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Abstract. Recombinant mutant human tumor necrosis 
factor‑related apoptosis‑inducing ligand (rmhTRAIL) 
has become a potential therapeutic drug for multiple 
myeloma (MM). However, the exact targets and resistance 
mechanisms of rmhTRAIL on MM cells remain to be eluci-
dated. The present study aimed to investigate the target and 
resistance‑related proteins of rmhTRAIL on myeloma cell 
lines. A TRAIL‑sensitive myeloma cell line, RPMI 8226, and 
a TRAIL‑resistance one, U266, were chosen and the differ-
entially expressed proteins between the two cell lines were 
analyzed prior and subsequent to rmhTRAIL administration 
by a liquid chromatography‑tandem mass spectrometry 
method. The results showed that following TRAIL treatment, 
6 apoptosis‑related proteins, calpain small subunit 1 (CPNS1), 
peflin (PEF1), B‑cell receptor‑associated protein 31 (BAP31), 
apoptosis‑associated speck‑like protein containing CARD 
(ASC), BAG family molecular chaperone regulator 2 (BAG2) 
and chromobox protein homolog 3 (CBX3), were upregulated 
in RPMI 8226 cells while no change was identified in the 
U266 cells. Furthermore, small ubiquitin‑related modifier 1 
and several other ubiquitin proteasome pathway (UPP)‑related 
proteins expressed higher levels in TRAIL‑resistant cells 

U266 compared to the RPMI-8226 cells prior and subse-
quent to rmhTRAIL treatment. These results suggested that 
CPNS1, PEF1, BAP31, ASC, BAG2 and CBX3 were possibly 
target proteins of rmhTRAIL on RPMI 8226 cells, while 
UPP may have a vital role in mediating TRAIL‑resistance 
in U266 cells.

Introduction

Multiple myeloma (MM) is a clonal plasma cell malignancy 
characterized by bone, renal, hematological and often neuro-
logical complications (1). Although the response rate of MM 
patients has significantly improved over the last decade due 
to the broad use of novel agents, the majority of patients 
will eventually succumb due to complications associated 
with the development of resistant disease (2). There remains 
a requirement for new therapeutic options for patients 
with this B‑cell malignancy. Tumor necrosis factor‑related 
apoptosis‑inducing ligand (TRAIL) has become a potential 
therapeutic drug for MM, as it selectively induces apoptosis 
in various types of tumor cells, including myeloma cells, 
while it shows no significant untoward effects on normal 
cells (3,4). Recombinant mutant human TRAIL (rmhTRAIL) 
is optimized from wild‑type TRAIL. It has significant 
improvements in terms of stability, solubility and biological 
activity (5).

It has been found that the sensitivity of myeloma cells to 
TRAIL varies considerably in vitro and in vivo. However, the 
exact targets and resistance mechanisms of TRAIL on MM cells 
are controversial. Certain studies have addressed that TRAIL has 
a specific apoptosis‑inducing effect in tumor cells by combining 
with TRAIL receptors on cell membranes (6‑8). By contrast, 
certain studies argue that the sensitivity of MM cells to TRAIL 
has no reference to the level of TRAIL receptors (9,10). To deter-
mine whether there are other targets and resistance mechanisms 
of TRAIL on MM cells, the differentially expressed proteins 
were compared between TRAIL‑sensitive and TRAIL‑resistant 
cell lines prior and subsequent to rmhTRAIL administration by 
a global proteomic‑based approach, and the promising target 
and resistance‑related proteins were analyzed.
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Materials and methods

Reagents and cell lines. RmhTRAIL freeze‑dried powder 
(Beijing Sunbio Biotech Co., Ltd., Beijing, China) was diluted 
in distilled water to a 1 mg/ml rmhTRAIL solution, and was 
preserved and protected from air at ‑20˚C in aliquots, and 
diluted to a working concentration in RPMI‑1640 prior to use. 
The human myeloma cell line RPMI 8226 (Beijing Sunbio 
Biotech Co., Ltd.) and U266 (Cancer Institute and Hospital, 
Chinese Academy of Medical Sciences, Beijing, China) were 
cultured in RPMI‑1640 supplemented with 1% penicillin/strep-
tomycin, 1 mmol/l L‑glutamine and 10% fetal bovine serum 
at 37˚C, 5% CO2 in air.

TRAIL treatment. RPMI 8226 and U266 cells (2x107 cells each) 
were treated with 15.625 and 1,000 ng/ml rmhTRAIL, respec-
tively, for 24 h (8226TRAIL and U266TRAIL), and untreated 
cells were used as the control (8226CON and U266CON). 
The concentrations were selected as the apoptosis ratios were 
4.29 and 0.54%, respectively, according to our previous study 
(unpublished data).

One‑dimensional sodium dodecyl sulfate‑polyacrylamide gel 
electrophoresis (1D‑SDS‑PAGE). Following treatment, the 
cells were washed three times with phosphate‑buffered saline. 
Total proteins from the four groups of cells were extracted from 
cells using the Total Protein Extraction kit (Beijing Biosynthesis 
Biotechnology Co., Ltd., Beijing, China). Cellular debris was 
removed by centrifugation for 30 min at 13,000 x g and at 4˚C. 
Protein concentrations were determined using the bicincho-
nininc acid (Beijing Biosynthesis Biotechnology Co., Ltd.) 
assay. Protein samples were separated by 12% 1D‑SDS‑PAGE 
and stained with Coomassie Brilliant Blue R250 solution 
(Beijing Biosynthesis Biotechnology Co., Ltd.). Protein zones 
were manually excised from the gels. Subsequently, gel sections 
were destained and dehydrated with acetonitrile.

Sample preparation. Subsequent to the samples being 
destained and dehydrated, the proteins in the gel sections were 
reduced with dithiothreitol, alkylated with iodoacetamide and 
incubated with 12.5 µg/µl sequencing grade trypsin (Promega, 
Madison, WI, USA) at 37˚C for 12 h. For protein quantifica-
tion, peptides of the four groups of cells were labeled with 
disparate TMT6 reagents (Pierce Biotechnology, Thermo 
Fisher Scientific, Inc., Rockford, IL, USA). In detail, the 
U266TRAIL group was labeled with TMT6‑128, U266CON 
group with TMT6‑129, 8226TRAIL group with TMT6‑130 and 
8226CON group with TMT6‑131 respectively, according to 
the manufacturer's protocol. The labeling reaction was carried 
out by incubation of tryptic peptides with the TMT reagents 
for 1 h at room temperature, and was quenched by hydrox-
ylamine. The TMT‑labeled peptides were desalted using the 
stage tips. Following the labeling, the peptides were extracted 
with 0.1% formic acid, and dried in a vacuum centrifuge. The 
volumes of the extraction were adjusted to 25 µl with 0.1% tril-
fluoroacetic acid, of which 20  µl was analyzed by liquid 
chromatography‑tandem mass spectrometry (LC‑MS/MS).

LC‑MS/MS. For LC‑MS/MS analysis, each digestion product 
was separated by a 65‑min gradient elution at a flow rate 

0.25 µl/min with the EASY‑nLCII™ integrated nano‑HPLC 
system (Proxeon Biosystems A/S, Odense C, Denmark), 
which is directly interfaced with the Thermo LTQ‑Orbitrap 
mass spectrometer. The LTQ‑Orbitrap mass spectrometer 
was operated in the data‑dependent acquisition mode using 
the Xcalibur software (Thermo Fisher Scientific, Inc.). The 
experiment consisted of a single full‑scan mass spectrum in 
the Orbitrap (400‑1,800 m/z, 30,000  resolutions) followed 
by 20  data‑dependent MS/MS scans in the ion trap at 
35% normalized collision energy. The MS/MS spectra from 
each LC‑MS/MS run were searched against the selected 
database using an in‑house Proteome Discovery searching 
algorithm (10).

Bioinformatics analysis of proteins. The MS/MS peak 
lists were searched against the IPI human database using 
SEQUEST software (http://fields.scripps.edu/sequest/). The 
search criteria were as follows: Full tryptic specificity was 
required; one missed cleavages were allowed; carbamido-
methylation was set as fixed modification; the oxidation was 
set as the variable modification; precursor ion mass tolerances 
were set at 10 ppm for all MS acquired in the Orbitrap mass 
analyzer; and the fragment ion mass tolerance was set at 
0.8 Da for all MS2 spectra acquired in the linear ion trap (11). 
The peptides data were further filtered by selecting proteins 
with ProtScore >2 and at least two unique peptides. Cut-off 
TMT ratios of fold‑change for protein expression were >1.5 for 
upregulation and <0.67 for downregulation.

Differentially expressed proteins were classified based on 
the Protein ANalysis THrough Evolutionary Relationships 
(PANTHER) system (http://www.pantherdb.org), which is a 
unique resource that classifies genes and proteins by their func-
tions (12,13). Certain proteins were annotated manually based 
on literature searches and closely associated homologues.

The differentially expressed protein interaction networks 
were built automatically by the Search Tool for the Retrieval of 
Interacting Genes/Proteins (STRING) system (http://string‑db.
org) with the default setting, except that organism, confidence 
(score) and interactors shown were set to ‘human’, ‘0.20’, and 
‘no more than 10 interactors’, respectively (14,15). The gene 
name list of these proteins was input to search against the 
database, which contains known and predicted protein‑protein 
interactions. The retrieve included a detailed network, which 
highlights several hub proteins.

Results

Proteome profiles of rmhTRAIL‑treated and control myeloma 
cells. Four groups of proteins were separated in SDS‑PAGE 
gels, which were subsequently stained with Coomassie 
Brilliant Blue R250. Each of the four stained polyacrylamide 
gels was divided into 10 sections (Fig. 1).

LC‑MS/MS identification revealed that 1,594  proteins 
were identified, which had a ProtScore >2 and at least two 
unique peptides. 42% (675 of 1,594) proteins were identified by 
>5 peptides, 12% (190 of 1,594) by 4 peptides, 17% (278 of 1,594) 
by 3 peptides and 28% (451 of 1,594) by 2 peptides.

Target proteins of rmhTRAIL on RPMI 8226 cells. Among the 
total 1,594 proteins, 337 differentially expressed proteins were 
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screened in 8226TRAIL/8226CON pair, while 757 differ-
entially expressed proteins in U266TRAIL/U266CON pair, 
among which 245 and 492 proteins could be recognized and 
analyzed by PANTHER. These proteins were involved in 
various biological processes (Fig. 2).

Differentially expressed proteins of the two pairs were 
further analyzed, and the proteins that participated in apoptosis 
were screened by PANTHER. Among them, 6 pro‑apoptotic 

proteins were screened as possible target proteins of rmhTRAIL 
on RPMI 8226 cells (Table I), which were upregulated in the 
8226TRAIL/8226CON pair, while no change was observed in 
the U266TRAIL/U266CON pair. These were calpain small 
subunit 1 (CPNS1), peflin (PEF1), B‑cell receptor‑associated 
protein 31 (BAP31), apoptosis‑associated speck‑like protein 
containing CARD (ASC), BAG family molecular chaperone 
regulator  2 (BAG2) and chromobox protein homolog  3 
(CBX3), respectively.

Resistance‑related proteins of rmhTRAIL on U266  cells. 
Among the total 1,594  proteins, 1,081  differentially 
expressed proteins were screened in the U266CON/8226CON 
pair, while 662  differentially expressed proteins were 
in the U266TRAIL/8226TRAIL pair, among which 
702  and  450  proteins could be recognized and analyzed 
by PANTHER. The differentially expressed proteins of 
the two pairs were further analyzed, and the proteins that 
participated in apoptosis or proliferation were screened by 
PANTHER. Data showed that there were 31 proliferation‑ or 
anti‑apoptosis‑related proteins expressed at higher levels in 
the TRAIL‑resistant cells U266 compared to RPMI 8226 
cells prior and subsequent to rmhTRAIL treatment. Among 
the 31 identified proteins, 20 can be linked through direct 
interaction into a protein‑protein interaction network based 
on the prediction results of STRING system (Fig. 3). Notably, 
small ubiquitin‑related modifier 1 (SUMO1) and several other 
proteins, which participated in the ubiquitin proteasome 
pathway (UPP), were hubs in this network. Of the 20 proteins, 

Figure 1. Sodium dodecyl sulfate‑polyacrylamide gel electrophoresis (12%) 
of the proteins from the four treatment groups. TRAIL, tumor necrosis 
factor‑related apoptosis‑inducing ligand.

Table I. Target proteins of rmhTRAIL on RPMI8226 cells according to liquid chromatography-tandem mass spectrometry 
identification.

				    8226TRAIL/	 U266TRAIL/
Namea	 Function	 Accessionb	 Scorec	 8226CONd	 U266CONe

Calpain small	 Induction of apoptosis;	 IPI00025084	 37.23	 1.941	 0.800
subunit 1 (CPNS1)	 immune system process;
	 proteolysis	
Peflin (PEF1)	 Induction of apoptosis;	 IPI00018235	 30.84	 1.646	 1.021
	 immune system process;
	 proteolysis	
B-cell receptor-associated	 Apoptosis;	 IPI00218200	 18.53	 1.958	 0.831
protein 31 (BAP31)	 intracellular protein transport	
Isoform 2 of apoptosis-associated	 Apoptosis;	 IPI00221360	 17.16	 1.925	 0.731
speck-like protein	 proteolysis
containing a CARD (ASC)
BAG family molecular	 Apoptosis;	 IPI00000643	 11.29	 1.599	 0.822
chaperone regulator 2 (BAG2)	 protein folding	
Chromobox protein	 Apoptosis;	 IPI00297579	 7.47	 2.303	 0.929
homolog 3 (CBX3)	 regulation of transcription from
	 RNA polymerase II promoter;
	 establishment or maintenance
	 of chromatin

aProtein description in the IPI human database. bAccession number in the IPI human database. cLevel at which the peptide matches the protein. 
dRatio of proteins in the 8226TRAIL/8226CON pair. eRatio of proteins in the U266TRAIL/U266CON pair. rmhTRAIL, recombinant mutant 
human tumor necrosis factor-related apoptosis-inducing ligand; CON, control.
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12 are known SUMO1 interactors. These results showed that 
UPP proteins were overexpressed in U266 cells and were inde-
pendent of rmhTRAIL treatment, suggesting that UPP may 
have a vital role in mediating TRAIL‑resistance in U266 cells.

Discussion

The present study analyzed the TRAIL‑targeted proteins and 
the resistance‑related proteins by a global proteomic‑based 
approach. According to the results, the possible target proteins 
of rmhTRAIL on RPMI  8226 cells were CPNS1, PEF1, 
BAP31, ASC, BAG2 and CBX3. The possible resistance 
mechanism of rmhTRAIL on U266 cells was the overexpres-
sion of UPP‑related proteins.

To date, studies in MM show that TRAIL induces cell apop-
tosis via the extrinsic and intrinsic pathways (16). According to 
this view, TRAIL receptors are considered essential in these 
two approaches, which is inconsistent with certain studies that 
argue the sensitivity of MM cells to TRAIL has no reference 
to the level of TRAIL receptors (9,10). With the present data, 
the pro‑apoptosis proteins CPNS1, PEF1, BAP31, ASC, BAG2 
and CBX3 may be the apoptosis‑induced mechanisms in addi-
tion to the activation of death receptors.

Furthermore, a previous study showed that the resistance 
mechanisms of myeloma cells to TRAIL contain various path-
ways, including variable levels of TRAIL receptors, variable 
expression levels of molecules participating extrinsic pathway 
or intrinsic pathway, and drug resistance mediated by bone 

Figure 2. Biological processes of the differentially expressed proteins of the 8226TRAIL/8226CON and U266TRAIL/U266CON pairs. TRAIL, tumor 
necrosis factor‑related apoptosis‑inducing ligand.

Figure 3. Protein‑protein interaction network of the identified proteins. The network containing 20 identified proteins was mapped using the STRING system 
(http://string‑db.org/) based on evidence with different types. In the evidence view, the links between proteins represent possible interactions. Different line 
colors represent the types of evidence for the associations, which are shown in the legend.
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marrow stromal cells (17). UPP is an important mechanism 
in the degradation of proteins  (18,19), which has not been 
reported in previous studies of TRAIL‑resistance mechanism 
in myeloma cells. Recent studies showed that the disorder of 
tumor cell regulatory function can be due to the inactivation 
of key regulators. Therefore, the proteasome inhibitor has 
become an effective therapeutic approach of tumor treatment, 
particularly for the treatment of hematological malignan-
cies (18). For myeloma, the proteasome inhibitor bortezomib 
has shown significant effectiveness and tolerance, while the 
synergistic effect with various drugs has been shown (20). 
According to the present result, the combination of TRAIL 
with the proteasome inhibitor may show a synergistic effect 
in the TRAIL‑resistant cell line U266, and the resistance of 
U266 to TRAIL may be reversed theoretically.

As several pro‑ and anti‑apoptosis proteins have been 
screened by LC‑MS/MS, their functions could be identified 
in the following step to a more extensive verification of the 
proteins screened by the present study. In addition, TRAIL 
receptors were not identified by LC‑MS/MS, which could be 
due to the limitation of the mass spectrum, as the proteins with 
a low concentration could not be identified (21).

In conclusion, the present study provides a feasible 
method to explore targets and resistance mechanisms 
for drugs and new information regarding rmhTRAIL on 
myeloma cells. According to the results from the global 
proteomic‑based approach, the possible target proteins of 
rmhTRAIL on RPMI 8226 cells are CPNS1, PEF1, BAP31, 
ASC, BAG2 and CBX3. While the possible resistance mecha-
nism of rmhTRAIL on U266 cells is the overexpression of 
UPP‑related proteins.
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