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Abstract
Objectives: The present study was designed to
investigate early proteome and phosphoproteome
changes during inhibition of lymphocyte prolifera-
tion induced by sirolimus (SRL).
Materials and methods: Proliferation assays were
conducted using human CCRF-CEM T lymphoblasts
under different SRL concentrations. Total protein ly-
sates after SRL treatment were used to identify
significantly regulated proteins and phosphorylated
proteins by 2-DE and Q-TOF Ultima Global mass
spectrometer.
Results and conclusions: Incubation with 2.5 lmol ⁄ l
SRL resulted in a � 70% inhibition of cell prolifera-
tion. Cells incubated with 2.5 lmol ⁄ l for 30 min
showed a differential phosphorylation pattern with
one higher (TCPQ) and six lower phosphorylation
signals (TBA1B, VIME, HNRPD, ENPL, SEPT9,
PLSL). On investigating the differential protein
expression, five proteins were found to be up-regu-
lated (ECHB, PSB3, MTDC, LDHB and NDKA)
and four were down-regulated (EHD1, AATC,
LMNB1 and MDHC). Nine of these differentially
regulated proteins ⁄phosphoproteins (TCPQ, TBA1B,
VIME, HNRPD, ENPL, ECHB, PSB3, LDHB and
LMNB1) showed significant interaction potential,
through binding protein YWHAZ using MINT
software.
Conclusions: We report for the first time the simul-
taneous early influence of SRL on phosphorylation
status and on protein expression in the total proteome

of CCRF-CEM T lymphoblasts and predict that 56%
of the proteins interact with each other, highlighting
significance of these results.

Introduction

Sirolimus (SRL), also known as rapamycin, is a lipophilic
macrocyclic lactone (macrolide), identified as an antifun-
gal agent after its isolation from a strain of Streptomyces
hygroscopicus in the 1970s (1–3). Because of its immuno-
suppressive properties, SRL was introduced as a potent
immunoregulator in clinical organ transplantation.
Moreover, its anti-proliferative properties have led to its
clinical use in prevention of coronary restenosis, and
implantation of a SRL-eluting stent seems to prevent inti-
mal hyperplasia effectively (4). SRL and its analogues are
also under investigation as potential anti-cancer agents
(2,5). Antifungal, antitumoral and immunosuppressive
activities of this inhibitor of the mammalian target of rapa-
mycin (mTOR) have been well covered in several recent
reviews (3,6,7).

mTOR controls many critical cellular events, which
are as follows: proliferation, transcription, translation, as
well as survival and growth in response to environmen-
tal and nutrient signals. The mTOR axis involves
complex regulatory networks and participates in sev-
eral pathways, including phosphatidylinositol-3-kinase
(PI3K) ⁄protein kinase B (PKB, AKT), RAS, TCL1 and
BCR ⁄ABL, through various interactions. The immuno-
philin complex of SRL (drug FKBP12) inhibits 40S
ribosomal protein S6 kinase (p70S6K, RPS6K), which
is a down-stream effector of the PI3K ⁄AKT ⁄mTOR sig-
nal transduction pathway. Normally, RPS6K phosphory-
lates S6 protein of the 40S ribosomal subunit (RPS6)
and thus functions in protein synthesis and cell popula-
tion growth. mTOR has kinase activity for eukaryotic
translation initiation factor 4E-binding protein 1
(EIF4EBP1) too. It is known that the phosphorylated
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state of these proteins promotes transcription and trans-
lation. The SRL ⁄ immunophilin complex can specifically
inhibit mTOR activity of the serine–threonine kinase
and consequently cellular hyperproliferation in immune
and non-immune cells. The complex arrests G1-S phase
of cell cycle progression and inhibits IL-2- and IL-4-
dependent proliferation of T and B cells, during co-stim-
ulatory and cytokine-driven pathways, by blocking new
ribosomal protein synthesis and regulation of protein
synthesis (3,6,8–14).

Proteomics is a type of biochemical methodology to
study proteins expressed in a biological system of inter-
est with the main goal of identifying gene products
(15). Development of techniques to study protein targets
of drugs is of great interest for clinical proteomics (16).
One example is use of yeast proteome chips to identify
new drug targets in the TOR pathway (17). This study
has provided valuable information concerning target
proteins for small-molecule inhibitors of rapamycin that
included a homologue of the mammalian PTEN tumour
suppressor protein. Recently, proteomic techniques have
proved their importance in investigations on broader
aspects of drug treatment with various in vitro and
in vivo models (18,19). The present study was designed
to investigate differently regulated proteins at the
quantitative (protein expression) and qualitative (phos-
phorylation) level of perturbed T-cell signalling network
on short-term treatment with SRL. Phosphorylation is
the post-translational modification of particular inter-
est when discussing the PI3K ⁄AKT ⁄mTOR signal
transduction.

Materials and methods

Reagents

The majority of the chemicals and solutions was pur-
chased from Sigma (Sigma, Taufkirchen, Germany;
Sigma-Aldrich Chemie GmbH, Steinheim, Germany or
Sigma, St. Louis, MO, USA); dimethyl sulphoxide
(DMSO), phorbol 12-myristate 13-acetate, urea, thio-
urea, DL-dithiothreitol (DTT), phenylmethylsulphonyl
fluoride, phosphatase inhibitor cocktail 1 and 2, iodo-
acetamide, trypsin, ammonium bicarbonate and trifluoro-
acetic acid from Merck KGaA, Darmstadt, Germany;
glycerine, HCl, sodium acetate pH 4, potassium ferricy-
anide, sodium thiosulphate from PAA Laboratories
GmbH, Cölbe, Germany; RPMI medium, foetal calf
serum, penicillin ⁄ streptomycin and phosphate-buffered
saline (Dulbecco’s PBS) from Bio-Rad, Munich,
Germany, as well as Bio-Rad protein assay kit, ampho-
lytes (Bio-Lyte� 3 ⁄10) and immobilized pH gradi-
ent (IPG) strips with a nonlinear pH range of 3–10

(ReadyStripTM). Bromophenol blue and Tris were
obtained from Carl Roth GmbH, Karlsruhe, Germany;
ionomycin from Calbiochem, Schwalbach, Germany;
SRL (rapamycin) from LC Laboratories�, Woburn, MA,
USA; bromodeoxyuridine (5-bromo-2-deoxyuridine,
BrdU) from Roche Diagnostics GmbH, Mannheim,
Germany, CHAPS from AppliChem GmbH, Darmstadt,
Germany; sodium dodecyl sulphate from Serva, Heidel-
berg, Germany; Pro-Q� Diamond Phosphoprotein Gel
Stain from Invitrogen, Ltd., Paisley, UK; acetonitrile
from J. T. Baker, Deventer, Holland; and formic acid by
BASF, Ludwigshafen, Germany.

Culturing and treatment of CCRF-CEM-cells

The CCRF-CEM human T-lymphoblast (acute lympho-
blastic leukemia) cell line was purchased from German
Collection of Microorganisms and Cell Cultures GmbH
(DSMZ, Braunschweig, Germany). Cells were incubated
in 75 cm2 tissue culture flasks (Sarstedt AG & Co.,
Nümbrecht, Germany) with 90% RPMI medium, 10%
foetal calf serum, 100 000 U ⁄ l penicillin and 100 lg ⁄ l
streptomycin at 37 �C, 20% O2 and 5% CO2. In these
experiments, cells were used between passages 10 and 20.
Cells in 20 ml of medium containing 0.25 · 106 cells ⁄ml
were activated with 250 lg ⁄ l ionomycin and 10 lg ⁄ l
phorbol 12-myristate 13-acetate before the 30 min treat-
ment with SRL at concentrations indicated in the text and
figures. SRL was dissolved in DMSO (1 mg ⁄ml) and
aliquots were stored at )20 �C. The drug stability
and concentration in stock solution was ensured by LC-
MS/MS analysis before diluting it with medium for cell
incubation. Control cells were incubated with the DMSO
vehicle only.

Proliferation assay

Cell proliferation was monitored by ELISA using bromo-
deoxyuridine in 96-well tissue culture plates (Nunc,
Roskilde, Denmark,) in duplicate, according to the manu-
facturer’s protocol. Cells numbering 3 · 104 were incu-
bated for 48 h in complete medium (200 ll ⁄well) in the
presence of SRL at concentrations between 0.1 and
100 lmol ⁄ l (resp. 0.09142–91.42 mg ⁄ l). Medium was
replaced every 24 h. For the last 17 h, cells were pulsed
with 20 ll ⁄well 100 lmol ⁄ l BrdU. Plates were centri-
fuged and cells were fixed in FixDenat solution, and then
incubated for 60 min with 1:100 diluted mouse anti-
BrdU conjugated with horseradish peroxidase. After
washing, substrate solution was added for 15 min and
the reaction was stopped with 1 mol ⁄ l H2SO4 solution.
Absorbance was measured within 5 min at 450 nm with
a reference wavelength of 650 nm (MileniaTM kinetic
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analyser; Diagnostic Products Corporation, Los Angeles,
CA, USA).

Total protein extraction

Cells were treated with 2.5 lmol ⁄ l SRL for 30 min and
protein extracts were prepared from treated and untreated
state CCRF-CEM cells. Cells were washed in ice-cold
PBS and lysed at room temperature in cell lysis buffer
containing 7 mol ⁄ l urea, 2 mol ⁄ l thiourea, 4% (w ⁄v)
CHAPS, 2% ampholytes, 1% (w ⁄v) DL-dithiothreitol and
10 mmol ⁄ l phenylmethylsulphonyl fluoride as well as 1%
(v ⁄v) phosphatase inhibitor cocktail 1 and 1% (v ⁄v) phos-
phatase inhibitor cocktail 2. Protein concentration was
estimated according to the Bradford protocol (20) using
the Bio-Rad protein assay kit. Protein samples were stored
at )80 �C until analysis.

Two-dimensional electrophoresis

Two-dimensional electrophoresis (2-DE) was carried out
according to the protocol of Gorg et al. (21); briefly,
180 lg of whole-cell protein lysate of CCRF-CEM cells
and a trace of bromphenol blue were loaded on immobi-
lized pH gradient (IPG) strips with a nonlinear pH range
of 3–10. After rehydration, isoelectric focusing was per-
formed in a Protein IEF Cell (Bio-Rad) at 20 �C set to
32 000 Vh. The IPG strip was then equilibrated with
equilibration buffer (6 mol ⁄ l urea, 30% glycerine, 2%
sodium dodecyl sulphate, 0.05 mol ⁄ l Tris ⁄5N HCl to pH
8.8 and a trace of bromophenol blue) containing
15 mmol ⁄ l DTT to reduce disulphide bridges, followed
with buffer containing 40 g ⁄ l iodoacetamide. Afterwards,
the strip was loaded on to a vertical 12% polyacrylamide
SDS–PAGE for separation by molecular weight, for 19 h
at 4 �C and 90 V. Protein separation in the second
dimension was improved by inclusion of 4% stacking
gel.

Phospho- and silver-staining of proteins

2-DE gels were fixed and washed before phosphostaining,
according to recommendations of the manufacturer. Incu-
bation with 200 ml ⁄gel ready solution Pro-Q� Diamond
Phosphoprotein Gel Stain was carried out in the dark, fol-
lowed by destaining in 20% acetonitrile and 50 mmol ⁄ l
sodium acetate pH 4 for 90 min. After three 5 min washes
in water, gels were scanned at a wavelength of 532 nm
(Fla 5100, Fujifilm Europa GmbH, Düsseldorf, Germany).
They were then stained according to the modified
silver-staining method of Blum et al. (22), scanned
(CanoScan 8400F, Canon) and finally dried for further
storage (Gel Dryer, Model 583; Bio-Rad).

Protein identification

In-gel digestion was carried out according to a modified
protocol of Shevchenko et al. (23). Spots of interest were
the significantly regulated spots from the phosphopro-
tein ⁄protein profile with difference in intensity between
sirolimus treated versus control CCRF-CEM cells, of
more than 25%. These were excised and after destaining
with potassium ferricyanide and sodium thiosulphate, pro-
teins ⁄peptides were digested with trypsin. Gel slices were
washed and equilibrated with ammonium bicarbonate fol-
lowed by incubation with acetonitrile. Peptides were
extracted using trifluoroacetic acid and acetonitrile. Solu-
tions with digested protein ⁄peptide were dried in a speed
vacuum system (UniEquip GmbH, Munich, Germany)
and stored at )20 �C until further analysis. Dried samples
were diluted in 0.1% formic acid and 1 ll was loaded for
chromatographic separation on a CapLC-System (Waters,
Milford, MA, USA). Peptide sequence analysis was car-
ried out on a Q-TOF Ultima Global mass spectrometer
(Micromass, Manchester, UK) equipped with a nanoflow
ESI Z-spray source in positive ion mode, as described pre-
viously (24). Data were processed using Protein Lynx
Global Server (2.0, Micromass) and searched against
MSDB and SwissProt data bases through the Mascot
search engine with oxidation (M) and carbamidomethyl
(C) modification, when appropriate.

Software and statistics

Densitometric quantification of spot intensity normalized
to total spot intensity of each gel, was performed using
Delta2D software (V3.4; Decodon GmbH, Greifswald,
Germany) (25). The Friedman test was performed
using software for statistical evaluation SPSS (V14.0 for
Windows; Chicago, IL, USA). Molecular INTeraction
database (MINT; http://mint.bio.uniroma2.it/mint/Welcome.
do) was used to analyse protein relationships and to obtain
a graphical view of any predicted network with direct and
indirect interacting proteins (26).

Results

Inhibition of cell proliferation by sirolimus

Incubation of CCRF-CEM cells with increasing concen-
trations of SRL from 0 to 100 lmol ⁄ l for 48 h resulted in
dose-dependent inhibition of cell proliferation with a half
maximal inhibitory concentration (IC50) value of around
2 lmol ⁄ l (Fig. 1, n = 5). All tested concentrations led to a
decrease in the proliferation. At the highest SRL concen-
tration of 100 lmol ⁄ l, cell proliferation was inhibited by
approximately 99.4%.
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Proteins with significantly altered phosphorylation status

For investigation of proteins modulated by treatment of
CCRF-CEM cells with SRL, concentration of 2.5 lmol ⁄ l
was selected, which leads to approximately 70% inhibi-
tion of cell proliferation after 48 h incubation. Cell
extracts were prepared from treated (2.5 lmol ⁄ l SRL for
30 min) and untreated CCRF-CEM cells and separated by
2-DE.

Four paired phosphostained 2-DE gels were analysed
using Delta2D software (Fig. 2) and nine significantly
modulated spots (P < 0.05) were selected for identifica-
tion. Eight of nine analysed spots could be identified by
mass spectrometry and database search (Fig. 3A,
Tables S1 and S2), which represented different pro-
teins ⁄peptides (Table 1A,B).

One phosphoprotein (spot label 1; Table S1), which
was significantly higher phosphorylated on treatment of
cells with SRL, was identified as T-complex protein 1
subunit theta (TCPQ).

Phosphorylation of seven spots was significantly
lower in presence of SRL. In the case of spot label 2,
sequence analysis revealed the presence of two proteins,
tubulin alpha-1B chain (TBA1B) and ⁄or vimentin
(VIME). Further phosphoproteins with lower signal
included heterogeneous nuclear ribonucleoprotein D0
(HNRPD; spot 3), endoplasmin precursor (ENPL; spot 4);
septin-9 (SEPT9, spot 5); plastin-2 (PLSL, spots 6 and 7);
and again HNRPD (spot 8) (Table S1). Six of these were
only identified by a single spot (Table S2). Two proteins,
however, displayed two variant forms (HNRPD with spot
labels 3 and 8, PLSL with spot labels 6 and 7).

Proteins with significantly altered amounts

Phosphostained 2-DE gels were further subjected to silver
staining (Fig. 2). On comparative computational analysis
of images of silver-stained 2-DE gels, 15 spots revealed

changes in relative intensity. Significant differences
(P < 0.05) in protein intensity were observed between
treated and control CCRF-CEM cells for all spots. Eleven
of 15 analysed spots could be unambiguously identified
by mass spectrometry (Fig. 3B, Tables S1 and S2), which
represented nine different proteins ⁄peptides (Table 1C,D).

Five proteins displayed significantly more intense
staining after treatment of the cells with SRL: trifunctional
enzyme subunit beta, mitochondrial precursor (ECHB,
spot label 9) proteasome subunit beta type-3 (PSB3, spot
label 10), bifunctional methylenetetrahydrofolate dehy-
drogenase ⁄ cyclohydrolase, mitochondrial precursor
(MTDC, spot label 11), L-lactate dehydrogenase B chain
(LDHB, spot label 12) as well as nucleoside diphosphate
kinase A (NDKA, spot label 13) (Table S1).

Intensity of six spots was significantly lower after
SRL treatment: these included EH domain-containing
protein 1 (EHD1, spot label 14), cytoplasmic aspartate
aminotransferase, (AATC, spot label 15), lamin B1
(LMNB1, spot labels 16; 18 and 19), and cytoplasmic
malate dehydrogenase (MDHC, spot label 17) (Table S1).

Half of all identified spots were excised twice from
different 2-DE gels and analysed again by mass spectro-
metry to ensure reproducibility of data obtained.

Discussion

We performed differential proteomic analysis on CCRF-
CEM cells after short-term incubation with SRL. SRL
incubation led to dose-dependent inhibition of cell prolif-
eration (Fig. 1). As the average proliferation level of
CCRF-CEM cells at 2.5 lmol ⁄ l SRL was approximately
30% of that of drug-free controls, this concentration was
chosen for further proteomic studies. Using 2-DE and
mass spectrometry, we observed that 2.5 lmol ⁄ l SRL sig-
nificantly altered phosphorylation status after 30 min
incubation (Table 1A,B); one higher phosphorylated pro-
tein (TCPQ) and six lower phosphorylated proteins
(TBA1B, VIME, HNRPD, ENPL, SEPT9 and PLSL).
Among these proteins, SEPT9 (spot 5) and PLSL (spot 7)
showed over 3-fold change in SRL-treated cells compared
to controls (Table S1). From the same gels, we also
obtained data for significantly altered protein expression
(Table 1C,D); five up-regulated proteins ⁄peptides
(ECHB, PSB3, MTDC, LDHB and NDKA) and four
down-regulated proteins (EHD1, AATC, LMNB1 and
MDHC) were identified. Among these proteins, LDHB
(spot 12) showed over 3-fold up-regulation, while MDHC
(spot 17) was over 3-fold down-regulated in all samples
investigated after SRL treatment, when compared to
paired drug-free CCRF-CEM cells (Table S1). In general,
proteins showed good agreement between observed
molecular weights and isoelectric points, and their
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Figure 1. Concentration-dependent inhibition of CCRF-CEM cell
proliferation by sirolimus. Results are shown as mean and SD of five
separate experiments.
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calculated values based on amino acid sequence (Table 1).
Most identified proteins from 2-DE gels after both stain-
ing types belong to the cell compartment cytosol ⁄ cyto-
plasm, followed by a small number of proteins from the
nucleus, membranes and mitochondria. Proteins with
changed phosphorylation levels were predominantly
plasma proteins; however, proteins with altered amounts

in cells were generally enzymes (transferases, peptidases,
hydrolases and oxidoreductases).

We analysed the relationship between identified pro-
teins using the MINT database (26) and found nine of 16
(56%) to be interacting proteins: TCPQ, TBA1B, VIME,
HNRPD, ENPL, ECHB, PSB3, LDHB and LMNB1
(Fig. 4). Four proteins (NDKA, EHD1, AATC and
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MDHC) were found to be linked to another network.
However, SEPT9, PLSL and MTDC did not match any-
thing found in the database. Proteins known to be
involved in signal transduction after SRL treatment were
also found among the cohort of interacting partners in the
MINT network. In addition, our total protein set was
evaluated, together with numerous other proteins known
to be influenced by SRL (PTEN, FRAP1, RPS6KB1,
RPS6, FKBP4, AKT1, EGF, EGFR, P85SPR, CBFA2T2,
PIK3CA, PIK3CB, INPP5D, PDPK1, IRS1, TSC4,
GSK3B, GSK3A, CTNNB1, BAD, CASP7, CASP3,
EIF4EBP1 and APAF1), suggesting mTOR regulation.

Changes in phosphoprotein and protein patterns
reflected an early response to the immunosuppressant
SRL. Furthermore, we focused on proteins within the pre-
dicted network (Fig. 4) and on involved biological pro-
cesses (Table 1) in an attempt to reveal cellular events
leading to significant inhibition of CCRF-CEM cell prolif-
eration (Fig. 1). TCPQ represents a chaperonin, involved
in protein folding, and is more strongly phosphorylated
under SRL influence, in the present study. Majority of the
proteins found by our phosphorylation analysis showed

lower levels of phosphorylation involved in mitosis, cell
and intracellular movement, protein polymerization
(TBA1B), immune response, stabilizing cytoplasmic
architecture and contribution to specific dynamic cellular
processes (VIME), influencing pre-mRNA processing,
mRNA stability, mRNA metabolism and transport
(HNRPD), signal transduction, protein folding, protein
degradation, and stabilizing and refolding denatured pro-
teins, after stress (ENPL). Protein expression by SRL
treatment was higher for proteins playing a role in cataly-
sing mitochondrial beta-oxidation of long-chain fatty
acids with 3-ketoacyl-CoA thiolase activity (ECHB), pep-
tide cleavage in ATP ⁄ubiquitin-dependent process in a
non-lysosomal pathway (PSB3), and in anaerobic glycoly-
sis ⁄ carbohydrate metabolism (LDHB). LMNB1 is a lower
expressed protein after SRL. During mitosis, nuclear lam-
ina matrix is reversibly disassembled, as lamin proteins
are phosphorylated. Lamin proteins are thought to be
involved in nuclear stability, chromatin structure and gene
expression. In summary, all these listed processes corre-
lated generally with signal transduction, metabolism and
mitosis.

As can be seen in Fig. 4, YWHAZ was the linking
protein between experimentally obtained proteins whose
apparent regulation was altered through SRL treatment.
YWHAZ is a tyrosine 3-monooxygenase ⁄ tryptophan
5-monooxygenase activation protein, zeta polypeptide,
that belongs to the 14-3-3 family of proteins. It is known
to be a transcription factor-binding protein taking part in
anti-apoptosis, protein targeting and signal transduction. It
has been suggested that association with 14-3-3 proteins
plays a role in regulation of insulin sensitivity (27) by
interrupting the association between the insulin receptor
and its substrate, and in activation of c-Raf, by their par-
ticipation in the protein kinase C signalling pathway (28).
Activation of protein kinase C is thought to be involved in
induction of cellular responses to a variety of ligand-
receptor systems and in regulation of cell responsiveness
to external stimuli. It is also known that recombinant
14-3-3-zeta interacts directly with both recombinant and
endogenous PKB (AKT) in embryonic kidney cell lysates
(29). Moreover, transfection of active PKB into embry-
onic kidney cells has resulted in phosphorylation of 14-3-
3-zeta. 14-3-3-zetza facilitates activation of beta-catenin
(CTNNB1) by AKT in mouse intestinal stem cells and it
has been presumed that AKT phosphorylates CTNNB1,
leading to 14-3-3-zeta binding and stabilization of
CTNNB1 (30).

ENPL, also called heat shock protein, a 90 kDa beta
member 1 (HSP90B1) or 94 kDa glucose-regulated pro-
tein (GRP94), is a stress-inducible resident endoplasmic
reticulum ⁄ sarcoplasmic reticulum glycoprotein and
molecular chaperone, required for different biological
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processes especially cell surface export of molecules
involved in native immune responses. Only the lowest
mobility form of this chaperone is phosphorylated by
casein kinase-2 in Sf21 insect cells, although in vitro
phosphorylation led to phosphorylation of all its glycosy-
lated forms (31). An early study has suggested that auto-

phosphorylation on serine and threonine residues of
ENPL may regulate complex formation and chaperone
function (32). Recently, it has been demonstrated that
ENPL undergoes Tyr-phosphorylation early after induc-
tion (peak at 6 h) of cell differentiation (33). This event is
required to promote chaperone export from the endoplas-

Table 1. Molecular weight, isoelectric point and function of significantly regulated proteins in CCRF-CEM cells detected after sirolimus treatment
using phospho- (A, B) and silver-stained 2-DE gels (C, D)

Spot
label Mascot protein name (Abbreviations) Uniprot ID

MW (kDa)
Calc. ⁄Obs.

pI
Calc. ⁄Obs. Functionb

(A) Protein spots with higher phosphorylation status under sirolimus in phosphostained 2-DE gels
1 T-complex protein 1 subunit theta

(TCPQ; CCT8)a
P50990 59.583 ⁄�53 5.42 ⁄�5.3 Chaperonin

(B) Protein spots with lower phosphorylation status under sirolimus in phosphostained 2-DE gels
2 Tubulin alpha-1B chain (TBA1B;

TUBA1B)a
P68363 50.120 ⁄�50 4.94 ⁄�4.5 Microtubule isoform

Vimentin (VIME; VIM)a P08670 53.619 ⁄�50 5.06 ⁄�4.5 Microfilament
3 Heterogeneous nuclear

ribonucleoprotein D0 (HNRPD)a
Q14103 38.410 ⁄�42 7.62 ⁄�7.7 Ubiquitously expressed nuclear

ribonucleoprotein
4 Endoplasmin precursor (ENPL;

HSP90B1, GRP94)a
P14625 92.411 ⁄�100 4.76 ⁄�4.3 Highly conserved molecular

chaperon
5 Septin-9 (SEPT9) Q9UHD8 65.361 ⁄�41 9.06 ⁄�7.8 Cytoskeletal filament-forming

protein
6 Plastin-2 (PLSL) P13796 70.245 ⁄�70 5.20 ⁄�4.6 Ubiquitous actin-binding protein
7 Plastin-2 (PLSL) P13796 70.245 ⁄�70 5.20 ⁄�4.7 (see above)
8 Heterogeneous nuclear ribonucleoprotein

D0 (HNRPD)a
Q14103 38.410 ⁄�44 7.62 ⁄�7.4 (see above)

(C) Spots with higher protein amount under sirolimus in silverstained 2-DE gels
9 Trifunctional enzyme subunit beta,

mitochondrial precursor (ECHB;
HADHB)a

P55084 51.262 ⁄�45 9.45 ⁄�9 Catalyser in mitochondrial
beta-oxidation of long-chain
fatty acids with 3-ketoacyl-CoA
thiolase activity

10 Proteasome subunit beta type-3
(PSB3; PSMB3)a

P49720 22.933 ⁄�23 6.14 ⁄�6.6 Immunoproteasome

11 Bifunctional methylenetetrahydrofolate
dehydrogenase ⁄ cyclohydrolase,
mitochondrial precursor (MTDC)

P13995 37.871 ⁄�37 8.86 ⁄�8.3 Nuclear-encoded mitochondrial
enzyme

12 L-lactate dehydrogenase B chain
(LDHB)a

P07195 36.615 ⁄�32 5.71 ⁄�5.8 Carbohydrate metabolism

13 Nucleoside diphosphate kinase
A (NDKA; nm23-H1; NME1)

P15531 17.138 ⁄�18 5.83 ⁄�6 Suppressor of invasive cancer
phenotype, transcription factor
and activator of MYC

(D) Spots with lower protein amount under sirolimus in silver-stained 2-DE gels
14 EH domain-containing protein 1

(EHD1)
Q9H4M9 60.589 ⁄�60 6.35 ⁄�7.4 Substrate for EGFR in

protein–protein interactions and
intracellular sorting

15 Aspartate aminotransferase, cytoplasmic
(AATC; GOT1)

P17174 46.219 ⁄�40 6.52 ⁄�7.8 Pyridoxal phosphate-dependent
enzyme in amino acid metabolism,
urea and tricarboxylic acid cycles

16 Lamin-B1 (LMNB1)a P20700 66.368 ⁄�70 5.11 ⁄�4.8 Nuclear lamina matrix
17 Malate dehydrogenase, cytoplasmic

(MDHC; MDH1)
P40925 36.403 ⁄�33 6.91 ⁄�7 Catalyser of the reversible oxidation

of malate to oxaloacetate
18 Lamin-B1 (LMNB1)a P20700 66.368 ⁄�70 5.11 ⁄�4.7 (see above)
19 Lamin-B1 (LMNB1)a P20700 66.368 ⁄�70 5.11 ⁄�4.9 (see above)

MW (kDa), molecular weight in kilo Daltons; Calc. ⁄Obs., calculated ⁄ observed values; pI, isoelectric point; N ⁄A, no available information.
aProteins within a MINT network.
bAvailable information on http://www.proteinatlas.org, http://www.matrixscience.com or http://www.ncbi.nlm.nih.gov.
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mic reticulum to the Golgi apparatus, occurring in the
early phase of myoblast differentiation. Notably, it was
suggested that AKT-mediated phosphorylation of stress-
induced chaperones represents a mechanism for regulation
of chaperone function, for example of ENPL, during me-
sangial cell responses to physiological and pathological
stimuli (34). We investigated the effects of SRL on
CCRF-CEM cells and the present analysis has enabled us
to measure relative phosphorylation of ENPL. Based on
our results, ENPL showed significantly lower phosphory-
lation status after incubation for 30 min with SRL
(Table 1). Interestingly, ENPL was among the translation-
ally repressed mRNAs observed after treatment of human
Jurkat T cells with rapamycin (35) for 4 h. It might be
speculated that decrease in phosphorylation of ENPL
reflects an early response to immunosuppressant SRL, fol-
lowed by differential expression of ENPL, at least after
4 h of its incubation.

In conclusion, in the present study, we report for the
first time the simultaneous early effect of SRL on
phosphorylation status and on protein expression in
CCRF-CEM cells, as well as predicted interacting
relationships between 9 of 16 proteins, through binding
protein YWHAZ. As the 14-3-3 proteins (e.g. YWHAZ)
and the chaperones (e.g. ENPL) interact with AKT, we
presume that mTOR axis was inhibited and feedback
activation of AKTwas induced through phosphorylation.
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