, SD, SCX 1201 7948 29

In-solution digestion, G, DD 1091 10,816 55
In-solution digestion, G, DD, MM 2006 15,894 31
In-solution digestion, G, DD, SCX 2051 16,110 35

FASP, SD 1480 12,607 15
FASP, SD, MM 2141 16,469 11
FASP, SD, SCX 1500 10,414 11

! Data obtained from our testing study on proteomic workflows using SILAC-labeled AML patient samples [15].
Two technical replicates were used in the workflow test; 2 SD and DD stand for single and double digestion,
respectively, U stands for urea, G stands for guanidinium hydrochloride, MM stands for mixed mode, SCX stands
for strong cation exchange, FASP stands for filter-aided sample preparation; 3 The percentage of missed cleavages
is calculated taken into account peptides with one or more missed cleavages.

The multi-steps of the FASP procedure together with increasing reports of filter failure [25,32]
have discouraged the use of this strategy in the proteomics community despite its proven efficiency as
in our comparison study. The use of faulty filters in the FASP protocol will cause the loss of most of
the proteins in the sample as they are not retained on the filter membrane, yielding a poor peptide
recovery after proteolytic digestion [32]. A reduced centrifugal speed has been suggested to avoid
FASP failure [25]. However, an initial simple quality filter test with the urea FASP buffer worked best
in our hands to differentiate working from failing protein filters [32].

Using the FASP procedure as our tool to produce peptides for phospho-enrichment,
we highlighted the outstanding performance of the IMAC methodology with AML patient samples
(Table 2) and its capability to enrich monophospho-, diphospho- and multiphospho-peptides. The use
of two proteases did not remarkably increase the number of quantified localized phosphosites and
the total number of the different phosphopeptides as suggested by others [23]. The double-digestion
approach in the FASP protocol might be more suitable for samples of higher phosphorylation
complexity than the one found in AML patient samples. Therefore, we chose the IMAC strategy for the
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enrichment of phosphopeptides prepared with the FASP/trypsin procedure on AML patient samples.
As remarked in our comparison study [15], we found it difficult to explain the poor performance of the
MOAC (and consequentially that of the SIMAC) phospho-enrichment, although the presence of acidic
amino acids within the AML phosphopeptide sequences might explain the better specificity of the
IMAC approach [33].

Table 2. Quantitative analysis of different FASP-based phospho-enrichment techniques '.

Method 2 (SILAC Labeling)  Localized Phosphosites> Mono-Phosphopeptides  Di- and Multi-Phosphopeptides

IMAC, SD 2708 2745 607
IMAC, DD 2792 2489 843
MOAC, SD 738 945 29
MOAC, DD 897 1118 46
SIMAC, SD 1817 883 954
SIMAC, DD 1825 998 883

! Data obtained from our testing study on phosphoproteomic methodologies using SILAC-labeled
FASP-prepared peptides from AML patient samples [15]. The number of phosphopeptides and phosphosites
represents the average of two biological replicates; > SD and DD stand for single and double digestion,
respectively; 3 Localization probability of at least 75%.

4. Discussion and Conclusions

Successful MS-based global proteomic and phosphoproteomic studies of AML patient samples
require the use of optimal sample preparation methods to achieve a satisfactory proteome and
phosphoproteome coverage. The choice of those methods is not arbitrary and it will depend on
the nature and quantity of the samples as well as the researcher’s confidence and the availability
of the necessary materials and equipment. These factors together with an increasing variety of
sample preparation methods encourage testing studies to find optimal workflows that might cover
the expectations of MS-based global studies. In our case, the use of an in-solution digestion protocol
with urea buffer and the use of MOAC for proteomics and phosphoproteomics, respectively, would
have resulted in a disappointing quantitative analysis for a MS-global study on precious AML patient
samples. We therefore encourage some methodology testing before the preparation of samples from
cohorts of cancer patients.

Although the classical in-solution digestion protocol with urea lysis buffer has provided
satisfactory phosphoproteomic results in previous AML studies [11-13], our comparison study showed
that it did not perform as well as the in-solution digestion protocol with guanidinium hydrochloride
lysis buffer and FASP. A previous comparison of different lysis buffers used in the in-solution digestion
method also showed a poor protocol performance when using the urea lysis buffer [34]. The use of the
in-solution method with guanidinium hydrochloride, which simultaneously performs reduction and
alkylation at high temperature and therefore preserves the sample integrity and its phosphorylation
status, resulted in a high number of quantified proteins. However, a high percentage of missed
cleavages in the peptide sequences and a poor reproducibility of the phospho-enrichment workflows
using peptide samples obtained with this method discouraged us from its further use at a large
scale [15].

We realize that FASP might appear as a complicated procedure when compared to in-solution
methods that require fewer steps to produce peptides for MS analysis. The sample loss that might
occur when working with unknown faulty filters discourages the use of this method despite its high
quantification efficiency as has recently been described in depth [25]. However, we have shown that a
simple quality test of the spinning filters easily selects the filters that will work properly.

Classical proteomic workflows are still very much on use for the study of clinical samples.
For example, in-solution digestion workflows have recently been applied to the study of other cancer
samples such as those from colorectal tumors [35] and from body fluids of head and neck cancer
patients [36]. Lately, 2DE has been used to analyze saliva from individuals with and without oral
leukoplakia [37]. However, as found in our study on AML patient samples, the FASP procedure and
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the use of a super-SILAC mix of five cell lines [38] have proved to be excellent methodologies for
quantitative proteomics of breast cancer samples [39].

From our phospho-enrichment tests, we noticed a poor performance of the MOAC methodology
which was reflected in an unsatisfactory performance of SIMAC. However, IMAC produced a high
number of phosphopeptides that contained one or several phosphate groups.

To conclude, we have shown the importance of carrying out an initial testing on different sample
preparation methods before the analysis of large patient cohorts. We have demonstrated that the FASP
procedure followed by MM fractionation and IMAC phospho-enrichment are excellent workflows for
the proteome and phosphoproteome analysis, respectively, of AML patient samples by MS. In fact, we
have recently identified 8702 SILAC-labeled proteins and 16,346 phosphosites with 20 ug and 600 pg
(on average) of AML sample, respectively, using our selected FASP-based workflows in an AML patient
cohort (unpublished data, [40]). Therefore, we encourage the use of the FASP technique coupled to
a StageTip fractionating step and IMAC phospho-enrichment as excellent alternatives to classical
procedures for the study of the AML proteome and phosphoproteome. The use of the FASP strategies
can be further applied to the study of secretomes and other PTM.
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1DE One-dimensional electrophoresis
2DE Two-dimensional electrophoresis
AAI Anti-apoptosis index
AML Acute myeloid leukemia
CAA Chloroacetamide
CID Collision-induced dissociation
DDA Data-dependent acquisition
ESI Electrospray ionization
FAB French-American-British
FASP Filter-aided sample preparation
GASP Gel-aided sample preparation
IMAC Immobilized metal affinity chromatography
KSEA Kinase-substrate enrichment analysis
LC Liquid chromatography
LDS Lithium dodecyl sulfate
MALDI-TOF Matrix-assisted laser desorption/ionization time-of-flight
MM Mixed mode
MOAC Metal oxide affinity chromatography
MS Mass spectrometry
PTM Post-translational modifications
SCX Strong cation exchange
SDB-RPS Polystyrenedivinylbenzene reversed phase sulfonate
SDS Sodium dodecyl sulfate
SH2 Src homology 2
SILAC Stable isotope labelling with amino acids in cell culture
SIMAC Sequential elution from IMAC
TCEP Tris(2-carboxyethyl)phosphine
WHO World Health Organization
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