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Serum deprivation elevates the levels of 
microvesicles with different size distributions and 
selectively enriched proteins in human myeloma 
cells in vitro
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Aim: To investigate the effects of serum deprivation (SD) on microvesicles (MVs) secreted from human myeloma cells and the 
implications for disease progression.
Methods: RPMI 8226, U266, and KM3 human myeloma cells were incubated in medium containing 10% (non-SD) or 1% fetal bovine 
serum (SD) and MVs were isolated.  The levels and size distribution of MVs were analyzed with flow cytometry.  The protein profiles of 
MVs were studied using 2D SDS-PAGE, MALDI-TOF-MS, and Western blotting.  NF-κB activation was analyzed using EMSA.  Angiogenesis 
was examined in Eahy926 endothelial cells.
Results: Exposure of RPMI 8226 cells to SD for 24 h did not alter the number of apoptotic cells.  However, SD increased the number 
of MVs from RPMI 8226, U266, and KM3 cells to 2.5-, 4.3-, and 3.8-fold, respectively.  The size distribution of SD MVs was also 
significantly different from that of non-SD MVs.  Three proteins ZNF224, SARM, and COBL in SD MVs were found to be up-regulated, 
which were involved in cell cycle regulation, signal transduction and metabolism, respectively.  Co-culture of SD MVs and RPMI 8226 
cells increased NF-κB activation in the target RPMI 8226 cells.  Furthermore, SD MVs from RPMI 8226 cells significantly increased the 
microtubule formation capacity of Eahy926 endothelial cells compared with non-SD MVs.
Conclusion: SD elevates the levels of microvesicles with different size distribution and selectively enriched proteins in human myeloma 
cells in vitro.  The selectively enriched proteins, especially ZNF224, may play key roles in regulation of myeloma cells, allowing better 
adaptation to SD.
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Introduction
One hallmark of human cancers is their ability to evade apop-
tosis[1].  Cancer cells adapt better than do normal diploid 
cells to environmental stress.  When confronted with pro-cell 
death signals, cancer cells initiate complicated anti-apoptotic 
processes; promote angiogenesis; and alter their energy 
metabolism to survive, invade or even metastasize[2].  Multiple 
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myeloma (MM) is a plasma cell malignancy that occurs in the 
bone marrow, and conventional high-dose chemotherapy ulti-
mately results in drug resistance[3].  Studies have shown that 
a decrease in apoptosis may be an indicator of progression 
from the inactive disease monoclonal gammopathy of unde-
termined significance (MGUS) to overt MM[4].  In other words, 
certain defects in the apoptotic process could be involved in 
this neoplasia.

In the in vitro cultivation of most cell lines and primary cells, 
fetal bovine serum (FBS) is frequently used as supplementa-
tion to a basal medium.  FBS contains certain nutritional and 
macromolecular growth factors that facilitate cell growth.  
Serum deprivation (SD), which has also been referred to as 
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environmental stress, is a common model of cellular stress in 
vitro and is used to study the acquired anti-apoptosis of tumor 
cells[5, 6].  Cellular stress has been identified as one of the key 
factors responsible for initiating the carcinogenic process and 
treatment resistance[1].  SD reduces basal cellular activity and 
induces apoptosis in various cells[7].  While in the early stage of 
SD, in contrast to normal cells, tumor cells initiate complicated 
processes against apoptosis[2, 8].

Microvesicles (MVs), also known as shedding vesicles or 
microparticles, are endosome-derived organelles that are 
spontaneously secreted from normal and neoplastic cells.  
These vesicles were originally considered inert cellular debris; 
however, it is now known that both their cytoplasmic frag-
ments and their membranes contain a variable spectrum of 
molecules whose pattern specifically reflects the donor cell 
that secretes these MVs[9].  Release of MVs is a process that 
occurs in a spectrum of cell types and, more frequently, in 
tumor cells.  Recently, rapidly emerging evidence has sup-
ported the significance of MVs in a broad range of physiologi-
cal and pathological processes[10].  Important work has been 
devoted to the biology of tumor cell-derived MVs.  Compel-
ling evidence suggests that tumor cell-derived MVs have vital 
roles in tumor invasion and metastasis, and their pathological 
functions are still under intense investigation[11].  However, it 
is not yet known how MM cell-derived MVs change under SD 
and whether these MVs are responsible for tumor progression 
and treatment resistance.

In this study, using well-documented myeloma cell lines as 
cell models, we determined whether and how SD affects the 
characteristics of myeloma cell-derived MVs, including their 
levels, size distribution and enriched proteins.  In this context, 
we evaluated the role of ZNF224 in MVs and how this protein 
affects NF-κB activity in target myeloma cells and tube forma-
tion in endothelial cells.

Materials and methods 
Cell lines and culture
RPMI 8226 and U266 human myeloma cell lines were obtained 
from ATCC (USA), and KM3 myeloma cells were a kind 
gift from Dr Jian HOU ( Department of Hematology, The 
Myeloma & Lymphoma Center, Changzheng Hospital, Shang-
hai, China).  The cells were maintained in RPMI-1640 medium 
supplemented with 10% FBS (Gibco, Carlsbad, CA, USA) and 
1% penicillin-streptomycin (Beyotime, Shanghai, China) at 
37 °C in a humidified atmosphere in the presence of 5% CO2.  
The cells were passaged three times per week.  SD was per-
formed under the same culture conditions but with 1% FBS.

Proliferation, apoptosis and cell cycle assays
To assay the effect of SD on RPMI 8226 cells, cell proliferation 
was evaluated by an MTT assay, and the cell cycle and apop-
tosis were analyzed by flow cytometry.  In the MTT assay, 
RPMI 8226 cells were seeded at 5×104 cells/well into a 96-well 
tissue culture plate.  MTT reagent (Sigma-Aldrich, St Louis, 
MO, USA) was added 24 h later and the culture was main-
tained for 4 h.  The formazan was dissolved in DMSO and the 

optical density was assessed at a wavelength of 570 nm.  For 
apoptosis analysis, RPMI 8226 cells were washed twice in PBS, 
and the Annexin V-FITC apoptosis detection kit (KeyGEN, 
Nanjing, China) was used according to the manufacturer’s 
instructions.  The percentage of cells positive for Annexin 
V was analyzed by flow cytometry.  Cell cycle analysis was 
performed with propidium iodide (PI) staining (50 μg/mL) to 
assess the percentage of cells at each cell cycle stage.  For each 
sampling, 1×104 cells were analyzed using a Becton Dickinson 
FACSCalibur (Mountain View, CA, USA).

Isolation of MVs 
MVs were isolated from the conditioned medium of myeloma 
cells by continuous differential centrifugation, as described[9].  
Briefly, myeloma cells harvested in the log growth phase were 
reseeded at 5×105 cells/mL in RPMI-1640 with 10% FBS or 1% 
FBS (we also removed FBS-derived MVs by the method of 
differential centrifugation before use).  After 24 h of culture, 
cells and debris were removed by centrifugation at 750×g for 
15 min and 1500×g for 20 min, respectively.  MVs were pel-
leted by further centrifugation at 16 000×g for 45 min at 4 °C.  
Trypan blue was used for dead cell counting after SD.  Only 
samples with <5% cell death were used, which ensured that 
our MVs were predominantly caused by stimulation and not 
cell death.

Transmission electron microscopy
To compare the microscopic characteristics of SD MVs and 
non-SD MVs (control), RPMI 8226 cells maintained in medium 
containing 10% or 1% FBS were fixed in 3% glutaraldehyde for 
2 h and then in 1% osmium tetroxide.  Following serial dehy-
dration, the cells were soaked in propylene oxide and then 
embedded in resin.  Sections of 0.1 μm in thickness were pre-
pared from the cells.  Shedding of MVs was observed around 
the cell membrane.  Photographs (×25 600) were taken using a 
Fei.Tecnai.GZ.12 transmission electron microscope (FEI, Hills-
boro, OR, USA).

Flow cytometry analysis of MVs
Standard microbeads with a diameter of 1 μm (Sigma-Aldrich, 
St Louis, MO, USA) were used to set the upper size limit for 
MVs.  To determine the number of MVs, aliquots (5 μL) of 
3 μm standard microbeads (6.77×109 particles/mL; Sigma-
Aldrich, St Louis, MO, USA) were added to an MV sample.  
MVs isolated from a 10 mL supernatant of myeloma cell-con-
ditioned medium were resuspended in PBS and then stained 
with calcein-AM (5 μg/mL; Life Technologies, Carlsbad, CA, 
USA) for 20 min at ambient temperature.  The stained MVs 
were diluted in 400 μL PBS and analyzed using a FACSAria 
II (BD Pharmingen, San Diego, CA, USA).  MVs were defined 
as calcein-positive events.  The counting endpoint was set as 
100 000 events in the population corresponding to the 3 μm 
standard beads.  The relative number in the two samples was 
calculated using the 3 μm beads as an internal standard[12].  
The concentration of MVs in a sample can be calculated with 
the formula below:
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Cs: Concentration of standard microbeads in the sample to be 
analyzed; here, we prepared each sample with a Cs of 8.46×107 
particles/mL.  Cmv: Concentration of MV events in the sample 
to be analyzed.  Eventp2: Event number in the P2 population (3 
μm standard microbeads); here, we set a counting endpoint of 
100 000 events for the P2 population.  Caleventp1: Calcein-AM-
positive event number in the P1 population.

For size assessment, Dragon Green-coupled polystyrene 
microbeads (0.2, 0.5, and 0.8 μm;  Bangs Laboratories, Fishers, 
IN, USA) were used for size calibration.  Gating and analysis 
were determined by a reported method[9].  Flow cytometry 
data were analyzed using FlowJo software, version 7.6 (Tree 
Star Inc, Ashland, OR, USA).  

Two-dimensional polyacrylamide gel electrophoresis 
MVs produced by RPMI 8226 cells in culture medium with 
10% FBS or 1% FBS were pelleted by ultracentrifugation, as 
described above.  The resulting pellet was lysed in lysis buffer 
(4% CHAPS, 4 mol/L Tris, 8 mol/L urea and 1% DTT), and 
the lysates were centrifuged at 12 000×g for 30 min at 4 °C.  The 
supernatant was transferred to a new tube, and the total pro-
tein concentration was determined by Bradford assay.  Trip-
licate gels were made for each MV sample, and a total of 150 
μg protein per gel was analyzed.  Linear IPG 18-cm strips (pH 
3–10) were rehydrated with MV protein samples for 12 h at 30 
V.  The gel was run according to the manufacturer’s instruc-
tions on an IPGphor II apparatus (GE Healthcare, fairfield, CT, 
USA) in gradient mode: 200 V step-n-hold for 1 h, 500 V gradi-
ent for 1 h, 1500 V gradient for 0.5 h, 8000 V gradient for 1 h 
and 8000 V step-n-hold for 7 h.  Focused IPG strips were equil-
ibrated for 15 min in a solution [6 mol/L urea, 2 % SDS, 30% 
glycerol, 50 mmol/L Tris-HCl (pH 8.8) and 0.2 % DTT] and 
then for an additional 15 min in the same solution, except that 
DTT was replaced by 3% iodoacetamide.  Two-dimensional 
sodium dodecyl sulfate polyacrylamide gel electrophoresis 
(SDS-PAGE) was then performed using the Ettan DALTsix 
electrophoresis system (GE Healthcare, fairfield, CT, USA) in 
a Hoefer DALT™ tank.  To visualize the protein spots in the 
2-DE gels, the gels were silver stained.  

Gel scanning and image analysis
The stained 2-DE gels were scanned and analyzed using the 
PDQuest system (Bio-Rad,Hercules, CA, USA), following the 
manufacturer’s protocols.  Three separate gels were prepared 
for each MV sample to minimize the contribution of experi-
mental variation.  The gel spot pattern of each gel was sum-
marized in a standard after spot matching.  The relative inten-
sities were quantified as the intensity of a spot relative to the 
total intensity of all the spots in the gel.  The change index was 
defined as the ratio of the relative intensities of the spots from 
SD MVs and non-SD MVs.  All indexes were calculated based 
on the mean of the spot intensities of all six gels, with standard 
deviations.  Proteins were classified as being differentially 
expressed when the spot intensity showed ≥2-fold variation 

between SD MVs and control MVs.

Mass spectrometric determination of partial peptide sequence
Protein spots showing comparable differences across SD 
MVs and non-SD MVs were excised from the gels, and in-gel 
digestion was performed.  The gel spots were washed three 
times with double-distilled water and destained with a fresh 
solution containing 100 mmol/L ferricyanide kalium and 50 
mmol/L sodium hyposulfite.  The pieces were then washed 
twice in 25 mmol/L sodium bicarbonate and 50% methyl cya-
nides.  After being dried in a vacuum centrifuge, the gels were 
digested overnight with gentle agitation in 20 mg/L trypsin 
(Promega, Madison, WI, USA) at 37 °C.  The tryptic peptide 
mixture was extracted three times with 0.1% trifluoroacetic 
acid in 50% acetonitrile and then dried overnight.  The dried 
material was dissolved in a saturated solution of a-cyano-
4-hydroxycinnamic acid with 0.1% trifluoroacetic acid and 
50% acetonitrile.  Peptide mass fingerprinting (PMF) was per-
forming using a Bruker Daltonics Autoflex TOF-TOF LIFT MS 
(Bruker, Karlsruhe, BW, Germany).  For database searching, 
the MASCOT search engine was used by setting a peptide tol-
erance of 50 ppm.  

Western blot analysis 
Myeloma cells or MVs were solubilized in SDS lysis buffer 
and quantified by Bradford assay.  Lysed protein samples (40 
μg) were subjected to 10% SDS-PAGE and transferred to nitro-
cellulose membranes.  The membranes were blocked for 1 h at 
room temperature in TBST [50 mmol/L Tris-HCl (pH 7.6), 150 
mmol/L NaCl and 0.1% Tween 20] and 5% nonfat dried milk 
and then incubated with rabbit polyclonal anti-human ZNF224 
antibody (Sigma-Aldrich, St Louis, MO, USA) (1:400 in block-
ing buffer overnight at 4 °C), followed by rabbit polyclonal 
anti-human β-actin antibody ( Santa Cruz Biotechnologm, 
Santa Cruz, CA, USA) (1:1000 in blocking buffer overnight at 
4 °C).  The membranes were incubated with the appropriate 
secondary antibody for 2 h at room temperature, followed by 
enhanced chemiluminescence according to the manufacturer’s 
instructions (Beyotime, Shanghai, China).  The densities of the 
immunoreactive bands were measured by PDQuest software 
(Bio-Rad,Hercules, CA, USA).

Electrophoretic mobility shift assays
After co-culture with 100 μg/mL SD MVs or non-SD MVs for 
12 h, nuclear extracted proteins from RPMI 8226 cells were 
prepared using a nuclear protein extraction kit (Beyotime, 
Shanghai, China) and quantified by Bradford assay.  Co-
culture of the same concentration of heat-inactivated (HI)-non-
SD MVs or HI-SD MVs was set as a control.  Heat inactivation 
of MVs was performed at 100 °C for 10 min[13].  Electropho-
retic mobility shift assays (EMSAs) were performed using a 
LightShift kit (Pierce, Rockford, IL, USA).  In particular, 5 μg 
samples were incubated in 20 μL of reaction mixture with or 
without an excess of DNA competitors on ice for 20 min.  Bio-
tin-labeled probes (synthesized and 5’-labeled by Sangon Inc, 
Shanghai, China) were then added.  For super-shift assays, 5 

 Cs   = 
   Eventp2

Cmv    Caleventp1
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μg of antibodies was added 10 min before the addition of the 
probe to the reaction mixture.  All DNA–protein complexes 
were resolved by electrophoresis on 5% native polyacrylamide 
and transferred to Immobilon-Ny+ membranes (Millipore, Bil-
lerica, MA,  USA).  

Quantitative real-time polymerase chain reaction
The total RNA of RPMI 8226 cells cocultured with 100 μg/mL 
SD MVs or non-SD MVs for 12 h or 24 h was isolated with 
TRIzol (Invitrogen, Carlsbad, CA, USA) according to the 
manufacturer’s instructions.  First-strand cDNA synthesis 
was performed using the ReverTra Ace qPCR RT Kit (Toyobo, 
Osaka, Japan).  Real-time polymerase chain reaction (RT-PCR) 
assays were performed using SYBR Premix Ex TaqTM (Takara, 
Otsu, Japan) on a real-time PCR system (ABI 7500, Applied 
Biosystems, USA).  The primers (Invitrogen, Carlsbad, CA, 
USA) used were as follows: VEGF, 5’-AAG GAG GAG GGC 
AGA ATC AT-3’ (F) and 5’- ATC TGC ATG GTG ATG TTG 
GA-3’ (R); IL-6, 5’-ATG AGG AGA CTT GCC TGG TG-3’ (F) 
and 5’-CAG GGG TGG TTA TTG CAT CT-3’ (R); and GAPDH, 
5’-AGA AGG CTG GGG CTC ATT TG-3’ (F) and 5’-AGG GGC 
CAT CCA CAG TCT TC-3’ (R).  The real-time PCR conditions 
were 2 min at 50 °C, 10 min at 95 °C and then 40 cycles of 30 s 
at 95 °C and 30 s at 60 °C.  Quantitation was performed using 
the comparative CT method, with GAPDH as the normaliza-
tion gene.  Log2-transformed fold-change values were plotted 
and used for significant differences tests.  Additionally, mRNA 
expression was confirmed by semiquantitative RT-PCR.

Tube formation assays
Matrigel-coated plates were prepared by adding 100 μL/well 
Matrigel (BD, USA) to 96-well plates.  Aliquots of Eahy926 
cells (1×104) were seeded onto the Matrigel-coated wells of a 
96-well plate and cultured in 10% FBS-supplemented DMEM 
in the presence of 100 μg/mL non-SD MVs or SD MVs.  The 
same concentration of HI-non-SD MVs and HI-SD MVs was 
set as a control.  Triplicate wells were used in each experiment.  
Tube formation was examined after 6 h of culture by phase-
contrast microscopy (Olympus IX81, Tokyo, Japan), and closed 
tube formation was quantified.

Statistical analysis 
The data are expressed as mean±SEM of at least three experi-
ments.  Statistical analyses were performed using a paired 
Student’s t test, and differences were considered statistically 
significant at P<0.05.

Results
SD treatment results in significantly decreased proliferation and 
G0/G1 state arrest without increased apoptosis in RPMI 8226 
cells
To confirm the effect of SD on RPMI 8226 cells, we exposed 
RPMI 8226 cells to SD (1% FBS) for 24 h and tested the influ-
ence of SD on cell proliferation, the cell cycle and apoptosis.  
In the MTT assay, RPMI 8226 cells that underwent 24 h of 
SD showed 89% of the cell proliferative response in non-SD 

cultures (P<0.05) (Figure 1A), suggesting that SD significantly 
reduced the proliferation of myeloma cells.  Shortages of nutri-
tional support and macromolecular growth factors due to a 
lack of FBS may have been the cause of the low proliferation 
rate[14].

Additionally, we observed that 24 h of SD caused an 
increase in the number of RPMI 8226 cells in the G0/G1 phase 
(50.75%±1.13% vs 62.23%±1.26%) (P<0.01) and a decrease in 
the number of cells in the S and G2/M phases (18.24%±0.65% 
vs 9.43%±0.40%) (P<0.01) (Figure 1B), which is consistent with 
the current standard approach to the synchronization and 
arrest of cells in the G0/G1 state through SD treatment[15].  

We observed no significant increase in the number of 
annexin V-positive cells (5.56%±0.83% vs 6.80%±0.16%) 
(P>0.05) after 24 h of SD (Figure 1C and 1D).  Our hypothesis 
is that the changes in myeloma cell-derived MVs in the early 
stage of SD may reflect the adapted phenotype of the myeloma 
cells, which could be targeted by therapy.  Because the pro-
apoptotic effect of long hours of SD was obvious for RPMI 
8226 cells[16], 24 h was chosen as the time point for MV collec-
tion.  Dead cells were kept below 5% for both groups, which 
ensured that SD MVs were predominantly caused by stimula-
tion and not cell death.  

Validation of MVs 
Both the non-SD MVs and the SD MVs from RPMI 8226 cells 
showed a spheroid shape with a diameter of 0.1–1.0 μm in 
transmission electron microscopy images (Figure 2A and 
2B).  The MVs were located close to the cell membrane, which 
is consistent with other reports[17].  Using 1 μm beads as the 
internal size standard, we analyzed MVs below the FSC sig-
nal, corresponding to 1 μm beads (P1 population in Figure 
2E).  Furthermore, calcein-AM was used to define MVs as 
calcein-AM-positive events.  Calcein-AM is a non-fluorescent 
calcein acetoxymethyl ester that is membrane permeable and 
has negligible membrane binding.  Upon cleavage by cytosolic 
esterases, calcein binds to calcium, becomes fluorescent, and 
is retained within MVs.  Thus, only intact MVs will fluoresce, 
and concomitant staining of debris is avoided[9].  The data sug-
gested that our MV sample collected following the differential 
centrifugation protocol had a purity of 70% (Figure 2F), and 
cell debris or mass-molecule compounds were observed as 
calcein-negative events in the FACS analysis.

SD induced elevated levels of MVs with different size distri bu-
tions from RPMI 8226, U266, and KM3 myeloma cells
Three sizes of standard microbeads (0.2, 0.5, and 0.8 μm; Bangs 
Laboratories, Fishers, IN, USA) were used for size calibra-
tion (Figure 2C).  When we analyzed the size distribution of a 
mixed sample of the three standard microbeads, three distinct 
distributions of microbeads were observed in the histogram 
(Figure 2D), validating our method of testing the size distribu-
tion of MVs.  Using equal counts of larger (3 μm) beads as an 
internal standard (P2 population in Figure 2E), we analyzed 
the number of calcein-AM-positive events recorded in the 
supernatants of myeloma cells by flow cytometry.  The data 
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suggested that SD stimulated 2.5-fold more MVs from RPMI 
8226 cells than did the control (P<0.01) and 4.3- and 3.8-fold 
more MVs from U266 and KM3 cells, respectively, than did 
the control (Figure 2G).  Thus, SD stimulated RPMI 8226 cells 
to secrete significantly higher levels of MVs.

Furthermore, the data suggested that all three myeloma cell 
lines generated distinct populations of MVs with different size 
distributions when confronted with SD (Figure 3).  This study 
found that cell stress affected the size distribution of cell-
derived MVs and evidenced that myeloma cells confronted 
with SD shed different-sized MVs.

Selectively enriched proteins in SD MVs 
Because SD resulted in elevated levels of MVs with different 
size distributions from myeloma cells, we used RPMI 8226 
cells to determine the proteins in SD MVs and to understand 
the functional implication of SD-induced MVs for myeloma.  
We hypothesized that different proteins in the MVs from 
RPMI 8226 cells were induced by SD.  To identify the proteins 
involved, we initiated a comparative proteomic study of MVs 
derived from RPMI 8226 cells that did or did not undergo 
SD.  Two representative 2-DE maps from the two groups are 
shown in Figure 4A.  For a reliable analysis of protein expres-

sion, 2-DE was performed for each group in triplicate.  The 
attained 2-DE patterns of each group were highly reproducible 
and well resolved.  Close-up views of the region of the gels 
showing differential expression of proteins between the two 
MV populations are shown in Figure 4B.  Using PDQuest soft-
ware, version 8.0.1, the expression level of each protein was 
normalized as the percentage of the spot’s volume relative to 
the total volume of valid protein spots in the gel (Figure 4C).  
Image analysis revealed that five spots (spots 1, 2, 3, 4, and 5) 
had specifically increased in size (≥2-fold upregulated, P<0.05) 
for SD MVs, whereas two spots (spots 6 and 7) had decreased 
in size (≥2-fold downregulated, P<0.05) compared with spots 
for non-SD MVs.  The results suggested that selected proteins 
were expressed in the SD MVs.

The seven differentially expressed protein spots, marked 
with numbers and arrows in Figure 4A, were excised from 
silver-stained gels, in situ digested with trypsin and analyzed 
by matrix-assisted laser desorption ionization-time-of-flight-
mass spectrometry (MALDI-TOF-MS).  High-quality PMF was 
performed for three (1, 2, and 3) of the differentially expressed 
proteins.  The MALDI-TOF-MS maps of spots 1, 2, and 3 are 
shown in Figure 5A, 5B, and 5C, respectively.  The monoiso-
topic peaks were input into the Mascot search engine to search 

Figure 1.  SD treatment resulted in significantly decreased proliferation and G0/G1 state arrest without increased apoptosis in RPMI 8226 cells.  RPMI 
8226 cells were cultured with 10% FBS and 1% FBS (SD) for 24 h, and proliferation and apoptosis were analyzed using MTT and flow cytometry, 
respectively.  (A) For the growth assays, MTT was used and the results were indicated.  (B) Cell cycle was determined by FACS analysis of DNA 
fragmentation of propidium iodide-stained nuclei.  SD resulted in increased RPMI 8226 cells at the G0/G1 phase (50.75%±1.13% vs 62.23%±1.26%, 
P<0.01) and increased cells at the G2/M phases (18.24%±0.65% vs 9.43%±0.40%, P<0.01).  (C and D) For apoptosis analysis, the cells under SD and 
non-SD were stained with annexin V and evaluated using FACS.  No induced apoptosis of RPMI 8226 cells under SD was observed (5.56%±0.83% vs 
6.80%±0.16%, P>0.05).  The data shown represent the mean±SEM from at least 3 independent experiments.   aP>0.05, bP<0.05, Student’s t-test.
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the Swiss-Prot database, and the query results showed that 
the three up-regulated proteins in SD MVs were ZNF224, 
SARM and COBL.  The annotation of the three identified pro-
teins is summarized in Table 1.  Based on protein functions 
determined using information from the Swiss-Prot database, 
the identified proteins associated with a response to SD were 
involved in cell cycle regulation, signal transduction, and 
metabolism[18–20], which suggested that the enrichment of these 

proteins in SD MVs was involved in myeloma progression.  

Validation of enriched ZNF224 protein in SD MVs
Among the three proteins identified above, ZNF224 is a 
known transcriptional repressor that was reported to have 
a positive effect on the activity of the NF-κB signaling path-
way[21].  Here, considering the vital role of NF-κB activation in 
MM disease advancement and the transcriptional activation of 

Figure 2.  Characteristics of MVs generated by myeloma cells under SD and non-SD.  The transmission electron microscopy images of MVs generated by 
RPMI 8226 cells under SD and non-SD are respectively shown in (A) and (B).  Flow cytometry plots of three standard microbeads (0.2, 0.5, and 0.8 μm) 
and distribution of the three standard microbeads on the histogram in flow cytometry analysis are respectively shown in (C and D).  (E) Representative 
flow cytometry plots of MVs.  The microbeads (1 μm) were used as a size internal standard (P1 proportion) and equal count of the microbeads (3 μm) (P2 
proportion) were used as an internal standards.  (F) Integrity validation of MVs sample by calcein-AM.  MVs were defined as calcein-positive events.  Only 
intact MVs is calcein-AM positive and concomitant staining of debris was avoided.  Counting end was set as 105 events in the poportion of the 3 μm 
standard beads.  The data suggested that the samples, including SD MVs and non-SD MVs derived from myeloma cells (RPMI 8226, U266, and KM3), 
acquired by differential centrifugation method had 70% of intact MVs.  (G) Equal count of 3 μm beads (P2 proportion) was used as a counting internal 
standards, MVs events were counted for both samples and the corresponding bars was shown.  SD stimulated more MVs than non-SD in myeloma cells 
(RPMI 8226: 2.5-fold; U266: 4.3-fold; KM3: 3.8-fold).  Data represent mean±SEM.  n=3.  cP<0.01.

Table 1.  Spots identified by MALDI-TOF MS. 

Spot ID       NCBInr ID
                   Peptides               Theorical                  Theorical         Sequence                                  

Protein name
 

                                          matched      PI                    Mr   covered (%)
 
 1 119577654 21/50 8.96   84875 35 Zinc finger protein 224
 2 154090976 20/50 6.14   80365 36 Sterile alpha and TIR motif-containing protein 1
 3   28374332 19/50 6.34 123116 24 COBL protein 
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anti-apoptotic proteins by NF-κB[22, 23], we performed a West-
ern blot analysis of ZNF224 to further validate this protein’s 
presence in SD MVs.  The results confirmed ZNF224 as an 
upregulated protein in myeloma cell-derived MVs after SD 
(Figure 6).  Interestingly, we also observed up-regulation of 
ZNF224 in the parent cells after SD (Figure 6).  When compar-
ing ZNF224 protein expression levels relative to β-actin levels, 
we found that the expression of ZNF224 in non-SD MVs was 
at the same level as in the parent cells; however, the level was 
3-fold higher in SD MVs than that in the parent RPMI 8226 
and U266 cells (1 and 2 in Figure 6).  In other words, myeloma 
cells selectively and significantly excreted the ZNF224 protein 
via shedding MVs when confronted with SD, suggesting that 
it was of great importance to investigate this selective expres-
sion of the ZNF224 protein.

Co-culture of SD MVs increased NF-κB activation in RPMI 8226 
cells 
Because ZNF224 was reported to positively regulate the NF-κB 
signaling pathway in tumor cells[21] and because NF-κB is con-
stitutively activated in myeloma cells by environmental stress 
signals, which is critical to apoptosis evasion and the disease 
progression of myeloma[22, 23], we further hypothesized that the 
SD MVs enriched in the ZNF224 protein enhanced the activity 
of NF-κB in neighboring RPMI 8226 cells.  First, we confirmed 
the increased activity of NF-κB in RPMI 8226 cells under SD 
(Figure 7C and 7D), which was consistent with a report that 
cell stress stimulates NF-kB activation and decreases pro-death 
signal-induced apoptosis[24].  Thus, excreting ZNF224 by shed-
ding MVs did not decrease the activity of the NF-κB signaling 
pathway in the parent RPMI 8226 cells.  We then performed 

Figure 3.  Distinct size distribution of MVs generated by myeloma cells under SD and non-SD.  (A) Non-SD MVs, (B) SD MVs, (C) Corresponding bar 
charts of the different size distribution of non-SD MVs and SD MVs.  Data represent mean±SEM.  n=3.  bP<0.05, cP<0.01.
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a co-culture experiment with SD MVs and RPMI 8226 cells 
to further study the potential influence of ZNF224 selectively 
excreted via SD MVs on the activity of NF-kB in neighboring 
tumor cells.  Our data suggested that SD MVs significantly 
increased NF-κB activation in target RPMI 8226 cells, whereas 
non-SD MVs did not (Figure 7A and 7B).  In addition, we used 
heat inactivation to inactivate the proteins in SD MVs (HI-

SD MVs) and found that these HI-SD MVs failed to activate 
NF-κB in target tumor cells (Figure 7A and 7B), suggesting a 
vital role for heat-sensitive components, such as proteins, and 
especially ZNF224, in the regulation of NF-κB activity in target 
RPMI 8226 cells.  

In addition, we examined how the levels of VEGF and IL-6, 
the two genes that play key roles in myeloma and are regu-
lated by NF-κB, changed in RPMI 8226 cells confronted with 
SD MVs.  SD MVs significantly up-regulated the gene expres-
sion of VEGF and IL-6 in target myeloma cells treated with 
MVs after 12 h and 24 h, respectively; however, this effect was 
abolished by heat inactivation of SD MVs (Figure 7E and 7F).  
The results of semiquantitative RT-PCR are shown in Supple-
mentary Figure S1.  These data further supported the regula-
tion of NF-κB activity in target RPMI 8226 cells by SD MVs.

SD MVs enhance tube formation of Eahy926 endothelial cells
Angiogenesis is another hallmark of myeloma[3].  Previously, 
we found that RPMI 8226 cell-derived MVs significantly 
enhanced angiogenesis (data not shown).  To further investi-
gate the effect of SD MVs on angiogenesis, we tested and com-
pared the effects of non-SD MVs and SD MVs on angiogenesis.  
Both MVs had an effect on angiogenesis; however, non-SD 
MVs manifested a notably enhanced capacity to promote in 
vitro tube formation by Eahy926 endothelial cells (Figure 8A 
and 8B).  To further investigate whether this effect was due to 
the proteins expressed in SD MVs, we used HI-SD MVs as a 
control (Figure 8C and 8D).  The data showed that HI-SD MVs 
failed to exert this effect (Figure 8E), which suggested that the 
proteins selectively expressed in SD MVs were involved in 
the enhanced angiogenesis of endothelial cells induced by SD 
MVs.  

Discussion 
Previously, it was thought that intercellular communica-
tion was mediated only by cell-to-cell contact, the release of 
soluble molecules and gap junctions.  In contrast to these well-
described mechanisms, MVs began to manifest as a new form 
of intracellular communication pathway.  These vesicles can 
interact with target cells either by binding via specific recep-
tors or by direct fusion with the plasma membrane[25].  Tumor 
cell-derived MVs have been reported to reflect the malignant 
potential of tumor cells.  Increasing evidence suggests that 
tumor cell-derived MVs play a pivotal role in the develop-
ment, growth and propagation of a tumor[11].  Here, we studied 
various differences in the MV populations that myeloma cells 
produced under well-fed (10% FBS) and SD (1% FBS) condi-
tions.  Our data suggest that SD MVs reflect the SD status of 
the parent myeloma cells and manifest as the potential driver 
of SD-dependent upregulation of the anti-apoptotic pathway 
and angiogenesis during tumor development.

MV shedding is a physiological process that many, if not 
all, cell types exhibit, and MVs can be detected in various 
bodily fluids in all individuals.  Tumor cells shed MVs more 
frequently than do normal cells, and the frequency has been 
shown to correlate with the invasiveness of tumor cells both 

Figure 4.  Comparative proteomic study of MVs.  (A) Representative 2-DE 
gel protein expression maps of the MVs generated under SD and non-
SD condition.  The arrows indicate the positions of all 7 protein spots that 
were significantly altered under SD.  (B) Close view in the representative 
2-DE gels of differentially expressed proteins derived from the two 
populations of MVs.  (C) Corresponding bar charts of relative expression 
levels of the 7 protein spots.  The data represents the mean±SEM from 
three independent experiments.   bP<0.05.
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Figure 5.  Matrix-assisted laser desorption-time of flight-mass spectrometry (MALDI-TOF-MS) analysis of differentially expressed proteins. (A), (B), and (C) 
showed MALDI-TOF-MS mass spectrum of spot 1, 2, and 3, respectively. 
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in vitro[26] and in vivo[27].  Dainiak et al have reported that SD 
diminished MV formation in B lymphocytes from healthy vol-
unteers[28], but the effect of SD on MV formation in tumor cells 
is still unknown.  In this study, we observed a 2.5-fold increase 
in the number of MVs generated by RPMI 8226 myeloma cells 

under SD compared with cells that had not undergone SD.  
Studies have demonstrated that metabolic energy is required 
for the exfoliation of cell membranes[25].  It seems that myeloma 
cells have an intrinsic ability to support intense MV shedding 
while reprogramming their metabolism to meet the require-

Figure 7.  Activity of NF-κB signaling pathway in the parental and neighbouring RPMI 8226 cells.  (A–B) Co-culture of MVs (100 μg/mL) generated by 
RPMI 8226 cells under SD significantly increased NF-κB activation of the target RPMI 8226 cells while non-SD MVs did not, and heat-inactivation (100 °C 
for 10 min) of MVs eliminated this effect.  This was studied by EMSA.  (C–D) The densitometric analysis data of the corresponding EMSA assay for the 
parental RPMI 8226 cells under SD and non-SD, respectively, suggests increased activity of NF-κB under SD.  (E–F) VEGF and IL-6 were selected to be 
investigated as downstream target genes of NF-κB, and quantitative real-time PCR were performed to confirm the mRNA expression of them at 12 h and 
24 h.  Data represents the mean±SEM from three independent experiments performed in triplicate.  aP>0.05, cP<0.01.

Figure 6.  Validation and evaluation of ZNF224 protein of MVs and myeloma cells.  (A) Protein extracts were obtained from myeloma cells and MVs from 
myeloma cells under SD and non-SD for 24 h, respectively.  ZNF224 protein expression levels were studied by Western blotting, with β-actin as control.  (B) 
Normalized levels of ZNF224 expression with β-actin.  The bands were analyzed using PDquest software.  Data represents the mean±SEM from three 
independent experiments performed in triplicate.  cP<0.01.



391

www.chinaphar.com
Sun L et al

Acta Pharmacologica Sinica

npg

ments induced by the stresses imposed by nutrient depriva-
tion.  Similarly, Wysoczynski et al reported that hypoxia and 
irradiation induce an increased release of MVs from lung 
cancer cells[29].  Thus, tumor cells can be stimulated to release 
more MVs in adverse tumor microenvironments, and those 
MVs are potential effectors that can rebuild the microenviron-
ment and rescue the tumor cells.  The process of MV formation 
remains unclear.  Studies in dendritic cells and microglia have 
indicated that MV formation is Ca2+ dependent[30, 31], and acti-
vation of protein kinase C (PKC) is also involved in other cell 
types[32].  Reports have shown that GTPase activation induces 
intense MV release[33].  However, whether the elevated level of 
SD MVs with selectively enriched proteins is induced via these 

mechanisms has yet to be studied.  
Although it was reported that stimulation of cells did 

not result in changes in the size distribution of MVs[9], we 
observed that SD resulted in a different size distribution of 
MVs compared with non-SD conditions.  We found that MVs 
with diameters below 0.5 μm significantly increased in number 
after SD treatment, whereas MVs larger than 0.5 μm decreased 
in number.  MVs are heterogeneous in their size and shape, 
including MVs that are generated by the same parent cells[25]; 
however, why and how myeloma cells generate MVs with dif-
ferent sizes under SD remain to be determined.  

The proteins in MVs are not randomly released by the par-
ent cells.  The composition of MVs seems to result from a 
special selection process, and the function of MVs appears to 
be dependent on the cargo that they carry[25].  P-glycoprotein, 
a multidrug-resistant (MDR) drug efflux pump, can be trans-
ferred to drug-sensitive cells from drug-resistant cells by 
tumor cell-derived MVs and can turn the drug-sensitive cells 
into resistant cells[34].  Another report showed that the onco-
genic receptor EGFRvIII, which is exclusively expressed in 
a subset of aggressive gliomas, can be transferred to a non-
aggressive population of tumor cells and can malignantly 
transform these cells via MVs[35].  In the present study, we also 
focused on the proteins in SD MVs and wanted to determine 
the specific proteins in myeloma.  

We identified 3 proteins, ZNF224, SARM, and COBL, that 
were selectively up-regulated in SD MVs.  Among these pro-
teins, the zinc finger transcription factor (ZNF224) is a known 
transcriptional repressor that can inhibit the transcription of 
A20, a potent inhibitor of the NF-κB signaling pathway[21].  
NF-κB is activated in myeloma cells under environmental 
stress, which is central to disease progression, including apop-
tosis resistance[23].  Therefore, ZNF224 was chosen for further 
analysis in the present study.  Our results indicate that intense 
shedding of SD MVs and the enriched ZNF224 protein may act 
as key factors that affect the activation of NF-κB in neighbor-
ing myeloma cells, which may be involved in the anti-apop-
totic effects of RPMI 8226 cells under SD.  This adaptive stress 
response may explain the activation of survival cascades and 
anti-apoptotic mechanisms in acquired resistance to tumor 
treatments.  SARM and COBL, the other two enriched proteins 
in SD MVs that were identified in our study, also play key 
roles in the regulation of target tumor cells.  SARM has been 
demonstrated to be an inhibitor of the mTOR signaling path-
way, and mTOR activity has been demonstrated to be reduced 
following SD in many cell types, which results in a decrease in 
protein synthesis[7].  The selective excretion of SARM reflects 
a reorganization of metabolic pathways and the production of 
biosynthetic intermediates in myeloma cells under SD.  The 
protein COBL is a member of the filament nucleator family, 
and the upregulation of COBL suggests activation of cytoskel-
eton reconstitution or MV formation, implying an underes-
timated role in MV formation.  The underlying roles of these 
selectively enriched proteins in SD MVs are poorly character-
ized.

The NF-κB signaling pathway plays a critical role in mye-

Figure 8.  MVs generated by RPMI 8226 cells under SD promoted tube 
formation of Eahy926 cells and heat-inactivation of MVs eliminated this 
effect.  (A and B) Typical morphology of the tube-like structure formed by 
Eahy926 cells (×200) incubated in Matrigel in the presence of 100 μg/mL 
non-SD MVs and SD MVs for 12 h, respectively.  (C and D) The effect of 
heat-inactivation (HI) (100 °C for 10 min) of MVs on tube formation of 
Eahy926 cells.  (E) Quantification of the number of closed tubes and the 
comparative results for (A) vs (B) and (C) vs (D), respectively.  The results 
are shown as mean±SEM from three independent experiments.  aP>0.05, 

cP<0.01.
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loma oncogenesis and progression, including treatment-
related resistance.  In the present study, we found that SD-
induced stress stimulates RPMI 8226 cells to shed more MVs, 
which were demonstrated to significantly activate NF-κB 
signaling in target tumor cells, suggesting potential roles in 
disease progression under SD or other nutrition-deficient con-
ditions.  Moreover, SD MVs enhanced the microtubule forma-
tion capacity of Eahy926 endothelial cells, which is another 
important process involved in MM pathogenesis[3].  However, 
heat inactivation elicits the stimulatory effect of SD MVs on 
NF-κB activation and microtubule formation.  Because heat 
inactivation has been recognized as a simple way of denatur-
ing a protein, resulting in the loss of most of its original ter-
tiary structure and its natural bioactivity[13], these data suggest 
a vital role for protein composition in the biological function 
of SD MVs.  

Our data support myeloma cell adaptation to nutrient depri-
vation-induced stress by activation of the anti-apoptotic path-
way and the angiogenic process through shedding of MVs, 
which suggests an underestimated mechanism in myeloma 
progression and treatment resistance.  Additionally, the 
selectively sorted proteins may play a key role in the process.  
Notably, the cargo of MVs, including miRNA, DNA and other 
biologically active molecules, has been proven to be horizon-
tally transferred to target cells and to participate in the regu-
lation of target cells.  This finding indicates that many other 
molecules are possibly also involved.  Another point to be 
noted is that NF-κB in both the parent and the target myeloma 
cells was enhanced under SD, accompanied by enhanced lev-
els of the ZNF224 protein in SD cells and MVs.  This phenom-
enon suggests possible involvement of the ZNF224 protein 
in the regulation of NF-κB activity in both the parent and the 
target myeloma cells.  

The present study unveiled different characteristics of MVs 
from RPMI 8226 cells generated in response to SD stimulation 
to gain insights into the biology of MVs in disease progres-
sion and treatment resistance.  We have found that SD MVs 
reflect the SD status of donor myeloma cells, with different 
levels, size distributions, and selectively enriched proteins 
that potentially regulate neighboring tumor cells.  However, 
the underlying mechanisms of SD MV formation, their release 
and how proteins are selectively packed into SD MVs remain 
to be clarified.  We hope that this research will both result in 
and lead to new knowledge and discoveries of the underlying 
mechanisms of disease progression or drug resistance and to 
novel strategies to treat myeloma.
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