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The 26S proteasome is a proteolytic enzyme found in both cytoplasm and nucleus. In this
study, we examined the differential expression of proteasome inhibitor bortezomib-
induced proteins in p53-deficient 4T1 cells. It was found that GRP78 and TCEB2 were
over-expressed in response to treatment with bortezomib for 24 h. Next, we analyzed the
expression of intracellular proteins in response to treatment with 100 nM bortezomib for
24 h by label-free LC-MS/MS. These analyses showed that Hsp70, the 26S proteasome
non-ATPase regulatory subunit 14 and sequestosome 1 were increased at least 2 fold in
p53-deficient 4T1 cells. The proteins identified by label-free LC-MS/MS were then analyzed
by Ingenuity Pathway Analysis (IPA) Tool to determine biological networks affected by
inhibition of the 26S proteasome. The analysis results showed that post-translational
modifications, protein folding, DNA replication, energy production and nucleic acid
metabolism were found to be among the top functions affected by the 26S proteasome
inhibition. The biological network analysis indicated that ubiquitin may be the central
regulator of the pathways modulated after bortezomib-treatment. Further investigation of
the mechanism of the proteins modulated in response to the proteasomal inhibition may
lead to the design of more effective and novel therapeutic strategies for cancer.

Biological significance
Although the proteasome inhibitor bortezomib is approved and used for the treatment of
human cancer (multiple myeloma), the mechanism of action is not entirely understood. A
number of studies showed that proteasome inhibitors induced apoptosis through upregulation
of tumor suppressor protein p53. However, the role of tumor suppressor protein p53 in
bortezomib-induced apoptosis is controversial and not well-understood. The tumor suppressor
p53 is mutated in at least 50% of human cancers and is strongly induced by proteasomal
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inhibition. Some also reported that the proteasome inhibitor can induce apoptosis in a
p53-independent manner. Also, it is reported that Noxa, a target of p53, is induced in response
to proteasomal inhibition in a p53-independent manner. However, we have also previously
reported that neither Puma nor Noxa are induced by proteasomal inhibition in p53-null 4T1
breast cancer cells, which is commonly used for in vivo breast cancer tumor models. The
current results provided additional targets of proteasome inhibitor bortezomib and may
therefore help in understanding the p53-independent mechanism of apoptosis induction by
proteasome inhibitors. In addition, the results presented in this current study report for the first
time that proteasomal subunit Psmd14, anti-apoptotic GRP78, anti apoptotic protein Card10,
Dffb, Traf3 and Trp53bp2 are regulated and overexpressed in response to proteasome inhibitor
bortezomib in p53-deficient 4T1 cells. Therefore, novel therapeutic strategies targeting these
anti-apoptotic or pro-apoptotic proteins as well as inhibiting the proteasome simultaneously
may be more effective against cancer cells. The proteins identified here present new avenues
for the development of anti-cancer drugs.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

The 26 proteasome is a multi-functional enzyme found in the
cytosol and nucleus as well as in the outer surface of the
endoplasmic reticulum [1]. Since its first discovery in 1987 by
Hough and colleagues [2], a large amount of accumulated
evidence showed that the proteasome was not simply involved
in the degradation of misfolded and mutated proteins but also
involved in almost all intracellular processes, including DNA
repair, transcription, protein synthesis, polyamine biosynthesis
and antigen presentation by regulated degradation of a wide
range of short- and long-lived proteins [3–5]. While the 26S
proteasome primarily degrades ubiquitinated proteins [6], it
may also degrade proteins (e.g., ornithine decarboxylase) in a
ubiquitin-independent manner [7].

The 26S proteasome has at least 3 different proteolytic
activities. These are 1) chymotrypsin-like activity, 2) trypsin-like
activity and 3) caspase-like activity [8,9]. Asmentioned above, the
26S proteasome plays critical roles in almost all biological
processes; therefore, aberrations in the proteasomal system are
implicated in the pathogenesis of many diseases, including
cancer [3]. In fact, Hoffmann et al. recently showed that
circulating proteasome concentrations were significantly higher
in primary breast cancer patients than in healthy controls. They
therefore concluded that the ubiquitin–proteasome system
might represent a potential target in breast cancer treatment
[10]. The activity of the proteasome as well as the levels of the
proteasome subunits were also increased in at least 90% of the
primary breast cancer tissue specimens; whereas, no significant
increases in the proteasome activity or the levels of its subunits
were observed in benign breast tumors [11]. In contrast to these
studies, Pan et al. showed that the chymotrypsin-like and
caspase-like activities of the proteasome were significantly
lower in lung tumor spheres as compared to monolayer cultures
[12]. Interestingly, they confirmed that the population of tumor
cells with low proteasomal activity were highly enriched for
cancer stem cells in sphere cultures using the ZsGreen–cODC
reporter assay [12].

Anumber of studiesdemonstrated thatproteasome inhibitors
have anti-proliferative and pro-apoptotic effects against both
hematological and solid tumors [13]. For example, carfilzomib, an
irreversible inhibitor of chymotrypsin-like activity of the protea-
some, is effective against hematological and solid tumors and is
currently in Phase III trials inmultiplemyeloma and Phase I trials
for acute myeloid leukemia, acute lymphoblastic leukemia,
chronic lymphocytic leukemia and solid tumors [14]. Another
inhibitor, bortezomib, also known as Velcade™ or PS-341, is a
highly potent and reversible inhibitor of the 26S proteasome
[15,16]. Bortezomib is the first inhibitor entered into clinical trials
and was approved in 2003 by the FDA for the treatment of
multiple myeloma and for relapsed or refractory mantle
cell lymphoma [5,17,18]. A vast number of studies showed
that bortezomib-induced apoptotic cell death in both a p53-
dependent and a p53-independent manner [19,20], and exposure
to bortezomib is known to cause the stabilization/accumulation
or activation of a number of regulatory or pro-apoptotic proteins
such as p21, p53, p27, caspase-3, Bid and Bax [20–22]. Valeniner
et al. also showed that bortezomib-treatment not only has
pro-apoptotic effects but also anti-mitotic, anti-antigiogenic and
anti-metastatic effects in a SCID mouse model [23]. In order to
further delineate the mechanism of p53-independent induction
of apoptosis after proteasomal inhibition, we examined the
differential expression of proteins in response to bortezomib-
treatment by proteomic techniques in p53-deficient 4T1 breast
cancer cell, which is commonly used for in vivo breast cancer
tumor models. After 2-dimensional gel electrophoresis (2-DE)
analysis, 10 different proteins spots were identified by LC-MS/MS
analysis in 4T1 cells treated with bortezomib. Among these
proteins are 78 kDa glucose regulated protein, cytochrome B5
type B, transcription elongation factor B and galectin-1. Using
label-free LC-MS/MS analysis, 345 proteins were identified in 4T1
cells and the expressions of 107 proteins were statistically
changed. In addition, using real time PCR measurements, it was
found for the first time that inhibition of the 26S proteasome by
bortezomib causes upregulation of Card10, Dffb, Traf3 and
Trp53bp2 genes; however, Bcl2l1, Fadd, Traf1 and Xiap genes
were downregulated. The increases in the levels of Card10 and
Trp53bp2 proteins were confirmed byWestern blot analysis.
2. Materials and methods

2.1. Materials

ZOOM 2D protein solubilizer, complete protease inhibitor
cocktail, ZOOM carrier ampholytes pH 3–10, ZOOM strips—
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pH 3–10NL, NuPAGE LDS sample buffer, NuPAGE Novex 4–12%
Bis-Tris ZOOM gels and SilverQuest™ silver staining kit were
obtained from Invitrogen Life Technologies, Inc. (CA, USA). The
Amersham ECL Western blotting kit and Bio-Rad protein assay
reagents were purchased from GE Healthcare (Stockholm,
Sweden). RPMI-1640 media, FBS, trypsin, Pen/Strep and
Bio-Max X-ray film were bought from Sigma-Aldrich Inc.,
(Steinheim, Germany). The Stericup vacuum filtration system
(0.2 μm) and PVDF membrane were from Millipore Inc.
(St-Quentin, France). The rabbit anti-GRP78 (C-terminal) anti-
body and rabbit anti-LGALS1 (galectin-1) antibody were
from Sigma-Aldrich Inc., (Steinheim, Germany). Anti-TCEB2
antibody was from Santa Cruz Biotechnology (Heidelberg,
Germany). Rabbit polyclonal β-actin was obtained from Abcam
(Cambridge, UK). Bortezomib was obtained from Pharmacy of
Uludağ University Medical School Hospital (Bursa, Turkey).

2.2. Cell culture maintenance

The cell line used in this study (4T1 breast cancer) was
cultured in RPMI-1640 (plus 4.5 g/l glucose, 10 mM HEPES,
1 mM sodium pyruvate, 0.15% sodium bicarbonate, 100 μg/ml
streptomycin and 100 U/ml penicillin). The medium was
supplemented with 10% FBS. Stock cultures were maintained
in 25 cm2 Corning flasks. For the experiments, the cells
were grown in 35 × 10 mm Corning plates. The cells were
subcultured when they reached to about 70% confluency.

2.3. 2-dimensional (2D) gel electrophoresis

2D gel electrophoresis was carried out according to the
protocol of Invitrogen Life Technologies Inc. Briefly, cells
(4T1) were grown in 60 × 15 mm petri dishes and treated with
100 nM bortezomib at the logarithmic phase of growth for
24 h. After washing with PBS, cells were detached with 909 μl
ZOOM 2-D protein solublizer I, 3 μl 1 M tris-base, 10 μl 100X
protease inhibitor cocktail, 10 μl 2 M DDT and 18 μl dH2O and
lyzed completely by an ultrasonicator. After protein quantita-
tion with Bio-Rad method, Zoom IPG strip (pH3–10NL strip)
were rehydrated with 140 μl sample rehydration buffer (128 μl
1X ZOOM 2-D protein solublizer I, 0.7 μl 2 M DDT, 0.8 μl ZOOM
carrier ampholytes, 0.5 μl bromophenaol blue and 10 μl cell
lysate containing 90 μg protein) for 1 h at room temperature.
The isoelectric focusing (IEF) was performed at 175 V for
15 min, 175–2000 V gradient for 45 min and finally 2000 V for
30 min. Afterwards, IEF gels were reduced with 1X NuPAGE
LDS sample buffer containing NuPAGE sample reducing agent
for 15 min, and then were alkylated with 1X NuPAGE LDS
sample buffer containing iodoacetamide for 15 min. Zoom IPG
strips were placed in NuPAGE 4–12% Bis-Tris ZOOM gel wells
and covered with 400 μl %0.5 agarose solution. Proteins were
then separated according to their molecular weights at 200 V
for 50 min. To visualize the protein spots, SilverQuest silver
staining kit was used according to the manufacturer's
protocol (Invitrogen Life Technologies Inc.). Protein spots
which showed increased levels compared to the control gel
were excised and destained according to the procedure of the
manufacturer (Invitrogen Life Technologies Inc.). Enzymatic
digestion was then performed with trypsin (12.5 ng/μL) in
10 nM ammonium bicarbonate buffer (pH 7.8) overnight. The
tryptic peptides were extracted by washing the gel slices with
10 nM ammonium bicarbonate and 1% formic acid in 50%
acetonitrile at room temperature and then analyzed by
LC-MS/MS as described in detail below.

2.4. Proteomics analysis

4T1 breast cancer cells were treated with 100 nM bortezomib
at the logarithmic phase of the growth for 24 h. After exposure
to bortezomib, cells were detached and pelleted at 700 ×g for
5 min. The cell pellets were then lysed via boiling at 100 °C in
UPX Buffer (Expedeon, UK). Tryptic peptides were generated
according to the Filter Aided Sample Preparation Protocol
(FASP) [24]. Briefly, 50 μg protein was first washed with 6 M
urea in a 30 kDa cut-off spin column and then alkylated with
10 mM iodoactamide (IAA) in the dark for 20 min at room
temperature and trypsinized overnight (1:100 trypsin to
protein ratio). Peptides were eluted from the column and
concentration was measured with a nanodrop spectrometer.
500 ng total tryptic peptide spiked with 50 fmol internal
standard (MassPREP Enolase Digestion Standard, Waters,
Milford, MA) was injected to the LC-MS/MS system. Protein
Lynx Global Server software was used for the identification of
the protein spots digested with trypsin. This software uses a
Monte Carlo algorithm to analyze all available MS data and is
also a statistical data for the accuracy of assignation [25,26].
PLGS Score calculated by the Protein Lynx Global Server (PLGS
2.2.5) software is a statistical measure of accuracy of assigna-
tion. A higher score indicates greater confidence of protein
identity. The cut off (threshold) for the PLGS score was 20
(same cut off was used in a previous published study) [27].
Databank search query was set to minimum 3 fragment ion
matches per peptide, minimum 7 fragment ion matches per
protein, minimum 1 peptide matches per protein and 1
missed cleavage. The status of the b and y ions for each
identified peptide was also manually inspected. The false
positive rate (FPR) of the IdentityE algorithm is around 3–4%
[28] for the randomized database with being five times larger
than the original one [29]. As reported in the protein
identification (Table 1) almost all of the proteins were identified
with more than one peptide sequence, increasing the protein
identification score greatly. All proteins with PLGS score >20 (at
least 95% confident) were counted as confidently identified.

2.5. LC-MS/MS analysis and database search

Protein identification is based on a previously published
protocol [30]. Briefly, 500 ng tryptic peptides were analyzed
by the LC-MS/MS system (nanoACQUITY UPLC and SYNAPT
high definition mass spectrometer with nanolockspray ion
source). Columns were equilibrated with 97% mobile phase A
(0.1% formic acid in LC-MS grade water (Merck, NJ, USA)
and column temperature was set to 45 °C. Peptides were
separated from the trap column (Symmetry C18 5 μm, 180 μm
i.d. × 20 mm) (Waters, Milford, MA) by gradient elution onto
an analytical column (BEH C18, 1.7 μm, 75 μm i.d. × 250 mm)
(Waters, Milford, MA) at 300 nl/min flow rate with a linear
gradient from 5 to 40% mobile phase B (0.1 formic acid in
hypergrade acetonitrile (Merck, NJ, USA) over 90 min. All
samples were analyzed in triplicate. Data independent



Table 1 – The identification of protein spots on 2-DE. The cells were treated with 100 nM bortezomib for 24 h. After
separation on 2-DE, nine protein spots (annotated in Fig. 1B) up-regulated were excited and analyzed by LC-MS/MS. PLGS
Score is calculated by the Protein Lynx Global Server (PLGS 2.2.5) software and is a statistical measure of accuracy of
assignation. A higher score implies greater confidence of protein identity. It should be noted that the experimental peptide
number exceeds the theoretical peptide number (e.g., for GRP78); that is partly due to the fact that some peptides were
detected multiple times because of either modified forms (such as oxidation, deamination, carbamidomethyl C) or missed
cleavages or non-tryptic cut sites that would cause different overlapping versions of the same theoretical peptides to be
counted to a total higher than the “theoretical number of tryptic peptides.”

Spot Accession Protein M.W.
(dalton)

pI PLGS
score

Peptidesa Theoreticalb Coverage
(%)c

1 P63242 Eukaryotic translation initiation factor 5A
(eIF5A)

16821 4.9 685 1 14 15.5

2 Q9CQX2 Cytochrome b5 type B (CYB5B) 16307 4.6 5641 7 11 58.9
3 Q3THE2 Myosin regulatory light chain 12B (MYL12B) 19766 4.5 7783 16 19 54.6
4 P62869 Transcription elongation factor polypeptide 2 B (TCEB2) 13161 4.7 3964 9 15 55.9

Q9CR41 Huntingtin interacting protein K (HYPK) 14670 4.7 769 3 12 31
Q9CQL7 MORF4 family associated protein 1(MRFAP1) 14185 4.5 483 4 10 24.8

5 P16045 Galectin 1 (Gal-1) 14856 5.1 378 3 14 25.9
6 P17742 Peptidyl prolyl cis trans isomerase A (PPlaseA) 17959 8 15876 37 12 83.5
7 O09172 Glutamate cysteine ligase regulatory subunit (GCLM) 30515 5.2 1130 9 18 28.8
8 P56480 ATP synthase subunit beta mitochondrial (ATP5B) 56265 5 580 25 37 19.6
9 P20029 78 kDa glucose regulated protein (GRP78) 72377 4.9 24566 122 52 66
10 P63017 Heat shock cognate 71 kDa protein (HSPA8) 70827 5.2 30901 174 50 70.4

a The experimental number of peptides which are identified with more than three fragment ion matches.
b The theoretical number of peptides in each protein.
c The percentage of sequence coverage
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acquisition mode (MSE) was done by operating the instrument
at positive ion V mode, applying the MS and MS/MS functions
over 1.5 s intervals with 6 V low energy and 15–40 V high
energy collusion. Glu-fibrinopeptide (internal mass calibrant)
was infused at 300 nl/min flow rate. m/z values over 50–1600
were analyzed. Tandem mass data extraction, charge state
deconvolution and deisotoping were done with ProteinLynx
Global Server v2.5 (Waters, Milford, MA) and searched with the
IDENTITYE algorithm with a fragment ion mass tolerance of
0.025 Da and a parent ion tolerance of 0.0100 Da against the
reviewed mouse protein database from Uniprot (March 30th
2012, 30419 entries). Carbamidomethyl-cysteine fixed modifi-
cation and Acetyl N-TERM, deamidation of asparagine
and glutamine, and oxidation of methionine variable modifi-
cations were set. Quantification of the protein expression
changes was done with Progenesis LC-MS software V4.0
(Nonlinear Dynamics). Normalization across samples were
based on total ion intensity. Similar proteins were group and
quantitative value is given for the one with the highest score.
Proteinquantitation isdonewithonly thenon-conflictingpeptide
features. For LC-MS/MS study, three distinct biological samples
were used and each samplewas analyzed in triplicate. Therefore,
nine separate injections were made for each biological group.

2.6. Western blot analysis

The ECL Western blotting kit was used according to manufac-
turer procedure (GE Healthcare, Stockholm, Sweden). A total of
50 μg protein from each sample was separated on a 12%
SDS-PAGE. Afterwards, proteins were transferred to PVDF
membranes at 70 V for 2 h. After the transfer, the PVDF
membranes were washed briefly with methanol and left
for drying for 15 min to enhance the protein binding. The
PVDF membranes were again reactivated by methanol. The
membranes were blocked by 5% non-fat dried milk in TBS-T.
Themembraneswere then incubatedwith anti-GRP78 antibody
(1:750 dilution), anti-TCEB2 (1:500) and anti-galectin-1 antibody
(1:1000 dilution). For loading control, the membranes were
probed with anti-β-actin antibody (1:5000) in TBS-T for 1 h.
The membranes were then incubated with HRP-conjugated
anti-rabbit secondary antibody (1:5000dilution) inTBS-T for 1 h.
Finally, the membranes were incubated with detection reagent
and exposed to Kodak BioMax X-ray films in dark room.

2.7. Bioinformatic analysis

Proteins identified by label-free LC-MS/MS were analyzed by the
Ingenuity Pathway Analysis Tool (IPA, Ingenuity Systems,
Redwood City, CA) for biological functions, associated diseases
and biological networks. Right-tailed Fisher's exact test was used
to determine a p-value indicating that the probability of biological
functions, canonical pathways and diseases associated with the
networks is because of chance alone. The IPA tool also computes
a score for each network according to the fit of the set of
significant gene products. The score is derived from a p-value,
and scores of 2 or higher have at least a 99% confidence of not
being generated by random chance alone.
3. Results
The 26S proteasome inhibitors are able to induce apoptosis

through both p53-dependent and p53-independent mecha-
nisms [19,20]. To examine the p53-independent induction of
apoptosis, we have previously examined the expression of a
number of proteins such as Puma, Noxa and Bad in 4T1 breast
cancer cells. However, no significant changes in the levels of
these proteins were detected [20]. We have also previously
reported that cancer cells are differentially sensitive to



Fig. 1 – 2-DE analysis of effect of bortezomib in 4T1 cells. A) Control cells were treated with vehicle (isotonic solution) for 24 h.
Then 90 μg proteins were separated on pH 3-10NL strips followed by separation on a 4-12% Bis-Tris ZOOM gel. The protein
spots were visualized by silver staining. B) Cells were treated with 100 nM bortezomib for 24 h and then the proteins were
analyzed by 2-DE as described. C) A zoomed image of spot 9 (GRP78). The panel shows the level of spot 9 in control (isotonic
solution treated) and bortezomib-treated cells (100 nM).
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proteasomal inhibition [31]. In addition, it was previously
unambiguously determined that 4T1 breast carcinoma
cells are p53-null cells [20,31,32]. Therefore, to delineate the
sensitivity or resistance of cancer cells to proteasome inhibitors
in detail, we first treated p53-deficient 4T1 breast cancer cells
with 100 nMbortezomib for 24 h. The changes in the expression
levels of proteinswere then analyzedby 2-DE andLC-MS/MS. As
can be seen in Fig. 1, over 400 protein spots were clearly
detected, and ten proteins showing at least 2-fold higher levels
in 100 nM bortezomib-treated cells compared to control cells
were selected for subsequent analysis by LC-MS/MS for protein
identification. The proteins identified are listed in Table 1 and
their relevant positions in the 2-DE are annotated in Fig. 1A and
B. Spot 9 was identified as a 78 kDa glucose regulated protein
(GRP78), whose expression is associated with tumor develop-
ment and resistance to chemotherapeutic agents [33]. A
zoomed image of spot 9 is shown in Fig. 1C. The analysis of
spot 9 intensity by GelQuantNET program indicated that there
was at least a 2 fold increase in GRP78 level upon proteasome
inhibitor bortezomib-treatment as compared to that in the
control cells (Fig. 1C). The raw data for all GRP78 peptides
detected by nLC-MS/MS aswell as a representative spectrum for
the peptide with highest score showing b fragment ions and y
fragment ions can be seen in Supplementary Table S1. The
expression of GRP78 under the conditions of proteasomal
inhibition was also verified by Western blot analysis following
treatment of 4T1 breast cancer cells with 10 nM and 100 nM
bortezomib for 24 h. As can be seen in Fig. 2A (upper panel),
GRP78 levelswere increased very significantly after inhibition of
the proteasome. We have also tried to corroborate the
expression of galectin-1, which has recently been described as
promoting lung cancer metastasis by potentiating Notch1 and
integrin signaling pathways [34]. Contrary to our expectations,
there was no increase in the relative expression of galectin-1,
but a decrease in its mobility in 12% SDS-PAGE was observed,
which may be due to a post-translational modification (e.g.,



Fig. 2 – A) Western blot analysis of GRP78 and galectin-1.
Cells (4T1) were treated with 10 nM and 100 nM for 24 h.
Then a total of 50 μg protein was separated on 12%
SDS-PAGE followed by detection with anti-GRP78 antibody
(1:750 dilution), anti-TCEB2 (1:3000) or anti-galectin-1 anti-
body (1:1000). The membranes were then probed with
HRP-conjugated secondary antibody (1:4000) for 1 h, and
exposed to a film in a dark room for 2 min. B) Determination
of the level of TCEB2 in response various concentrations of
bortezomib. Cells were treated with 10, 50, 100 and 200 nM
bortezomib for 24 and the level of TCEB2 was examined by
Western blot using 25 μg of total protein. Rabbit anti-TCEB2
(1:500 dilution) was used. The blots are representative of two
independent experiments each run in duplicates. C) Quan-
titation of the membrane shown in panel B by GelQuantNET.

320 J O U R N A L O F P R O T E O M I C S 1 1 3 ( 2 0 1 5 ) 3 1 5 – 3 2 5
phosphorylation) in response to proteasomal inhibition (Fig. 2A,
middle panel). Therefore, the spot 5, observed in bortezomib-
treated cells but not in the control cells in 2-DE gels, may be a
modified form of galectin-1. Western blot analysis confirmed
that transcription elongation factor B polypeptide 2 (TCEB2), a
general transcription elongation factor, was induced signifi-
cantly in a threshold-dependent-manner in response to treat-
ment with bortezomib for 24 h (Fig. 2B, upper panel). As can be
seen in Fig. 2C, the level of TCEB2 is increased in a threshold-
dependent manner. In 10 nM, 50 nM and 100 nM bortezomib-
treated cells, 4.6 fold, 5 fold and 5.4 fold increases in TCEB2 level
were observed as compared to the control cells, respectively.
These results suggest that the effect of bortezomib was already
maximal at the lowest dosage tested, (i.e., 10 nM). On the other
hand, the increase in 200 nM treated cells was lower than that
observed with 10 nM, 50 nM or 100 nM bortezomib-treated
cells, but itwas still 3.8 fold higher than that in control cells. The
decrease in the level of TCEB2 protein as compared to 10 nM,
50 nM and 100 nM bortezomib-treated cells may be due to the
higher toxicity of bortezomib, causing necrotic cell death in
addition to the apoptosis (Fig. 2C).

Next, to further examine the differential accumulation of
proteins in response to proteasomal inhibition, 4T1 cells were
similarly treated with 100 nM bortezomib for 24 h. The
down-regulated and up-regulated proteinswere then identified
by label-free analysis as described in “Materials and methods.”
284 proteins were identified by a label-free LC-MS/MS analyses
(n = 3, each sample was analyzed in triplicate); and Table 2
shows a summary of proteins consistently up-regulated or
down-regulated in response to 100 nM bortezomib-treatment.
Among these, Hsp70, 26S proteasome non ATPase regulatory
subunit 14 and sequestosome 1were increased at least 2-fold as
compared with control (p < 0.05 in all cases). In contrast, 40S
ribosomal protein S10, peptidyl prolyl cis trans isomerase B,
unconventional myosin Ic and 3 hydroxyacyl CoA dehydroge-
nase type 2 were down-regulated by more than 50% in
bortezomib-treated cells as compared to vehicle-treated control
cells (p < 0.05, Table 2). In order to determine the networks and
biological functions associated with the identified proteins
that were differentially expressed in response to 100 nM
bortezomib-treatment, the data were further analyzed using
the Ingenuity Pathway Analysis (IPA) software. IPA is an online
application based on published literature, establishing biologi-
cal networks, canonical pathways and diseases most relevant
to the identified proteins that are significantly expressed in
different experimental groups. The data were fit to three
networks with scores of 31, 16 and 3. A score greater than or
equal to 2 gives 99% confidence that the network is not created
by random chance. While the highest scoring network 1
included 12 of 20 of the identified proteins, the following
network 2 and network 3 included 7 and 1 focus molecules,
respectively. Amerge of all three networks showing the protein–
protein interactions between upregulated (in red), downreg-
ulated (in green) and not user specified proteins (in white) is
shown in Fig. 3A. In our analyses, post-translational modifica-
tions (p = 2.93 × 10−7–1.97 × 10−2 with 5 focusmolecules), protein
folding (p = 2.93 × 10−7 with 3 focus molecules), DNA replication,
recombination, and repair (p = 2.26 × 10−6–4.56 × 10−2 with 8
focus molecules), energy production (p =2.26 × 10−6–1.78 × 10−2

with 8 focus molecules) and nucleic acid metabolism (p =
2.26 × 10−6–9.94 × 10−4 with 6 focus molecules) were found
to be among the top functions affected in response to
treatment with 100 nM bortezomib for 24 h (Fig. 3B).

To further investigate the effect of proteasome inhibitor
bortezomib on other target proteins in p53-null 4T1 breast
carcinoma cell line, real-time PCR experiment was carried out
to detect the changes in the expression of genes involved in the
induction of apoptosis. We therefore examined the changes in
the expression of 84 apoptosis-related genes using RT2 profiler
apoptosis PCR array, highly reliable and sensitive gene

image of Fig.�2


Table 2 – Label-free analysis of differential expression of proteins in response to bortezomib-treatment. Cells were treated
with 100 nM bortezomib for 24 h. Then equal amounts of proteins were analyzed by label-free method. The confidence
score is a significance score generated by Progenesis QI software. The statistical significance was determined by one-way
ANOVA at p < 0.05 (n = 3, each sample was analyzed in triplicate).

Accession Protein Peptides Confidence
score

Anova
p-value

Fold
change

P63017 Heat shock cognate 71 kDa protein (HSPA8) 70 (1) 545 3.13e−009 1.50
P07901 Heat shock protein HSP 90 alpha (HSP90AA1) 55 (6) 357 3.70e−012 1.54
P17879 Heat shock 70 kDa protein 1B (HSPA1B) 36 (1) 278 1.1e−016 4.37
Q64524 Histone H2B type 2 E (Hist2h2be) 9 (1) 52.6 4.22e−006 0.66
P52293 Importin subunit alpha-2 (Kpna2) 9 51.9 1.70e−013 1.40
P84228 Histone H3 2 (Hist1h3b) 34 (3) 149 7.66e−004 0.63
O88685 26S protease regulatory subunit 6A (Psmc3) 5 44.5 6.66e−016 1.58
O35593 26S proteasome non ATPase regulatory subunit 14 (Psmd14) 3 36.4 5.22e−015 2.15
Q64337 Sequestosome 1 (Sqstm1) 3 29 7.77e−016 2.81
Q6R0H7 Guanine nucleotide-binding protein G(s) subunit alpha isoforms XLas (Gnas) 2 22.4 1.67e−015 1.78
P63325 40S ribosomal protein S10 (Rps10) 2 (1) 15.4 3.73e−004 0.55
Q9Z2U1 Proteasome subunit alpha type 5 (Psma5) 3 (2) 15 4.38e−013 1.56
P24369 Peptidyl prolyl cis trans isomerase B (PPlase B) 2 (1) 14.4 3.34e−007 0.49
O09061 Proteasome subunit beta type 1 (Psmb1) 1 8 6.38e−007 1.42
Q9CQQ7 ATP synthase subunit b mitochondrial (ATP5F1) 1 7.9 8.48e−007 0.63
P62245 40S ribosomal protein S15a (RPS15a) 1 14.8 8.19e−003 0.74
Q9R1P3 Proteasome subunit beta type 2 (Psmb2) 1 7.8 5.56e−010 1.47
Q8BMS1 Trifunctional enzyme subunit alpha mitochondrial (Hadha) 1 7 2.63e−011 0.69
Q9WTI7 Unconventional myosin Ic (Myo1c) 1 7 2.82e−009 0.56
O08756 3 Hydroxyacyl CoA dehydrogenase type 2 (Hsd17b10) 1 6.9 2.12e−008 0.51
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expression profiling technology. As can be seen inTable 1 in Ref.
[47], we have found that eleven genes were upregulated at least
2-fold using RT2 profiler apoptosis PCR array. The degree of
up-regulation varied between 2.06 fold (for Trp53bp2 gene) to 5.2
fold (for Card10 gene). In addition, four genes were found
consistently downregulated in response to treatment with
bortezomib for 24 h. The genes downregulated were Bcl2-like
1, Fas (TNFRSF6)-associated via death domain, Tnf receptor-
associated factor 1 and X-linked inhibitor of apoptosis proteins
(Table 1 in Ref. [47]). Using Western blot analysis, the increases
in Card10 (Fig. 1A in Ref. [47], upper panel) and Trp53bp2 (Fig. 1A
in Ref. [47],middle panel) proteins were corroborated in response
to proteasomal inhibition by various concentrations of
bortezomib for 24 h. The examination of β-actin level (Fig. 1A
in Ref. [47], lower panel) showed that the changes in the protein
levels of Card10 and Trp53bp2 were not simply due to higher
protein loading. As can be seen in Fig. 1B in Ref. [47], when the
cells were treated with different doses of bortezomib, a
threshold-dependent increase in Card10 protein was clearly
observed.With 10 nM, 50 nM, 100 nMand200 nM, 1.84 fold, 2.31
fold, 2.26 fold and3.78 fold increasesweredetected, respectively.
On the other hand, the increase in the level of Trp53bp2 protein
was observedwith only higher doses of bortezomib (i.e., 100 nM
and200 nM) (Fig. 1B in Ref. [47]).With lower doses of bortezomib,
slight decreases in Trp53bp2 protein were observed, whichmay
bedue to anexperimental artifact (Fig. 1B inRef. [47]). Thesedata
are in agreement with the RT-PCR measurements.
4. Discussion

It has been reported by different groups that proteasome
inhibitors are versatile in inducing apoptosis in either a
p53-dependent or a p53-independent manner [19,20,35].
However, despite a number of promising in vitro and in vivo
studies, the efficacy of proteasome inhibitor bortezomib-
therapy is hampered by drug resistant phenotypes [36]. For
example, Richardson et al. reported that the response to
bortezomib was 35% in patients with relapsed multiple myelo-
ma [37]. Furthermore, breast, melanoma and head and neck
cancer cell lines are differentially sensitive to bortezomib-
treatment in vivo and in vitro models as well as in murine
xenografts [31,38]. In this current study, we studied the
p53-independent induction of apoptosis in p53-deficient 4T1
breast cancer cells following bortezomib-treatment using 2-DE
and label-free LC-MS/MS proteomic techniques. Ten protein
spots in 2-DE up-regulated were identified using LC-MS/MS.
Among these were, for example, anti-apoptotic protein GRP78,
eukaryotic translation initiation factor 5A, transcription elonga-
tion factor B, ATP synthase subunit beta mitochondrial and
galectin-1. Theup-regulations of GRP78 andTCEB2were verified
by Western blot analysis; on the other hand, rather than an
increase in the total amount of galectin-1, we observed a
decrease in the mobility of galectin-1 in SDS-PAGE, suggesting
that the proteasomal inhibition causes a post-translation
modification (e.g., phosphorylation) in galectin-1, which has
not been reported before. The changes in the level of GRP78,
cofilin-1 and heat shock cognate 71 kDa protein in relation to
the proteasomal system were previously identified in different
cancer cell lines or primary cells [31,39,40]. However, to our best
knowledge, this is the first study showing that inhibition of the
proteasome causes changes in the amount of eukaryotic
translation initiation factor 5A, cytochrome b5 type B, myosin
regulatory light chain 12B, transcription elongation factor B
polypeptide 2, peptidyl prolyl cis trans isomerase A, calpain
small subunit 1, glutamate cysteine ligase regulatory subunit
and ATP synthase subunit beta mitochondrial.

We also examined the changes in the level of proteins by
label-free LC-MS/MS analysis, which showed that a number of
proteins involved in protein folding (e.g., heat shock proteins)



Fig. 3 – A) A merged network view of protein interactions determined by IPA software. The proteins determined by LC-MS/MS
were analyzed by Ingenuity Pathway Analysis Tool. Red colored nodes show the proteins upregulated, green nodes show
downregulated proteins, and white nodes are proteins not determined by label-free but with the evidence of interaction with
bortezomib-regulated proteins in IPA database. B) Biological functions identified by IPA Tool. The biological functions and
associated diseases were analyzed for their significant level by p-values calculated with Fisher's exact test. The threshold line
corresponds to p < 0.05.
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are significantly induced in response to proteasome inhibitor
bortezomib. The overexpression of heat shock proteins in
response to proteasome inhibitor MG-132 or bortezomib was
reported in a number of studies [20,31,41]. Interestingly, a
number of proteins involved in the ubiquitin-proteasome
system and/or protein catabolic processes were also signifi-
cantly up-regulated after treatment with bortezomib. This
negative feedback regulation to proteasome inhibitors may
also form the basis of drug resistant phenotypes. We have
also previously shown that proteasome inhibition causes
50–60% inhibition of the protein synthesis activity through
activation of heme-regulated inhibitor kinase (HRI) [22]. These
results presented here also suggest that the decrease
in protein synthesis activity may be partly due to the down-
regulation of the structural constituents of ribosomal
subunits such as 40S ribosomal protein S10. The label-free
LC-MS/MS analysis also indicated for the first time that
importin subunit alpha-2, Gnas (guanine nucleotide-binding
protein G(s) subunit alpha isoforms XLas) and sequestosome 1
were up-regulated in response to proteasome inhibitor
bortezomib. Interestingly, Myeku et al. previously showed
that prolonged autophagy inhibition in cortical neurons
increased the level of sequestosome 1, which was degraded
mainly by autophagy and not by the proteasome. In addition,
they provided strong evidence that sequestosome 1 associates
with proteasomes [42]. The mechanism of increase in
sequestosome 1 in response to proteasomal inhibition ob-
served in this study needs to be further investigated and may
help clarify the link between the autophagy and proteasomes.
As seen in Fig. 3A and B, bortezomib-mediated inhibition of

image of Fig.�3
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the proteasome affected changes in the expression of proteins
involved in post-translational modification, protein folding,
DNA replication/repair/recombination, energy production
and nucleic acid metabolism using IPA software. The role of
the 26S proteasome in protein folding/chaperone system,
post-translation modifications (e.g., NF-κB activation) and
DNA replication/recombination/repair processes has been
described before [43–45]. The merged network showed that
ubiquitin (UBC gene encoding polyubiquitin-C, a precursor of
ubiquitin protein) interacts with almost all proteins in the
network. Interestingly, the proteasomal subunit Psmd14, a
critical subunit for the development of stem cells as well, is
found to be in direct contact with heat shock 70 kDa protein
1B, heat shock cognate 71 kDa, Psmc3 (a proteasomal subunit
involved in diseases of meningitis and HIV-1) and also
ubiquitin. Also, Psmc3 interacts directly with Syn2 protein,
which is involved in synaptogenesis and the modulation of
neurotransmitter release, suggesting a potential role in
several neuropsychiatric diseases [46]; therefore the 26S
proteasome may also be involved in neurotransmitter release
and thus neuropsychiatric diseases through the interactions
of proteasomal subunits with proteins like Syn2 (Fig. 3A). As
can be seen in Tables 1 and 2, heat shock cognate 71 kDa
protein and ATP synthase subunit beta mitochondrial were
detected by two different techniques (i.e., 2D-gel electropho-
resis nLC-MS/MS and label-free nLC-MS/MS); the other pro-
teins detected are either in the same pathway (that is, protein
synthesis or heat shock) or are isozymes of the same protein
(e.g., peptidyl prolyl cis trans isomerase A and peptidyl prolyl
cis trans isomerase B). However, the reasons for not entirely
overlapping between the protein lists obtained by the two
different analyses may be due to the different technical
preparations of samples and analysis parameters of two
independent techniques applied (i.e., 2D-gel electrophoresis
nLC-MS/MS and label-free nLC-MS/MS). In addition, not all
proteins can be easily detected and quantitated, due to
differences in sequence composition and relative ionization
efficiency of different peptides in MS.

Using real-time PCR analysis, eleven apoptosis-related genes
were detected as upregulated in response to 100 nM bortezomib-
treatment. The increased expression of Card10, Dffb, Traf3 and
Trp53bp2 in response to inhibition of the 26S proteasomehas not
been reported previously. Moreover, four genes were found to be
downregulated after bortezomib-treatment; these genes were
Bcl2l1 (also known as Bcl-XL, an anti-apoptotic protein), Fadd,
Traf1 and Xiap (which is a member of the inhibitor of apoptosis
family of proteins, IAPs). It is thus likely that the proteasomal
inhibition triggers the apoptotic cascade through not only
increased up-regulation of pro-apoptotic proteins, but also
through downregulation of anti-apoptotic proteins such as
Bcl2l, Traf1 and Xiap. Furthermore, as can be seen in Table 2
and Table 1 in Ref. [47], the expressions of Hsp90 genes were
determined to be significantly upregulated by both label-free
MS/MS and RT-PCR.
5. Conclusions

Collectively, the results presented here indicate that the
proteasome is involved in the degradation/modification of a
significant number of proteins, each of which plays critical roles
in various intracellular processes. The results presented above
indicate that bortezomib-mediated inhibition of theproteasome
altered the expression of proteins involved in post-translational
modification, protein folding, protein synthesis, transport,
transcription, DNA replication/repair/recombination, energy
production, autophagy and programmed cell death. In addition,
the network analysis indicated that the proteasomemay also be
involved in neurotransmitter release and thus neuropsychiatric
diseases. Therefore, an in-depth investigation and identification
of the mechanism of the ubiquitin-proteasome pathway may
lead to more effective and novel therapeutic strategies for
cancer patients harboring either mutant p53 or wild-type p53.

Supplementary data to this article can be found online at
http://dx.doi.org/10.1016/j.jprot.2014.09.010.
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