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ABSTRACT

The application of proteomics to patient material is increasingly widespread, however, a major shortcoming still are the number of cells or
protein material that can be obtained. This study explores the lower limit of cell numbers that can be successfully analysed by liquid chroma-
tography mass spectrometry to determine the protein expression profile that is specific to, and indicative of, the investigated cell type. The aim
was to analyse an equivalent quantity of cellular material that can be obtained from, e.g., a fine-needle aspiration biopsy (FNAB). Fifteen thou-
sand and 30,000 cells from adherent (HEK293) and suspension (U937) cell lines were lysed under two different conditions: a ‘native’ and a
denaturing buffer. To extend the study to clinical material, human whole PBMCs were also lysed under identical conditions. Proteins from
5,000 and 10,000 cells were analysed by both 1D and 2D-LC-MSMS on an LTQ Orbitrap XL mass spectrometer. In total, 3,219; 1,693 and 659
unique proteins were identified from HEK293, U937 and total PBMCs, respectively. Additionally, an iTRAQ 4-plex experiment was performed
to determine the relative quantity of the proteins in the three cell types. In this study, we show that it is feasible to obtain a deep, yet cell-
specific protein profile from a very low number of cultured and primary cells. This advancement will enable proteomic-profiling of cellular
material from fine needle aspiration biopsies that ultimately can assist cytopathologists in the diagnosis of disease.
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Abbreviations

1D-LC-MSMS: one-dimensional liquid chromatography tandem mass spectrometry; 1D-SDS-PAGE: one-dimensional sodium dodecyl-
sulphate polyacrylamide gel electrophoresis; 2D-LC-MSMS: two-dimensional liquid chromatography tandem mass spectrometry; CID: colli-
sion-induced dissociation; DMEM: Dulbecco's modified eagle medium; FASP: filter-aided sample preparation; FCS: fetal calf serum; FNAB:
fine-needle aspiration biopsy; GO: gene ontology; HCD: higher-energy collision-induced dissociation; iTRAQ: isobaric tag for relative and
absolute quantitation; LCM: laser-capture microdissection; LCMS: liquid chromatography mass spectrometry; LTQ: linear trap quadrupole;
PBMC: peripheral blood mononucleocytes; PBS: phosphate-buffered saline; RPMI: Roswell Park Memorial Institute medium; SD: standard
deviation; SDS: sodium dodecylsulfate; TEAB: triethylammonium bicarbonate.

1. Introduction aspiration biopsy (FNAB) is a relatively painless and straight-
forward minor surgical diagnostic procedure used to extract

Clinical samples from patients are extremely valuable and cellular material from percutaneous masses and/or drain fluid
the amount of material and cells available is very low, often -filled cysts. A very fine gauge needle is inserted and the cells
difficult to obtain and thus extremely precious. A fine-needle and/or fluid are aspirated (suctioned) from the mass into the
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needle, stained, examined by a cytopathologist and a clinical
diagnosis made. The number of cells obtained via FNAB is
exceptionally low and proteomic analysis of the material in
the aspirated sample is extremely challenging. Thus, only a
limited number of studies exist on proteomic profiling of
FNAB [1-5]. In a study by Rapkiewicz et al. [6], fine-needle
aspiration samples from breast tumors were analyzed by
quantitative protein microarray technology. These research-
ers calculated that the number of cells in frozen aspirate
samples was in the range of 1,000-50,000 cells.

The analysis of ‘core’ proteomes by liquid chromatography
mass spectrometry (LCMS) has been performed on large
quantities (30-50 pg) of protein from cell lysates of immor-
talised, cultured cells [7-9]. Protein numbers ranged from
approximately 1,800 [7] to between 2,000-4,000 [8] and up
to 10,500 [9] non-redundant proteins from a single cell line.
The historical increase in protein numbers reflects the com-
bination of improved MS instrumentation technology and
sample preparation methodology. With limited protein
quantities, e.g., from clinical samples, older generation mass
spectrometers were unable to delve deeply into the proteome
of a low number of patient cells. The advent of the hybrid
linear trap quadrupole (LTQ) and quadrupole only Orbitrap
series of mass spectrometers has meant that it is now possi-
ble to analyse low numbers of cells from primary sources.
More importantly, such analyses do not just result in the
identification of the usual abundant, ‘uninteresting’ house-
keeping proteins but actually lead to the identification of cell
-specific proteins. Some key examples from the literature
include: 3,800 proteins identified from an equivalent of 5,000
FACS-sorted colon stem cells [10]; single islets of Langer-
hans and ~10,000 laser-capture microdissected (LCM)
mouse kidney glomeruli containing 2,000-4,000 and ~2,400
proteins, respectively [11]; 900-1,900 proteins from 250-
10,000 FACS-sorted short-term culture melanoma cells [12,
13]; ~1,000 proteins from 3,000 LCM-derived breast carci-
noma tumor cells [14]; and 3,600-4,400 proteins from 20,000
microdissected formalin-fixed, paraffin-embedded colon
carcinoma cells [15].

The current study was designed to ascertain the depth that
could be obtained from a low number of cells using our sam-
ple preparation approach and MS instrumentation. In par-
ticular, we were interested in establishing appropriate exper-
imental conditions for a ‘native’ lysis buffer with the goal of
analysing cellular proteomes from small quantities of materi-
al. The data generated would be used to assess the feasibility
of a planned projection into routine proteomic analyses of
FNAB. The ‘native’ lysis buffer, that was ultimately chosen,
closely resembled buffers commonly used for investigating
native protein complexes and protein interactions. Consid-
ering the medical impact and relevance for translational re-
search, there is an increasing interest in investigating altera-
tions in protein complex formation or pathway composition
and also protein-drug interactions directly from clinical ma-
terial [16]. In all cases, such experiments require cellular lysis
conditions that maintain and preserve native protein confor-

mations and interactions, i.e., non-denaturing. In parallel,
denaturing conditions that utilise buffers containing urea
can supplement the data by ‘releasing’ proteins from cellular
compartments that are not completely accessible with a
‘native’, non-denaturing buffer alone. Furthermore, urea
buffers are included in commercially-available kits for en-
richment of post-translationally-modified (PTM) peptides
(e.g., phosphotyrosine-enrichment). It has also been report-
ed that urea-based buffers have a certain advantage over SDS
-containing buffers in the analysis of cancer tumors [17].

The well-known and extensively-studied adherent HEK-
293 cell line was chosen as a model, the methodology ex-
tended to a human macrophage suspension cell line (U937)
and finally to readily-obtainable primary human total pe-
ripheral blood mononucleocytes (PBMCs) to mimic a clini-
cal setting. Two lysis conditions were chosen and evaluated
on the three different cell types: (i) a ‘native’ buffer consist-
ing of 50 mM HEPES, 150 mM NaCl, 5 mM EDTA, 0.5% NP
-40, ImM PMSF, pH 8.0; and (ii) a denaturing buffer com-
prised of 9 M urea, 20 mM HEPES, 1mM PMSF, pH 8.0.
Fifteen thousand and 30,000 cells were lysed and the protein
equivalent of 5,000 or 10,000 cells analyzed by one-
dimensional liquid chromatography tandem mass spectrom-
etry (1D-LC-MSMS). The peptide digests from 15,000 and
30,000 lysed cells were also separated by reversed-phase
chromatography, 20 fractions collected and analyzed by LC-
MSMS. Finally, to add relative quantitative information to
the proteins identified from the different cell types, iTRAQ
labeling coupled to 2D-LC-MSMS was used to compare the
three different cell types lysed under two different condi-
tions. Functional annotation analysis was utilised to evaluate
the obtained protein lists to determine the specificity of the
individual cellular proteomes.

2.Material and Methods
2.1 Reagents

Iodoacetamide, dithiothreitol (DTT), HEPES (4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid), 1 M tri-
ethylammonium bicarbonate (TEAB), formic acid, urea,
NaCl, EDTA (ethylenediaminetetraacetic acid), thiourea,
DMEM, protease inhibitor cocktail, PMSF
(Phenylmethanesulfonyl fluoride), 299.0% (SIGMA-Aldrich,
St. Louis, MO); trypsin (Promega Corp., Madison, WI);
RPMI, PBS, penicillin/streptomycin (PAA, Pasching, Aus-
tria), iTRAQ (ABI, Framingham, MA); FCS (Gibco, Grand
Island, NY), NP-40 Alternative (CALBIOCHEM, San Diego,
CA), Krypton™ Protein Stain (Thermo Scientific, Austria,
Vienna).

2.2 Collection of HEK293 and U937 cells
HEK293 and U937 cells were grown as adherent (in

DMEM medium) and suspension cultures (in RPMI medi-
um) respectively. Each media was complemented with 10%
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foetal calf serum (FCS) and 1% penicillin/streptomycin.
Cells were harvested in posphate-buffered saline (PBS) solu-
tion and counted with a CASY* cell counting system (Roche
Diagnostics, Rotkreuz, Switzerland). Multiple aliquots of
15,000 and 30,000 cells were collected in 1.5 mL eppendorf
tubes and centrifuged at 1,800xg for 5 min at 4°C. The su-
pernatant was removed and discarded; and the cell pellets
stored at -80°C until required.

2.3 Collection of peripheral blood mononucleocytes (PBMCs)

Venous blood from a healthy donor was collected into BD
Vacutainer tubes containing EDTA and diluted 1:1 in PBS.
PBMCs were separated using LSM 1077 lymphocyte separa-
tion media (PAA Austria) by density gradient centrifugation
at 2,100 r.p.m. for 30 min (Sorvall RT6000B) and washed
with PBS by centrifugation for 10 min at 1,200 r.p.m.
(Sorvall RT6000B). Contaminating erythrocytes were re-
moved by incubation in a lysis buffer (containing 0.15 M
NH,C], 0.01 M NaHCO; and 0.1 mM EDTA, pH 7.2) for 10
min at 4°C and washing with PBS by 20 min centrifugation
at 800 r.p.m. (Sorvall RT6000B), which also eliminated re-
maining platelets. PBMCs (4 x 107 cells) were counted with a
Neubauer counting chamber (Karl Roth GmbH, Karlsruhe,
Germany) and aliquots of 15,000 and 30,000 cells collected.
Cells were centrifuged, the supernatant removed, and pellets
frozen at -80°C and stored until required.

2.4 Assessing lysis conditions for large quantities of cells

HEK?293 cells (8.7x10°) were collected and lysed in 1 mL
under the following six different conditions: (i) 50 mM
HEPES, 150 mM NaCl, 5 mM EDTA, 0.5% NP-40, 1 mM
PMSF, pH 8.0 (no sonication). Cells were incubated for 30
min at 4°C; and then centrifuged at 20,000 x g for 15 min at
4°C. (ii) 50 mM HEPES, 150 mM NaCl, 5 mM EDTA, 1 mM
PMSF, pH 8.0 (+ sonication). Cells were sonicated at 70%
output with 3 bursts of 30 s; and cooled on ice for 30 s be-
tween each burst. The resultant lysates were centrifuged at
20,000 x g for 15 min at 4°C. (iii) 20 mM HEPES, 9 M urea,
pH 8.0 (no sonication). Cells were incubated for 30 min at
room temperature, with vortexing every 10 min, and centri-
fuged at 20,000 x g for 15 min at RT. (iv) 20 mM HEPES, 9
M urea, pH 8.0 (+ sonication). Cells were incubated for 30
min at room temperature, with vortexing every 10 min, and
with sonication at 70% output with 3 bursts of 30 s; and cen-
trifuged at 20,000 x g for 15 min at RT. (v) 20 mM HEPES, 7
M urea, 2 M thiourea, pH 8.0 (+ sonication). Cells were in-
cubated for 30 min at RT, with vortexing every 10 min, and
with sonication at 70% output with 3 bursts of 30 s; and cen-
trifuged at 20,000 x g for 15 min at RT.

2.5 Protein concentration measurement

The total protein content of HEK293 cell lysates generated
from 8.7x10¢ cells was determined by the Bradford assay

(using bovine serum albumin as a protein standard).
2.6 ‘Native’ buffer lysis and in situ tryptic digestion

Fifteen thousand and 30,000 HEK293, U937 and human
total PBMC cells were individually lysed in 100 pL ‘native’
buffer: 50 mM HEPES, 150 mM NaCl, 5 mM EDTA, 0.5%
NP-40, 1 mM PMSF, pH 8.0 and incubated for 30 min at 4°
C. Cell lysates were centrifuged at 20,000 x g for 15 min at 4°
C and the protein extracts (supernatants) were collected.
Laemmli buffer was added, and the samples were reduced
and alkylated with dithiothreitol and iodoacetamide, respec-
tively. 1D-SDS-PAGE of the lysates was performed on
Novex Bis-Tris 4-12% gels at 200 V for 15 min only. Gels
were stained with colloidal Coomassie blue. Stained gel re-
gions containing the proteins were excised from the gel and
digested in situ with trypsin at 37°C overnight. Tryptic di-
gests were concentrated and purified by solid phase extrac-
tion (SPE) (UltraMicroSpin columns 3-30 pg capacity, Nest
Group Inc., Southboro, MA, USA), the volumes reduced to
approximately 2 puL in a vacuum centrifuge and reconstitut-
ed in 26 pL 5% formic acid for 1D-LC-MSMS triplicate anal-
ysis.

2.7 Denaturing lysis and solution tryptic digestion

Fifteen thousand and 30,000 HEK293, U937 and human
total PBMC cells were individually lysed in 100 pL denatur-
ing buffer: 20 mM HEPES, 9 M urea, pH 8.0 for 30 min at
room temperature. Samples were vortexed every 10 min. Cell
lysates were centrifuged at 20,000 x g for 15 min at RT and
the protein extracts (supernatants) were collected. Samples
were diluted with 100 mM TEAB to a final concentration of
1.4 M urea, reduced with dithiothreitol, alkylated with iodo-
acetamide and digested with 0.5 pg modified porcine trypsin
at 37°C overnight. Tryptic digests were concentrated and
purified by solid phase extraction (SPE) (UltraMicroSpin
columns 3-30 pg capacity, Nest Group Inc., Southboro, MA,
USA), the volumes reduced to approximately 2 uL in a vacu-
um centrifuge and reconstituted in 26 uL 5% formic acid for
1D-LC-MSMS triplicate analysis.

2.8 iTRAQ derivatisation

The tryptic digests from 30,000 cells lysed in either the
‘native’ or denaturing buffer were derivatised with the 4-plex
iTRAQ reagent (ABI, Framingham, MA) [18] and labelled
according to the instructions provided by the manufacturer.
Two iTRAQ 4-plex experiments were prepared. One experi-
ment was performed on cells lysed in the ‘native’ buffer.
iTRAQ labels 114, 115, corresponded to 30,000 HEK293
cells; 30,000 U937 cells; and 116 and 117 corresponded each
to 30,000 PBMC cells, respectively. In the other experiment,
the same labeling was performed but on the tryptic digests
from the denaturing buffer.
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2.9 Reversed-phase reversed-phase (RPRP) separation for 2D-
LC-MSMS [19]

Tryptic digests from the ‘native’ and denaturing individual
cell lysates and also for the two iTRAQ experiments were
concentrated and purified by SPE (UltraMicroSpin columns
3-30 ug capacity, Nest Group Inc., Southboro, MA, USA)
and reconstituted in 23 pL 100 mM TEAB, pH 10, prior to
injection onto a Phenomenex column (150 x 2.0 mm Gemi-
ni-NX 3 pum C18 110A, Phenomenex, Torrance, CA, USA)
on an Agilent 1200 series HPLC (Agilent Biotechnologies,
Palo Alto, CA). Twenty and 40 fractions were collected for
expression and quantitative proteomics, respectively. All
fractions were acidified with 5 UL 5% formic acid and the
volumes reduced to approximately 2 uL in a vacuum centri-
fuge. Samples were reconstituted to 26 uL with 5% formic
acid and analysed as technical duplicates by LC-MSMS. De-
tails of the methodology are as previously described [20].

2.10 Liquid chromatography mass spectrometry

Mass spectrometry was performed on a hybrid linear trap
quadrupole (LTQ) Orbitrap XL mass spectrometer (Thermo
Fisher Scientific, Waltham, MA) using the Xcalibur version
2.0.7 (expression proteomics). iTRAQ experiments were
analysed on a hybrid LTQ Orbitrap Velos (ThermoFisher
Scientific, Waltham, MA) using the Xcalibur version
2.1.0.1140 (relative iTRAQ quantitation). The Orbitrap mass
spectrometers were coupled to an Agilent 1200 HPLC
nanoflow system (dual pump system with one precolumn
and one analytical column) (Agilent Biotechnologies, Palo
Alto, CA) via a nanoelectrospray ion source using liquid
junction (Proxeon, Odense, Denmark). Solvents for LCMS
separation of the digested samples were as follows: solvent A
consisted of 0.4% formic acid in water and solvent B consist-
ed of 0.4% formic acid in 70% methanol and 20% isopropa-
nol. From a thermostatted microautosampler, 8 pL of the
tryptic peptide mixture were automatically loaded onto a
trap column (Zorbax 300SB-C18 5 um, 5x0.3 mm, Agilent
Biotechnologies, Palo Alto, CA) with a binary pump at a
flow rate of 45 uL/min. 0.1% TFA was used for loading and
washing the pre-column. After washing, the peptides were
eluted by back-flushing onto a 16 cm fused silica analytical
column with an inner diameter of 50 um packed with C18
reversed phase material (ReproSil-Pur 120 C18-AQ, 3 pm,
Dr. Maisch GmbH, Ammerbuch-Entringen, Germany). The
peptides were eluted from the analytical column with a 27
minute gradient ranging from 3 to 30% solvent B, followed
by a 25 minute gradient from 30 to 70% solvent B and, final-
ly, a 7 minute gradient from 70 to 100% solvent B at a con-
stant flow rate of 100 nL/min [20]. The analyses were per-
formed in a data-dependent acquisition mode using a top 6
collision-induced dissociation (CID) method for peptide
identification alone (LTQ Orbitrap XL); or a top 10 high-
energy collision-induced dissociation (HCD) method for
peptide identification plus relative quantitation of iTRAQ

reporter ions (LTQ Orbitrap Velos). Dynamic exclusion for
selected ions was 60s. A single lock mass at m/z 445.120024
was employed on the LTQ OrbitrapVelos [21], but no lock
mass was used on the LTQ Orbitrap XL. Maximal ion accu-
mulation time allowed on the LTQ Orbitrap in CID mode
was 150 ms for MS® in the LTQ and 1,000 ms in the C-trap.
Automatic gain control was used to prevent overfilling of the
ion traps and were set to 5,000 (CID) in MSn mode for the
LTQ, 10¢ ions for a full FTMS scan and 10° ions for HCD.
Maximum ion time for HCD was set to 1,000 ms for acquir-
ing 1 microscan at a resolution of 7,500. Intact peptides were
detected in the Orbitrap at 100,000 resolution for CID frag-
mentation and 30,000 for HCD fragmentation experiments.
The threshold for switching from MS to MSMS was 2,000
counts.

2.11 Data analysis

The acquired raw MS data files were converted into Mas-
cot generic format (mgf) files with msconvert (ProteoWizard
Library v2.1.2708). The resultant peak lists were searched
against the human SwissProt database version
v2010.09_20100812 (35,149 sequences, including isoforms as
obtained from varsplic.pl) with the search engines Mascot
(v2.3.02, MatrixScience, London, UK, www.matrixscie
nce.com) and Phenyx (v2.6, GeneBio, Geneva, Switzerland)
[22]. Submission to the search engines was via a Perl script
that performs an initial search with relatively broad mass
tolerances (Mascot only) on both the precursor and frag-
ment ions (*10 ppm and #0.6 Da, respectively). High-
confidence peptide identifications are used to recalibrate all
precursor and fragment ion masses prior to a second search
with narrower mass tolerances (4 ppm and +0.3 Da for CID
and *4 ppm and #0.025 Da for HCD, respectively). One
missed tryptic cleavage site was allowed. Carbamidomethyl
cysteine and N-terminal and lysine residue iTRAQ labelling
were set as fixed modifications, and oxidised methionine was
set as a variable modification. For the two-dimensional LC-
MSMS samples, 10 individual analyses were merged into a
single .mgf file prior submission to the search engines.

To validate the proteins, Mascot and Phenyx output files
were processed by internally developed parsers. Proteins
with >2 unique peptides above a score T1, or with a single
peptide above a score T2, were selected as unambiguous
identifications. Additional peptides for these validated pro-
teins with score >T3 were also accepted. For Mascot and
Phenyx, T1, T2 and T3 were equal to 12, 45, 10 and 5.5, 9.5,
3.5, respectively (p-value <10-?). Following the selection cri-
teria, proteins were grouped on the basis of shared peptides,
and only the group reporters are considered in the final out-
put of identified proteins. Spectral conflicts between Mascot
and Phenyx peptide identifications were discarded. The
whole procedure was repeated against a reversed database to
assess the protein group false discovery rate (FDR). Peptide
and protein group identifications were<0.1 and <1% FDR,
respectively.
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Comparisons between analytical methods involved com-
parisons between the corresponding sets of identified pro-
teins. This was achieved by an internally-developed program
that simultaneously computes the protein groups in all sam-
ples and extracts statistical data such as the number of dis-
tinct peptides, number of spectra, and sequence coverage.

2.12 iTRAQ Quantitation

The quantitation module of Proteome Discoverer 1.4, ver-
sion 1.4.0.288 (Thermo Fisher Scientific, Waltham, MA) was
used to assess the ratios for the individually-tagged tryptic
digests of 30,000 HEK293, U937 and PBMCs. The intensity
of the iTRAQ 4-plex reporter ions were integrated using the
default settings for centroid peak detection at the highest
confidence and a mass tolerance of 20 ppm. Correction for
isotopic impurities was not performed. In addition, spectra
with reporter ion intensities below 100 counts; and spectra
with co-isolation of contaminating peptides exceeding 40%
of the selected precursor ion were excluded from the protein
ratio calculations. The median ratios for all peptides was
calculated for each pair of cell lines (114/115, 114/116
114/117, 115/114, 115/116, 115/117, 116/114, 116/115,
117/114, 117/115), but shared peptides were excluded from
quantitation. Protein ratios for the two combined technical
replicates were calculated using the arithmetic mean of the
protein ratios (median ratio of all used peptide ratios) for
each replicate.

2.13  Functional annotation analysis

Functional annotation analysis of the identified proteins
was performed using the DAVID Bioinformatics Resources
6.7 [23, 24]. Enrichment of GENETIC_ASSOCIATION_
DB_DISEASE categories were performed with the thresh-
olds: Count = 2, EASE = 0.05. Enrichment of
KEGG_PATHWAY and UP_TISSUE categories were per-
formed with the thresholds: Count = 2, EASE = 0.01. REVI-
GO was used to summarize the GO analysis [25].

3. Results and Discussion
3.1 Selection of the optimal cell lysis conditions.

Standard laboratory buffers for lysing cells usually include
solubilising agents (e.g., NP-40 or other detergents) and/or
denaturing agents (e.g., urea, thiourea or SDS) to facilitate
protein extraction. Additionally, sonication is often advised
to aid in clarification of the cell lysate. To determine the op-
timal conditions for the present study, a series of standard
laboratory lysis conditions were evaluated on cultured, ad-
herent HEK293 cells. The chosen conditions were: (i) 50 mM
HEPES, 150 mM NaCl, 5 mM EDTA, 0.5% NP-40, pH 8.0;
(ii) 50 mM HEPES, 150 mM NaCl, 5 mM EDTA, pH 8.0
(without NP-40) but with sonication; (iii) and (iv) 9 M urea;
20 mM HEPES, pH 8.0 + sonication; and (v) 7 M urea, 2 M

thiourea, 20 mM HEPES, pH 8.0 + sonication. In 1 mL of
each of the six buffers described above, 8.7x10°¢ cells were
lysed. Following lysis, aliquots corresponding to 1,000 cells
were removed to simulate low quantities of cellular material.
Samples lysed in buffers containing NP-40 (i.e., ‘native’ buft-
ers) were analysed by 1D-gel-LC-MSMS and samples lysed
in urea (i.e., denaturing buffers) were analysed as technical
duplicates by gel-free 1D-LC-MSMS.

The total number of proteins identified by 1D-LC-MSMS
from the aliquots of cell lysate corresponding to 1,000 cells
was evaluated (Supplementary Figure S1 A). The two buffers
that gave the highest number of identified proteins were: (i)
HEPES with NP-40; and (iii) urea buffer. For the proteins
identified in these samples, the Gene Ontology classification
for cellular component (GOTERM_CC) was performed (P-
value <0.01, Supplementary Figure S1 B). As anticipated, the
protein extracts generated with the buffer containing NP-40
were enriched for the GO terms: membrane-bound orga-
nelles, mitochondria, endoplasmic reticulum, and organelle
lumen. Conversely, analysis of the extracts from the urea
lysis buffer complemented the ‘native’ buffer data set by
providing additional ribosomal and nuclear proteins. Thus,
these two lysis conditions: (i) a ‘native’ buffer comprised of
50 mM HEPES, 150 mM NaCl, 5 mM EDTA with 0.5% NP-
40); and (iii) a denaturing buffer containing 9 M urea (both
without sonication) generated the highest number of identi-
fied proteins that together cover the broadest range of cellu-
lar components. Subsequently, both buffers were chosen for
further evaluation.

3.2 Determining the protein content from low cell numbers

All the standard laboratory methods for determining pro-
tein concentration failed to provide accurate and reproduci-
ble values for the low numbers of cells analysed in this study.
Nevertheless, we were curious to attempt to estimate the
quantity of protein from a low number of cells. Thus, the
quantity of protein in 10,000 HEK293, U937 and human
primary PBMCs was determined as follows. Thirty thousand
cells of each type were lysed in ‘native’ buffer; one third of
each sample resolved by 1D-SDS-PAGE (simulation of
10,000 lysed cells), stained with fluorescent Krypton Protein
Stain and visualised with ChemiDoc™ MP Imaging System
(BIO-RAD) (Figure 1A). In addition, one third of the extract
from 30,000 HEK293 cells was loaded onto a gel together
with serial dilutions of the cell lysate from 8.7x10® HEK293.
Both samples were lysed under identical conditions. For the
larger sample, an accurate determination of the protein con-
tent was achieved using the Bradford assay. A dilution series
was used to calibrate the protein content, and thus, the pro-
tein quantity in the lysate of 10,000 cells was estimated by
fluorescence intensity of the gel lanes analysed with Image
Lab 5.0 software (BIO-RAD) (Figure 1B). For HEK293,
10,000 cells equated to 780 ng total protein. Perhaps as a
consequence of the smaller size (ranging from 7-20 Pm in
diameter) and mixed cell population of human primary
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Figure 1. Calibration and determination of the protein content
in 10,000 lysed cells. Samples were separated on a 4-12% Bis-Tris
gel and proteins visualized by Krypton™ Protein Stain. (A) Protein
extract from 30,000 lysed cells with one third of the extract loaded.
Lane 1: 10,000 HEK293 cells; lane 2: 10,000 U937 cells; and lane 3:
10,000 primary human PBMCs. (B) Comparison of 10,000 HEK-
293 cells from 30,000 cells extract with serial dilution of the protein
extract from 8.7x10° lysed HEK293 cells. Protein content in the
larger sample was determined by the Bradford assay. Lane 1: %
protein extract from 30,000 cells (10,000 cells); Lane 2: 10 pg; Lane
3: 5 ug; Lane 4: 2.5 pg; Lane 5: 1.25 pg; Lane 6: 0.625 pg; Lane 7:
0.313 pg; Lane 8: 0.156 pg; Lane 9:0.078 pg.

PBMCs (consisting of neutrophils, eosinophils, basophils,
lymphocytes, monocytes); the quantity of protein for 10,000
PBMCs is approximately 4 times less than for both HEK293
and U937 cells, as estimated by comparison of fluorescense
intensity of the lanes on the gel (Figure 1A). All subsequent
experiments were based on the number of cells rather than
on the quantity of protein in the lysate.

3.3 Determining the proteome of low cell quantities
To emulate the situation of low sample availability, e.g.,

human FNAB and/or core needle biopsies, aliquots of 3,000,
15,000 and 30,000 HEK293 cells were lysed under (i) ‘native’

and (iii) denaturing conditions. Each sample was analysed as
technical triplicates by 1D-LC-MSMS (each replicate thus
corresponds to the analysis of 1,000, 5,000 and 10,000 cells).
Interestingly, the result obtained from 5,000 cells lysed in the
urea denaturing buffer (191 proteins) (Supplementary Figure
S2) was comparable to a 1,000 cell aliquot from a higher
number of cells lysed in the same buffer (148 proteins)
(Supplementary Figure S1 A). The result from the 1,000 cells
lysed under these conditions was unsatisfactory due to the
extremely low number of identified proteins (Supplementary
Figure S2). This is a critical point when reviewing data from
the literature and designing proteomic experiments involv-
ing low cell numbers. It is important to distinguish between
the types of approaches used in terms of the quantity of cel-
lular material analysed. The total lysate of a low quantity of
cells results in less protein identifications, than the same
quantity of cells taken as an aliquot from a significantly larg-
er number of lysed cells. This observation is simply explained
by the fact that larger relative losses from small starting
quantities are incurred during the sample preparation. Based
on these findings, further experiments were performed on
aliquots of 15,000 and 30,000 cells only.

Fifteen thousand and 30,000 HEK293 cells, U937 cells and
primary human PBMCs were lysed in the two chosen buft-
ers: (i) ‘native’ and (iii) denaturing. One third of each sample
corresponding to 5,000 and 10,000 cells, respectively, was
analysed by 1D-gel-based (‘native’ lysis) and 1D-gel-free
(denaturing lysis) LC-MSMS. A schematic of the experi-
mental design is shown in Figure 2. In parallel, a second set
of samples were analysed by 2D-LC-MSMS. The proteins
identified in all conditions from HEK293, U937 and PBMC
cells are presented in Supplementary Tables S1, S2 and S3. In
almost all instances, fractionation of the samples prior to LC
-MSMS analysis gave a higher number of identified proteins
compared to the 1D approach (Figure 3A). Only the PBMCs
lysed in the urea denaturing buffer gave a poorer result
(Figure 3A, left panel). Obviously, with a very low quantity
of starting material (estimated below 100 ng protein from
Fig.1) the additional fractionation step only resulted in fur-

cell collection lysis sample preparation LC-MSMS data
and analysis
countmg ‘native’ = o 1D
0 Mascot
buffer —_ — G —_ —— >—<‘ —_— s
/ in situ gel digest HPLC pH2 e, Phenyx
HEK293 /15,000 or reduction 5,000 or £ 3 DAVID
U937 30,000 alkylation 10,000 2>
PBMCs cells trypsin cells 8 3
= =
‘ denaturing - 20 - - -OE Proteome
buffer -4 HPLC pH10, o Discoverer
- solutlon digest —™ !°=‘ ™ HPLCpH2 — T KT

Figure 2.Schematic of the experimental design.
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Figure 3. Comparison of the number of unique proteins identified from lysates of the three different cell lines: HEK293, U937, and
PBMC:s, according to additional sample fractionation before LC-MSMS analysis, the two lyses conditions and the amount of starting cellular
material. (A) Comparison of 1D- and 2D-LC-MSMS of 10,000 cells (proteins extracted from 30,000 lysed cells). Left panel: protein extrac-
tions obtained with the ‘native’ NP-40 buffer. Right panel: protein extractions obtained with the denaturing urea buffer. Light grey circle, 1D-
LC-MSMS; dark grey circle, 2D-LC-MSMS. (B) Comparison of the denaturing urea buffer (light grey circle) versus the ‘native’ buffer (dark
grey circle). For each cell line, the number of unique protein identifications was generated from the analysis of 5,000 and 10,000 cells (protein
extract obtained from 15,000 and 30,000 lysed cells, respectively) combined with the analyses by 1D- and 2D-LC-MSMS. (C) Comparison of
5,000 (light grey circle) and 10,000 cells (dark grey circle) (protein extract obtained from 15,000 and 30,000 lysed cells, respectively). For each
cell line, the number of unique protein identifications was generated from the two lyses conditions (‘native’ and denaturing) combined with

the analyses by 1D- and 2D-LC-MSMS.

ther dilution of the sample and/or sample loss leading to the
observed decrease in the number of identified proteins com-
pared to the 1D-LC-MSMS analysis.

As is often the case for proteomic experiments, using two
conditions leads to an additive effect. The results of the
different lysis buffers with respect to the number of proteins
identified by 1D- and 2D- analyses of 5,000 and 10,000 cells
are shown in Fig. 3B. As can be seen from this figure, the
‘native’ extraction conditions were more successful than the
urea denaturing conditions; as evidenced by the higher num-
ber of proteins identified from the cells. Nevertheless, the
results of the two lysis conditions are complementary with
respect to the number of unique proteins identified.

When the quantity of material used for each experiment
was compared, naturally 10,000 cells (initially 30,000 cells
lysed) resulted in a higher number of identified proteins in
all three cell types (Figure 3C). Approximately two thirds of
the total number of proteins identified in HEK293 cells was
common to the 5,000 and 10,000 cells; and three quarters of
the proteins from the U937 cells were also shared. This ap-
peared to occur even when applying a 2D approach that uti-
lised additional sample fractionation. In contrast, only ap-
proximately one third of all the identified proteins from the
PBMCs were evident for the results of different cell quanti-
ties. It is possible to surmise that for this cell type, 5,000 cells
challenges the lower limits of successfully extracted protein

material and sample fractionation and does not lead to an
improvement in the number of proteins identified.

In total, 3,219; 1,693 and 659 unique proteins were identi-
fied from HEK293, U937 and total PBMCs, respectively.
From 5,000 cells, 2,208; 1,289; and 300 proteins were identi-
fied and from 10,000 cells, 3,107; 1,546; and 650 proteins
were identified. The most ideal condition for sample pro-
cessing and subsequent analysis was to lyse 30,000 cells with
the ‘native’ buffer followed by 2D-LC-MSMS. From this
choice of experimental design alone, 2,790; 1,387; and 556
proteins were identified for the HEK293, U937 and PBMCs,
respectively.

3.4 ‘Mini-proteomes’ complement known cell line proteomes
and provide additional proteins

Some of the earlier studies on HEK293 and U937cultured
cell lines were performed utilising comparative studies of the
2D-gel approach combined with LC-MSMS [26-28] or
MALDI-TOF analysis [26-28]. The earliest profile of HEK-
293 proteins analysed by 1D-SDS-PAGE combined with LC-
MSMS reported 1,111 and 1,063 proteins from the cytoplas-
mic and nuclear fractions, respectively [7]. A more recent
publication identified 8,543 proteins from HEK293 cells. To
date, this is the largest reported proteome of the eleven cell
lines that were compared [9]. Another study that aimed at
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describing the ‘core’ or ‘central’ proteome of different cul-
tured cell lines, reported 4,154 and 2,073 protein groups for
HEK?293 and U937 cells, respectively [8]. The overall, central
‘core’ proteome of the five cell lines analysed in this work [8]
consisted of 1,124 proteins. To the best of our knowledge,
this is the only publication where HEK293 and U937 cell
lines were proteomically-compared. As the cell lysis condi-
tions were similar to those used in the current study, our
HEK293 and U937 proteomes were evaluated against this
work [8]. The ‘mini-proteome’ of both cell lines did not cov-
er the ‘core’ proteome in entirety (Fig. 4 A, C). At the same
time, however, the ‘mini-proteome’ generated from 5,000
and 10,000 HEK293 cells lysed in the ‘native’ buffer and ana-
lysed by 2D-LC-MSMS revealed that 54% and 63%, respec-
tively, of the proteins identified were not part of the ‘core’
proteome. Under the same conditions, 42% and 45% of the
proteins identified from 5,000 and 10,000 U937 cells, respec-
tively, also did not overlap with ‘core’ proteome. This obser-
vation suggested that these non-‘core’ proteins represent a
specific component of the proteome profile for each of the
two cell lines. Interestingly, even from the proteome of 5,000
cells many proteins were identified that were not apparent
from the proteomes generated from a larger amount (6 pg)
of material (Fig. 4 B, D). Not unexpectedly, the total number
of proteins identified in the individual HEK293 and U937
‘mini-proteomes’ decreased proportionally when compared
to the larger proteomes. Namely, a decrease of 1.7 and 1.8
times for 10,000 HEK293 and U937 cells, respectively; and a
decrease of 2.3 and 2.0 times for 5,000 cells (Fig 4 E). Com-
parison of each ‘mini-proteome’ with the ‘core’ proteome
revealed that the U937 cells have a lower total number of
protein identifications overlapping with the ‘core’ proteome
than the HEK293 cells. For the HEK293 cells, however, the
portion of the ‘core’ proteome proteins increased from 24%
in the large proteome [8] to 46% in the 5,000 cell ‘mini-
proteome’. For the U937 cells, 46% of the large proteome
overlaps with the ‘core’ proteome. This overlap increased to
58% when a lower amount of material was analysed (Fig 4
F). Thus, overall the smaller U937 proteome retained a larger
portion of the ‘core’ proteome when the amount of analysed
material was decreased.

It is important to note that although decreasing the
amount of analysed material leads to an expected decrease in
the total number of proteins identified, the obtained ‘mini-
proteome’ still included many proteins from the ‘core’ prote-
ome but also still remained representative of the cells under
investigation. The relative abundance of the proteins ex-
pressed as emPAI values (Supplementary Table S4) showed
that the most abundant proteins in the samples are from the
‘core’ proteome and many of the non-‘core’ proteins have a
low relative abundance. At the same time, the relative abun-
dance values have a large degree of variation for the ‘core’
proteins and also for the cell-specific proteins. As such, no
direct connection between the abundance of a protein and
the specificity of that particular protein for certain cell type
can be made. As many of the cell-specific proteins have an

abundance similar to the ‘core’ proteins, the former thus
have an equal opportunity to be identified from low amounts
of cellular material and therefore contribute to the cell-
specific proteome.

There are a few publications describing the number of pro-
teins identified in proteomic studies of PBMCs by 1D-LC-
MSMS. These include: 1,432 [29]; and 514 proteins from 50
ug protein [30]. In our work, a total of 652 proteins were
identified. Nevertheless, it is important to note here that this
number of protein identifications was generated from a low
amount of material. From just one of the analysis conditions
(i.e., 10,000 cells, ‘native’ bufter, 2D-LC-MSMS) 556 proteins
were identified. Interestingly, 17% of the PBMC proteome
(115 protein identifications) from this current study did not
correspond with the results from the two previously men-
tioned publications [29, 30] (Fig. 4 G).

As PBMCs are primary cells and by extrapolation, primary
cells of any origin are of relevance and interest in clinical
studies, the total proteome of these cells will be described
and characterized in more detail. In particular, we will focus
on the newly-identified proteins.

The mentioned above, 115 proteins identified from
PBMCs were analysed using DAVID and the results revealed
enrichment of the term IMMUNE as GENET-
IC_ASSOCIATION_DB_DISEASE_CLASS (Count = 13, p-
value 0.01); and hsa05322:Systemic lupus erythematosus as
KEGG_PATHWAY (Count = 5, p-value 0.05)
(Supplementary Table S5). These categories indicate a possi-
ble relevance of the proteins involved in immune responses
for clinical studies. Gene Ontology analysis also revealed
features that are characteristic of the function of blood cells.
The most highly-enriched GO biological process categories
in the DAVID analyses with subsequent enrichment in REV-
IGO were: immune system process, immune response, cellu-
lar component assembly, response to stimulus, and multi-
organism process (Fig 4H) (Supplementary Table S5). Re-
sponse to biotic stimulus, killing cells of other organisms,
defense response to bacterium were also revealed.

3.5 Identifying salient features of specific cell proteomes

Summarised in Fig. 5A are the combined, complementary
results for the 30,000 cells lysed under both the ‘native’ and
denaturing conditions and analyzed by 2D-LC-MSMS. The
largest and smallest proteome coverage was obtained for the
HEK?293 and PBMC cells, respectively. The overlap between
all three cell types contained the majority of the PBMC pro-
teome, with around one third of the U937 proteome and
almost one seventh of the HEK293 proteome. A similar out-
come was obtained for the three different proteomes when
the results from all the experimental conditions applied to
each cell line were combined (Supplementary Figure S3). At
the same time, both HEK293 and U937 have a specific and
separate overlap with the proteome of the PBMCs. This was
confirmed by functional annotation of the obtained proteo-
mes for the ‘pathways’ (Fig. 5B; Supplementary Table S6)
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and ‘disease’ categories (Fig. 5C; Supplementary Table S7). and neck cancer, and leukemia. This is in accordance with
For the HEK293 cell proteome, among the specific catego- the nature of the HEK cells being originally endothelial or
ries of diseases that were enriched are bladder cancer, head epithelial cells immortalized from embryonic kidney tissue
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Figure 4. Comparison of the ‘mini-proteomes’ of HEK293, U937 and PBMC cells with the proteomes generated from larger amounts of
protein. (A) (B) (C) (D) Comparison of the number of protein identifications from this current study with Burkard et al.® ‘Core’ proteome
from 5 cell lines® (grey); large proteome of HEK293 cells (light green) and U937 cells (light orange) (50 pg protein lysate, 6 pg analysed;?)
‘mini-proteomes’ of 10,000 HEK293 (medium green) and 10,000 U937 cells (medium orange) (30,000 cells lysed in the ‘native’ buffer and
material from 10,000 cells analysed by 2D-LC-MSMS); ‘mini-proteomes’ of 5,000 HEK293 (dark green) and 5,000 U937 cells (dark orange)
(15,000 cells lysed in the ‘native’ buffer and material from 5,000 cells analysed by 2D-LC-MSMS). (A) (C) HEK293 proteomes and the ‘core’
proteome from;® (B) (D) U937 proteomes and the ‘core’ proteome from.? (E) Comparison of the number of proteins identified from (1) large
proteome; (2) ‘mini-proteome’ from 10,000 cells; and (3) ‘mini-proteome’ from 5,000 HEK293 (green) and U937 cells (orange). (F) Compari-
son of the portion of the ‘core’ proteome observed in HEK293 (green) and U937 (orange) proteome obtained from the same amount of ana-
lysed material as indicated in (E). (G) Number of proteins identified in the proteome of PBMCs from three independent studies. Current
study (red) representing the total number of protein identified from all combined experimental conditions; Haudek et al. (light grey);* Mac-
carrone et al. (dark grey).** (H) Enriched biological processes for the part of the PBMC ‘mini-proteome’ identified in our work that does not
overlap with published data. GO analysis from DAVID and REVIGO.
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[31]. Enrichment of neural tube defects and ALS/
amyotrophic lateral sclerosis, both neurodegenerative diseas-
es [32], is in accordance with the opinion that HEK cells
originate from the transformation of neuronal cells of kidney
tissue [33]. In the ALS/amyotrophic lateral sclerosis disease
category, SOD1 (SODC_HUMAN) was found and this is
known to be associated with ALS [34].

U937 cells originate from blood cells [35], so it is not sur-
prising that these cells share common features with PBMCs.
Both cell types were enriched for the disease category
‘catalase activity’. Superoxide dismutase, catalase and gluta-
thione peroxidase (SODM_HUMAN, CATA_HUAMN and
GPX1_HUMAN) are important in the protection against
oxidative stress. Several HLA (human leukocyte antigene)
histocompatibility antigens were found in the PBMCs and
U937 cells (1A68, 1A03, 1B53, 1B51, 1B58, 1B73,
1C12_HUMAN) that led to the enrichment of three other
disease categories: hypothyroidism, spondyloarthropathies,
and vitiligo. Although the PBMC proteome is the smallest of
the three, many more disease categories were enriched from
the data set (Fig. 5B, Supplementary Table S7).

In the pathway analysis, the lower number of pathway
categories enriched for U937 and PBMCs in comparison
with HEK293 cells may be a reflection of the size of the iden-
tified proteome (Fig 5C). Nevertheless, U937 cells were spe-
cifically-enriched for lysosome and Fc gamma R-mediated
phagocytosis pathways (Supplementary Table S6). This is in
accordance with the origin of the cell line and coincides with
the monocytic (in particular macrophage) cell characteristics
[36]. Interestingly, the tight junction pathway was enriched
in HEK293 which may reflect the adherent growth pattern of
these cells in culture compared to the U937 cell line.

The main energy releasing metabolic pathways (e.g., gly-
colysis, pentose phosphate pathway, pyruvate metabolism
and oxidative phosphorylation) were enriched in PBMCs.
Excluding glutathione metabolism, however, nucleotide and
amino acid metabolism pathways were not enriched. This
coincides with the important role of glutathione metabolism

A

in reductive processes to counteract oxidative stress. The
decrease in many metabolic processes and also DNA and
translation-related processes is complementary to the status
of PBMCs as highly-differentiated cells. Despite the lower
number of proteins identified from PBMCs, there are several
pathways specifically enriched in this cell type. These includ-
ed cell motility, cell communication and immune system
pathways. From the PBMC ‘min-proteome’ a range of pro-
teins were also identified that are specific for certain cell
types [37] (Supplementary Figure S5). These included mono-
cytes, T cells, platelets and neutrophils.

It is important to highlight that from such a low number
of cells combined with the described cell lyses conditions
and mass spectrometry approaches; it was possible to identi-
fy specific characteristics inherent to each cell type. This was
particularly evident for the human PBMCs, which are pri-
mary, differentiated cells, in contrast to the two immortal-
ised cultured cells.

3.6 Quantitative differences between specific cell proteomes

For the quantitative analysis of the cell proteomes, 30,000
cells were lysed with denaturing or ‘native’ buffers as de-
scribed above and shown in Fig. 2. After tryptic digestion,
peptides from HEK293 and U937 were labelled with the 114
and 115 iTRAQ reagents, respectively. In addition, two inde-
pendent PBMC preparations were labeled with the 116 and
117 iTRAQ reagents (Fig. 6A). Samples were prepared and
injected in amounts equivalent to those in the experiment
without labeling. At the same time, the quantitative MSMS
analysis of the labeled samples was performed by implemen-
tation of HCD ion fragmentation in contrast to the CID
fragmentation for the non-quantitative approach.

Taking into account the results from the two lysis condi-
tions, the total number of proteins identified in these experi-
ments was 1,647 (Supplementary Table S8). In contrast, in
the unlabelled experiments analysed by collision-induced
dissociation (CID), a total of 3,374 proteins were identified

Cc

Figure 5. Comparison of the three cell types: HEK293 (green); U937 (orange); and human primary PBMCs (red). Data were generated
on the proteins identified from 10,000 cells lysed in the two buffers and analysed by 2D-LCMSMS. (A) Number of unique proteins identified
in the cell lines. (B) Number of disease categories. (C) Number of pathways enriched via functional annotation analysis.
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from 10,000 cells lysed under the two conditions and ana-
lysed by 2D-LC-MSMS. The observed decrease in the total
number of identified proteins between the two approaches
can be explained by: (i) additional losses incurred during the
extra sample preparation steps; and (ii) the slower duty cycle
of high-energy collision-induced dissociation (HCD) com-
pared to the duty cycle of CID. It has already been shown
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that the number of identified proteins in plasma decreased
around 1.5 times in TMT-labeled samples compared to the
unlabelled counterpart [38]. Care should obviously be taken
when a quantitative, chemical labelling approach is per-
formed on small amounts of material.

Shown in Fig. 6B and 6C are the distributions of the
iTRAQ relative ratio quantitation between the three cell lines
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Figure 6. Quantitative analysis of the ‘mini-proteomes’ of the three cell lines: HEK293, U937 and PBMCs. (A) Scheme of the iTRAQ label-
ling. (B) Distribution of iTRAQ ratios in the cells lysed with the NP-40 ‘native’ buffer. (C) Distribution of iTRAQ ratios in the cells lysed with
the urea denaturing buffer. (D) Number of proteins identified that were more abundant in each cell line in a pair-wise analysis. Mean of the
ratios and SD were calculated using GraphPad Prism 6. Proteins are discussed as more abundant if the ratios are 2-fold different and ratios
are calculated in more than one replica. (E) Functional annotation analysis of the proteins from (B). Comparison of UP_TISSUE,
KEGG_PATHWAY and GENETIC_ASSOCIATION_DB_DISEASE enrichment using DAVID Bioinformatics Resources 6.7. For
UP_TISSUE and KEGG_PATHWAY, Count = 2, EASE = 0.01; for disease categories, Count = 2, EASE = 0.05; for the KEGG_PATHWAY of

the PBMCs, Count = 2, EASE = 0.05.
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for the ‘native’ buffer and the denaturing urea buffer, respec-
tively. Data is expressed as a log,[iTRAQ ratio]-fold differ-
ence in protein abundance between the cell types. For both
lyses conditions, the differences between the cultured and
blood-derived cells are much greater than between the two
cultured cell lines. From the 114/115 ratio (HEK293/U937),
there are proteins more abundant in HEK293 cells and vice
versa. Although the majority of the proteins obviously have a
higher abundance in HEK293 and U937 cells compared to
the PBMCs, there are still proteins that are more abundant
in the PBMCs than either the HEK293 or the U937 cells.
Some of these proteins exhibit up to a 3-fold difference in
expression levels. This observation was particularly evident
for the ‘native’ bufter (Fig. 6B).

A pair-wise comparison between the three cell proteomes
was performed to determine the total number of identified
proteins that are more abundant in each cell type (Fig. 6D).
Again, it can be seen that the greatest difference between the
proteomes is observed between the cultured cell lines and
the primary PBMC cells. Nevertheless, 44 and 16 proteins
from the PBMCs had a higher abundance compared to the
HEK?293 and U937 cells, respectively. The smaller difference
between PBMCs and U937 might potentially reflect the clos-
er origin between U937 cells and PBMCs. Numerous pro-
teins showed differing degrees of abundance between the
two types of cultured cells (Supplementary table S9).

Figure 6E further shows the observed differences between
the cell lines and also that it is feasible to distinguish the
specificity of each cell type. There are particular pathways
enriched for each cell line. Due to the points noted earlier in
this section that led to a decrease number of proteins identi-
fied, the total number of enriched categories is also lower
than from the unlabelled experiments. Additionally, for each
cell type, only the proteins with a significantly-higher ex-
pression (Supplementary table S9) were used for the enrich-
ment analysis (Supplementary table S10). The quantitative
data confirmed an enrichment of metabolic pathways
(Supplementary table S11) in the cultured cells compared to
the PBMCs. With a lower confidence (EASY>0.1), only a few
categories were enriched in the blood-derived cells. These
were ECM receptor interaction, regulation of actin cytoskel-
eton, and hematopoietic cell lineage. Although the number
of proteins that were shown to be different in the PBMCs are
relatively low, these are disease-related; and overall, there are
more disease categories for the PBMCs in comparison to the
other cells assessed in this study (Supplementary table S12).
Among the proteins with an increased ratio in PBMCs are
trombospondin-1 (P07996), gelsolin (P06396), several anti-
gens CD41 (P08514), CD61 (P05106), CD11b (P11215), fi-
brinogens (P06271, P06279), arachidonate 5-lipoxygenase-
activating protein (P20292). Thus, the approach confirms the
applicability of this type of study in analysing and determin-
ing salient features of proteomes from samples of low cell
number.

4. Concluding Remarks

Comparative proteomic analysis of three different cell
types from low quantities of cellular material revealed that
the data obtained contained information that was specific to,
and representative of, the individual proteomes. The proteo-
mes obtained from a limited amount of cellular material
(‘mini-proteomes’) were smaller with respect to the total
number of proteins identified than those obtained under
similar conditions from larger quantities of cellular material.
Although these ‘mini-proteomes’ contained a portion of the
‘core’ proteome shared between many different cell lines, the
data also revealed many cell type specific proteins.

The specificity of the smallest possible proteome from a
cell type and the minimal (critical) amount of material re-
quired to enable identification is highly-dependent on the
source of the cells. A portion of specific cell line proteins was
reduced in the smaller proteome, e.g., U937 in comparison
with HEK293. From the same number of cells as the cultured
cell lines, the highly-differentiated PBMCs provided less pro-
tein material which was reflected in the lower total number
of identified proteins. Despite this, however, the PBMCs
proteome contained a larger percentage of specific proteins
than either the HEK293 or the U937 cells. Thus, the limita-
tion caused by the lower amount of material was compen-
sated in these differentiated cells by a higher relative level of
cell-specific proteins. This finding provides enormous poten-
tial and relevance to clinical studies from low amounts of
cellular material, e.g., the proteomic analysis of scarce pa-
tient samples such as a fine-needle aspiration biopsy
(FNAB). Although out of the main focus of this study, our
data from a small amount of cells supplements the character-
isation of the PBMC proteome previously analysed by 1D-
LC-MSMS. We identified and characterised an additional
115 proteins for this cell type.

Quantitation by chemical labelling and mass spectrometry
is somewhat compromised when using small amounts of
cells and protein material. At the same time, even for
PBMC:s it was possible to detect specific proteins when com-
paring the cell types to each other. It can be envisaged that
with next generation approaches that combine improve-
ments in protein solubilisation, sample preparation tech-
niques and MS instrumentation (e.g., Q-Exactive) there will
be an even deeper proteome of between 5,000-10,000 cells.
Potentially, the analysis of material from even fewer cells will
be facilitated and even deeper proteomic analyses, e.g., im-
proved quantitative or posttranslational modifications will
be feasible.

5. Supplementary material

Supplementary data and information is available at: http://
www.jiomics.com/index.php/jio/rt/suppFiles/172/0

Supplementary-material.pdf file contains the table of content of
all supplementary files, Supplementary Figures S1-S4, and Supple-
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mentary Tables $6,S7 and S10-S12. Supplementary Tables S1-S5, S8
and S9 can be found in the separate Excel files with corresponding
names.

Supplementary Figure S1 - Evaluation of buffers and lysis conditions
for analysis of proteomes from small amounts of cellular material.
Supplementary Figure S2 - Number of unique protein identifica-
tions from different amounts of HEK293 cells lysed with the urea
denaturing buffer.

Supplementary Figure S3 - Comparison of number of unique pro-
teins identified in three cell types.

Supplementary Figure S4 - Proteins in PBMCs that are specific for
certain blood cell types.

Supplementary Table S1 - List of proteins identified from HEK293
cells.

Supplementary Table S2 - List of proteins identified from U937 cells.
Supplementary Table S3 - List of proteins identified from PBMCs.
Supplementary Table S4 - emPAI values extracted from Mascot for
the 30,000 cells analysed by 2D-LC-MSMS.

Supplementary Table S5 - List of proteins identified in our work
from PBMCs (summary of all experimental approaches). These do
not overlap with data previously published by Haudek et al., 2008
and Maccarrone et al., 2013; and Gene Ontology analysis of these
proteins. Excel file.

Supplementary Table S6 - Comparison of functional annotation
results for the three different cell types: HEK293, U937 and PBMCs.
Enrichment of KEGG_PATHWAY categories.

Supplementary Table S7 - Comparison of functional annotation
results for 3 different cell types: HEK293, U937 and PBMCs. En-
richment of GENETIC_ASSOCIATION_DB_DISEASE categories.
Supplementary Table S8 - Results from the iTRAQ quantitative
experiments for the three cell types: HEK293, U937 and PBMCs.
The table was generated from Proteome Discoverer. iTRAQ chan-
nels: 114, HEK293; 115, U937; 116 and 117, PBMCs. A and B, cells
were lysed in denaturing buffer; C and D, cells were lysed in ‘native’
buffer. Excel file.

Supplementary Table S9 - Lists of proteins with a significantly high-
er level in each cell type. Sheet ‘summary’ contains calculation of
fold differences in the level of all proteins identified in the iTRAQ
experiment for the three cell types. Other sheets in the file contain
lists of protein with significantly higher protein content in each pair
of cell types.

Supplementary Table S10 - List of proteins with a significantly high-
er level in each cell type in comparison with the others in a pair-
wise comparison.

Supplementary Table S11 - Comparison of functional annotation
results for quantitative analysis of the three different cell types:
HEK?293, U937 and PBMCs. Enrichment of KEGG_PATHWAY
categories.

Supplementary Table S12 - Comparison of functional annotation
results for quantitative analysis of HEK293, U937 and PBMCs.
Enrichment of GENETIC_ASSOCIATION_ DB_DISEASE catego-

ries.
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