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ABSTRACT
Tumor cells produce and utilize exosomes to promote tumor growth and 

metastasis. Tumor-cell-derived exosomes deliver cargos that partially mimic the 
contents of the parent cell to nearby or distant normal or abnormal cells, thereby 
reprogramming the recipient cells to support tumor progression. Mechanisms by 
which tumor-derived exosomes subserve the tumor are under intense investigation. 
Here we demonstrate a critical role of the chondroitin sulfate proteoglycan serglycin 
in regulating the protein cargo and functions of myeloma cell-derived exosomes. 
Previous studies have shown that serglycin, the only known intracellular proteoglycan, 
functions mainly in the storage of basically charged components within the 
intracellular granules/vesicles via serglycin’s densely clustered, negatively charged 
glycosaminoglycan chains. Here we demonstrate that serglycin plays a critical role 
in the protein cargo loading of tumor-derived exosomes. Serglycin was detected 
in exosomes derived from cell culture supernatants of human myeloma cell lines 
and serum of myeloma patients. Mass spectrometry analysis of exosomal proteins 
identified significantly fewer protein components within exosomes derived from 
serglycin-knockdown myeloma cells than within exosomes from control cells. On gene 
ontology analysis, exosomes derived from serglycin-knockdown cells, but not from 
control cells, lacked many proteins that are required for mediating different cellular 
processes. In functional assays, exosomes from serglycin-knockdown cells failed 
to induce an invasive phenotype in myeloma cells and failed to promote migration 
of macrophages. These findings reveal that serglycin plays an important role in 
maintaining the protein cargo in tumor-derived exosomes and suggest that targeting 
serglycin may temper the influence of these exosomes on cancer progression.

INTRODUCTION

One factor driving multiple myeloma is the 
interactions between myeloma cells and the bone marrow 
microenvironment. Recent progress in the management 
of multiple myeloma, a malignancy of plasma cells, has 
led to the realization that future therapies should aim to 
disrupt these interactions to improve patient outcomes 
[1, 2]. Exosomes, secreted membrane vesicles 30-120 

nm in diameter, have emerged as important mediators of 
intercellular communications. Several studies have shown 
that exosomes secreted by tumor cells can affect survival, 
apoptosis, invasion, angiogenesis, resistance to therapy, 
and pre-metastatic niche formation [3-8]. Exosomes 
influence these processes by mediating signaling at the 
cell surface and by facilitating intercellular transfer of 
tumor-derived proteins and nucleic acids. We and others 
recently identified critical roles of myeloma-derived 
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exosomes in promoting intercellular communications 
leading to enhanced osteoclast formation, angiogenesis, 
immunosuppression, and myeloma progression [9-13]. 
In addition a recent study demonstrated that exosomes 
from myeloma patients sera prime the bone marrow 
microenvironment to support survival and growth of 
primary multiple myeloma cells [14]. 

Glycosaminoglycans (GAGs) attached to 
proteoglycans (PGs) play an important role in the biology 
of exosomes. For example, heparan sulfate GAGs bind 
exosomes and function as cell surface receptors to mediate 
exosome internalization [15]. Furthermore, the heparan 
sulfate PGs of the syndecan family, through formation 
of a molecular complex with syntenin and ALIX (ALG-
2-interacting protein X), help in exosome biogenesis 
[16]. We and others found that heparanase activates the 
syndecan-syntenin-ALIX pathway and promotes exosome 
secretion [12, 17]. Moreover, we recently showed that 
fibronectin present on the surface of exosomes acts as 
the ligand for cell surface heparan sulfate chains to bind 
exosomes [9]. In addition to heparan sulfate GAGs, yet 
another type of GAG that is ubiquitously expressed by 
various tissues and cells are the chondroitin sulfate (CS) 
GAGs. 

We previously reported that the CS GAGs attached 
to the core protein of serglycin constitute the major 
component of the myeloma glycocalyx [18]. Though 
serglycin has long been considered as an intracellular 
PG located primarily in storage granules and secretory 
vesicles [19, 20], we and others found that myeloma 
cells constitutively secrete serglycin and that serglycin is 
the major PG released ( > 70% of the total) and the only 
CSPG expressed by myeloma cells [18, 21]. However, 
a mechanistic understanding of the extracellular role of 
serglycin in myeloma pathobiology remains incomplete. 
Studies in serglycin-knockout animals have shown that the 
sulfated and thereby negatively charged GAG chains of 
serglycin mediate storage of basically charged components 
(e.g., proteases, growth factors, and chemokines) 
within the intracellular granules/vesicles [19, 22-25]. 
Strong support to this notion came when two groups 
simultaneously showed that interference with GAG-
modifying sulfotransferase NDST-2 (N-Deacetylase/N-
Sulfotransferase 2), dramatically reduced storage of 
proteases in secretory granules of mast cells [26, 27]. The 
defective storage of proteases in the secretory granules 
of mast cells from serglycin-knockout mice is due not to 
mis-sorting into the constitutive pathway of secretion but 
rather to the defect in their retention within these granules. 
Therefore serglycin is critical for the maturation of 
secretory vesicles with an electron-dense core formation 
[20]. Densely clustered GAGs within the extensive 
stretch of serine-glycine repeats in the central part of 
the serglycin core protein enable this molecule to tightly 
pack large amounts of GAG-binding compounds within a 
small volume [28]. Interestingly, Braga et al observed that 

secretory granules of bone marrow cells from serglycin 
knockout animals lacked exosomes filled with electron-
dense materials, compared to exosomes from their normal 
littermates [22]. This observation for the first time reveals 
the physiological relevance of a molecule in determining 
the protein repertoire within exosomes.

In the study reported here, we discovered that 
serglycin is present in exosomes derived from the cell 
culture supernatants of human myeloma cell lines and 
from the serum of myeloma patients. More importantly, 
consistent with the findings from serglycin-knockout 
animals, we discovered that exosomes from myeloma cells 
with serglycin knockdown had significantly fewer proteins 
than exosomes from serglycin-expressing control cells. 
Additionally, compared to serglycin containing exosomes, 
serglycin-null exosomes were less effective in altering 
tumor and host cell behavior. Our findings provide the first 
evidence of a critical role of serglycin in regulating the 
cargo and functions of tumor-derived exosomes and have 
a broad significance since a role for serglycin in different 
cancer progression (such as breast, lung, nasopharyngeal) 
is recently becoming apparent. 

RESULTS

High serglycin expression in myeloma patients 
correlates with low survival rate

To determine the extent of serglycin expression 
in myeloma patients, we analyzed the GEP data bases 
from the CoMMpass (Relating Clinical Outcomes in 
Multiple Myeloma to Personal Assessment of Genetic 
Profile) database interim analysis IA9 (http://research. 
themmrf.org), with the objective of assessing the effects 
of serglycin gene expression in 664 myeloma patients who 
have data available [29]. As shown in Figure 1A, we found 
a range of serglycin expression in these patients. Further, 
to evaluate the potential correlation between the serglycin 
expression and patient survival, we sorted the 664 patients 
by serglycin expression from low to high and performed 
Kaplan-Meier survival analysis to compare the bottom 
20% of patients (with low expression of serglycin) and the 
top 20% of patients (with high expression of serglycin). 
A significant difference in survival between patients with 
high and low expression of serglycin were noted, with 
high expression of serglycin showing poorer prognosis 
(Figure 1B). 

Serglycin is present in multiple myeloma-derived 
exosomes

We recently demonstrated that serglycin, which 
is commonly regarded as an intracellular PG, is 
constitutively secreted by myeloma cells, and can function 
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extracellularly [18]. Since serglycin has long been 
considered to be present within intracellular granules/
vesicles [19, 22-25], we sought to determine if serglycin 
is present in the intracellularly generated extracellular 
vesicles, exosomes, of myeloma patients. Exosomes 
were isolated from serum samples of relapsed myeloma 
patients using the ExoQuick PLUS exosome isolation kit. 
We and others have shown that the ExoQuick kit yields 
high-quality exosomes and can be used as an alternative 
to ultracentrifugation when limited amounts of biological 
samples are available [9, 30]. Electron microscopy 
(Figure 2A) and nanoparticle tracking analysis (Figure 
2B) demonstrated that the particles isolated from serum 
were within the size range characteristic of exosomes (30-
120 nm). By Western blotting we could detect serglycin 
in exosomes from most of the myeloma patients (Figure 
2C). Serglycin was intact after chondroitinase ABC 
treatment (bacterial enzyme that degrades CS chains) 
of exosomes, indicating that serglycin is present inside 
the exosomes (Figure 2D). To determine if serglycin 
is present in exosomes that are released by myeloma 
cell lines, we purified exosomes from the conditioned 
medium of OCIMy5, CAG, and RPMI 8226 human 
myeloma cells using the gold standard ultracentrifugation 
method [9]. We have previously evaluated the efficacy 
of exosome purification using this method and will 
refer to pellets resulting from centrifugation at 100,000 
× g as exosomes [12]. As expected, characterization of 
exosomes by nanoparticle tracking analysis revealed 
that they were relatively homogeneous with an average 

diameter of approximately 95 nm, consistent with the size 
range characteristic of exosomes (Figure 2E). Electron 
microscopy of negatively stained exosomes revealed a 
“cup shape” typical of exosomes (data not shown). As 
shown in Figure 2F, serglycin was found to be present 
in exosomes from all human myeloma cell lines tested, 
except in serglycin knocked down (SRGN-KD) CAG 
cells [18]. Serglycin ran as a broad smear on the western 
blot, ranging from 300 KDa to 140 KDa; this is typical of 
PGs and is due to variations in the number and length of 
CS GAG chains attached to the core protein of serglycin. 
Equal loading of exosomal protein was confirmed by 
probing for the exosomal marker protein clathrin.

Serglycin modulates the protein cargo of 
myeloma-derived exosomes

Negatively charged GAG chains of serglycin 
mediate the storage of a variety of basically charged 
components within intracellular granules/vesicles [20]. To 
determine if serglycin regulates the secretion and protein 
composition of myeloma-derived exosomes, exosomes 
were isolated from conditioned medium from CAG 
control or SRGN-KD cells (these cells proliferate at the 
same rate in vitro [18]) by ultracentrifugation and analyzed 
by nanoparticle tracking analysis. The total number of 
exosome particles isolated did not differ significantly 
between SRGN-KD cells and control cells (Figure 2G). 
Further, the exosome particles from both cell types were 
consistently within the expected size range of exosomes 

Figure 1: High serglycin expression in myeloma cells correlates with low survival rate. A. Serglycin (SRGN) expression 
in tumor samples of myeloma patients (n = 664) obtained from the Multiple Myeloma Research Foundation Researcher Gateway (http://
research.themmrf.org). B. Analysis of MMRF CoMMpass data showed significant correlation of serglycin expression with clinical overall 
survival. The plot shows the Kaplan-Meier survival probability over time between the bottom 20% of patients (with low expression of 
serglycin, n = 133) and the top 20% of patients (with high expression of serglycin, n = 133) of the 664 total patients in the dataset, P < 
0.0001. Patients belonging to the high serglycin expression cohort had a worse survival compared to the low serglycin expression cohort. 
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Figure 2: Serglycin is present in myeloma-derived exosomes and is required to maintain the protein cargo in exosomes. 
A. Representative micrograph of exosomes from serum of patient with multiple myeloma. Exosomes were isolated from myeloma patient 
sera by ExoQuick precipitation followed by purification using microsphere beads. Electron microscopy showed that negative stained 
particles were of a size consistent with the size of exosomes. Bar = 100 nm. B. Quantification of the size and number of exosomes from a 
myeloma patient’s serum using a ZetaView exosome tracking analyzer. C. Western blot analysis of serglycin on exosomes isolated from the 
serum of 7 relapsed myeloma patients. D. Serum exosomes from two myeloma patients were treated with or without chondroitinase ABC 
(Chase ABC) and analyzed for serglycin and CD63 by western blotting. E. Quantification of the size and number of exosomes isolated 
from myeloma cell culture supernatants by nanoparticle tracking using a NanoSight 300. F. Exosomes purified from the 48-h conditioned 
cell culture supernatants of human myeloma cells OCIMy5, CAG (control shRNA), CAG with serglycin knockdown (CAG-SRGN-KD), 
and RPMI 8226 were analyzed for the presence of serglycin by western blotting. Clathrin, a marker for cell-derived vesicles, served as 
the loading control. G. Exosomes were isolated from 48-h conditioned media from control or SRGN-KD CAG cells and analyzed by 
nanoparticle tracking using a NanoSight 300. “NS” for non-significant. H. Venn diagram of proteins detected in SRGN and SRGN-null 
exosomes. SRGN-null exosomes had a lower diversity of proteins. I. Proteins present in exosomes derived from control cells but absent in 
exosomes derived from SRGN-KD cells were subjected to gene ontology (GO) analysis. The negative logarithm of P values is shown for 
each GO term. The top 10 biological processes absent in SRGN-null exosomes are depicted.
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(data not shown), suggesting that serglycin does not 
influence the biogenesis and size of exosomes.

To determine if serglycin regulates the protein 
composition of exosomes, exosomes were isolated from 
equivalent volumes of conditioned medium from control 
(referred to as SRGN-exosomes) and SRGN-KD (referred 
to as SRGN-null exosomes) myeloma cells, layered on 
the top of a 40% iodixanol cushion, and centrifuged. 
Material excluded by the iodixanol layer was subjected to 
mass spectrometry for proteomic analysis. Interestingly, 
the protein contents in SRGN exosomes and SRGN-null 
exosomes were very different. Significantly fewer proteins 
were present in SRGN-null exosomes than in SRGN-
exosomes (Figure 2H). The Venn diagram in Figure 
2H shows 223 proteins unique to the SRGN exosomes  
and 67 proteins unique to SRGN-null exosomes with 
454 common proteins but not in SRGN-null exosomes. 
These findings corroborate the observations in serglycin-
knockout animals, and confirm that serglycin is critical 
for maintaining the protein cargo in exosomes. However, 
further studies are required to understand whether the 
deficiency of protein components within SRGN-null 
exosomes is due to a defect in serglycin-mediated protein 
sorting to exosomes or a defect in serglycin mediated 
binding and retention of proteins within exosomes. 

We next conducted a gene ontology (GO) 
enrichment analysis of the 223 proteins that were present 
in SRGN exosomes but not in SRGN-null exosomes using 
DAVID version 6.8 [31]. Interestingly, we found that, 
compared to SRGN exosomes, SRGN-null exosomes 
lacked proteins involved in translational initiation, cell 
adhesion, intracellular protein transport, and drug response 
pathways (Figure 2I). These findings demonstrated a 
critical role of serglycin in modulating the cargo of 
exosomes derived from CAG human myeloma cells.

Because we previously showed a critical role of 
serglycin in myeloma cell adhesion to bone marrow 
stromal cells and collagen I [18], we next focused on 
proteins involved in cell adhesion pathways. GO analysis 
identified 17 proteins involved in cell adhesion pathways 
that were present only in SRGN exosomes but not in 
SRGN-null exosomes (Supplementary Table 1). Among 
these missing proteins were the cell adhesion molecules 
CD44 and α4β1 integrin, which we have shown to play 
roles in myeloma cell adhesion [32, 33]. In addition we 
have also shown that myeloma-derived serglycin can bind 
to CD44 [18]. 

Serglycin-null exosomes have less impact than 
serglycin containing exosomes in regulating the 
behavior of tumor and host cells

Following the observation that serglycin can 
regulate the protein cargo of myeloma-derived exosomes, 

we studied the effect of SRGN exosomes and SRGN-null 
exosomes on tumor and host cell behavior. We previously 
demonstrated that myeloma-derived exosomes can impact 
the behavior of both tumor and host cells [9, 12]. Here, 
we hypothesized that SRGN-null exosomes have less 
impact than SRGN exosomes on recipient cell behavior. 
To test this, we first sought to determine the impact of 
these exosomes on myeloma cells. Although myeloma 
cells grow predominantly in suspension when in culture, 
we found that when cells were plated on fibronectin-
coated plates, CAG control cells had a highly polarized 
morphology, whereas SRGN-KD cells failed to spread 
(Figure 3A). The polarized morphology of CAG control 
cells is typical of motile cells [32]. These findings 
suggested that serglycin promotes an invasive phenotype 
in myeloma cells. To test if SRGN exosomes, isolated 
from control CAG cells, could transfer this invasive 
phenotype to SRGN-KD cells, SRGN-KD cells were 
seeded on fibronectin-coated wells, to which were added, 
in equal amounts, purified SRGN exosomes or SRGN-null 
exosomes. We observed that SRGN exosomes induced a 
highly-polarized phenotype in SRGN-KD cells, whereas 
SRGN-null exosomes failed to elicit the same response 
(Figure 3A). Further, based on our pervious finding that 
serglycin can promote the adhesion of myeloma cells to 
bone marrow stromal cells (BMSCs) and collagen I, we 
also tested the impact of SRGN exosomes and SRGN-
null exosomes on myeloma cell adhesion towards BMSCs 
and collagen I. As expected, SRGN-KD CAG myeloma 
cells showed significantly less adhesion to BMSCs and 
collagen I compared to control CAG cells (Figure 3B). 
Interestingly, prior exposure of SRGN-KD cells to 
SRGN exosomes enhanced the ability of these cells to 
bind BMSCs and collagen I (Figure 3B). However prior 
treatment with SRGN-null exosomes did not impact the 
adhesion of SRGN-KD cells to BMSCs and collagen I. We 
next assessed whether exosomes mediate the intracellular 
transfer of serglycin. SRGN-KD CAG cells were 
incubated with SRGN exosomes overnight, and the cells 
were lysed and analyzed for serglycin by western blotting. 
As shown in Figure 3C, higher levels of serglycin was 
detected in SRGN-KD cells exposed to SRGN exosomes 
than in exosomes untreated SRGN-KD cells. Given the 
important role of cell-extrinsic factors in cell growth, we 
next assessed whether SRGN and SRGN-null exosomes 
differentially impacted the proliferation of myeloma 
cells. Wild type CAG cells were incubated with SRGN 
exosomes or SRGN-null exosomes for different times, 
and cell viability was assessed by MTT assay. SRGN 
exosomes increased proliferation significantly after 1 to 
2 days, compared to SRGN-null exosomes (Figure 3D).

Having confirmed the differential impact of SRGN 
and SRGN-null exosomes on tumor cells, we next 
assessed if these exosomes differentially impacted host 
cell behavior. Since myeloma-derived exosomes support 
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Figure 3: Serglycin null myeloma-derived exosomes have less impact on tumor and host cell behavior than serglycin 
containing exosomes. A. Upper panel, control or SRGN-KD CAG cells were added to fibronectin-coated wells. After 12 h, the cells 
were washed, fixed, and photographed. Lower panel, 1x107 SRGN or SRGN-null exosomes were added to SRGN-KD cells growing on 
fibronectin-coated wells. Following overnight incubation, the cells were washed, fixed, and photographed (bar = 50 µm). Results shown are 
representative panels from 2 different experiments using 2 different exosome preparations. Right panel represents the quantification of cell 
spreading on fibronectin. * P < 0.01 against SRGN-KD cells only (none). B. SRGN-KD CAG cells were exposed to SRGN exosomes (107) 
or SRGN-null exosomes (107) overnight and their adhesion to BMSCs and collagen I coated wells was analyzed. Values were normalized to 
control CAG cells, which were arbitrarily set at 100% (Mean ± SD of triplicates from three independent experiments). * P < 0.01 compared 
to control, ** P < 0.05 compared to none. C. To analyze the exosome-mediated transfer of serglycin to recipient cells, SRGN-KD CAG cells 
were treated with or without SRGN exosomes. After overnight incubation, cells were lysed and analyzed for serglycin by western blotting. 
D. SRGN or SRGN-null exosomes (5x106/ml) were added to wild-type CAG cells, and their growth was analyzed by MTT assay. *P < 
0.05 against SRGN-null exosomes. E. 5x106 SRGN or SRGN-null exosomes were added to J774 murine macrophages, and their migration 
though an 8-micron-pore filter overnight was measured and photographed. Data are mean ± SD from 3 independent experiments. * P < 0.05 
against no exosome addition (none).
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the recruitment of macrophages, we investigated the effect 
of exosomes on the migratory properties of macrophages 
using a transwell migration assay. We found that, compared 
to no treatment, SRGN exosomes significantly increased 
the migration of macrophages through an 8-micron-pore 
membrane (Figure 3E). However, SRGN-null exosomes 
failed to stimulate the migration of macrophages (Figure 
3E). Taken together, our findings suggested that depletion 
of serglycin from myeloma exosomes markedly reduces 
their impact on tumor and host cell behavior. Since we 
added equal number of SRGN-exosomes and SRGN-null 
exosomes in each of our functional assays, the difference 
we observed in their ability to alter tumor and host cell 
behavior can be solely traced back to their difference in 
cargo. 

DISCUSSION

Intercellular communication is a hallmark of 
multiple myeloma progression. Despite an emerging 
appreciation of the role of tumor-derived exosomes 
in mediating intercellular communication and tumor 
progression, no therapeutic strategies have been developed 
that target the impact of tumor exosomes. In the present 
study, we showed an important role of the CSPG 
serglycin in regulating the protein cargo and functions of 
myeloma-derived exosomes. We established for the first 
time that serglycin is present in exosomes derived from 
myeloma cell lines and the serum of myeloma patients. 
We also showed that knockdown of serglycin in myeloma 
cells decreased the number of exosomal proteins and 
reduced the impact of these exosomes on tumor and 
host cells. Our findings provide a novel mechanism by 
which an intracellular molecule regulates intercellular 
communication in myeloma. 

We found that serglycin is required for maintaining 
the protein cargo of myeloma-derived exosomes, but not 
required for their biogenesis. Consistent with our findings, 
studies using serglycin knockout animals and their control 
littermates have shown that these animals have the same 
number of secretory granules in their mast cells, but their 
morphology are different [22, 34]. While control mice had 
granules filled with electron-dense materials, these type of 
granules were absent in serglycin knockout mice [22, 34]. 
Further, a more detailed transmission electron microscopy 
analysis of bone marrow cells revealed that, different 
from control animals, the exosomes in the bone marrow 
cell granules of serglycin-knockout mice were not filled 
with electron-dense material [22]. Our current findings, 
taken together with these previous studies, suggest that 
serglycin plays an important role in retaining the protein 
cargo within exosomes. Hence, serglycin in myeloma cells 
helps generate exosomes enriched with protein cargo that, 
when released into the tumor microenvironment, deliver 
their cargo to nearby or distant cells and thereby promote 
myeloma progression.

Previous studies have shown that serglycin binds 
and stores granular components within the secretory 
granules via serglycin’s negatively charged GAG chains 
[26, 27]. We and others have recently demonstrated that 
serglycin expressed by myeloma cells is decorated only by 
CS chains and that these CS chains are almost completely 
composed of 4-O-sulfated disaccharides [18, 21]. 
Interestingly, gene array analysis found that the expression 
of CHST11 (also known as C4ST1), a sulfotransferase gene 
responsible for the 4-O-sulfation of CS chains, is highly 
upregulated in myeloma patients compared to healthy 
donors [35]. Since the anionic charge density of serglycin 
regulates the exosomal protein cargo, it is possible that 
altering the levels or activity of CHST11 could shut down 
sulfation of CS chains and thereby decrease the protein 
cargo and functions of exosomes. Therefore, further 
studies are required to understand whether modulating 
the anionic charge density on the CS chains of serglycin  
by silencing CHST11 expression myeloma cells may be 
an alternative approach to target myeloma exosomes. We 
would also like to stress that, though anionic GAGs of 
serglycin may be responsible for the storage of proteins 
within exosomes, we are still not sure whether this 
accounts for the absence of the 223 proteins in SRGN-
null exosomes. We therefore speculate that serglycin may 
also regulate the exosomal protein cargo by additional 
mechanisms, such as by regulating the protein sorting 
pathway or by binding and retaining exosomal proteins 
through their core protein. Studies have shown that the 
core protein of serglycin from myeloma cells can bind to 
proteases like MMP-9 (matrix metalloproteinase-9) and 
MMP-13 [36-38].

GO analysis showed that the biological pathways 
associated with the proteins absent from SRGN-KD 
exosomes were mainly in categories such as translation, 
cell adhesion, RNA processing, and intracellular protein 
transport. These pathways were previously reported to 
be enriched in exosomes [39]. Our findings, therefore, 
indicate that elimination of serglycin from myeloma cells 
eliminates specific exosomal proteins that are capable 
of activating critical biological processes in target cells. 
For example, our results showed for the first time that 
SRGN exosomes but not SRGN-null exosomes can 
promote the proliferation of myeloma cells, can induce 
an invasive phenotype in myeloma cells, and can increase 
the migration of macrophages (Figure 3). These findings 
suggest that the serglycin proteoglycan is responsible for 
retaining specific cargo within myeloma-derived exosomes 
and that, once these exosomes interact with a target cell, 
serglycin and its binding partners are delivered to these 
cells and thereby reprogram the target cells to support 
cancer progression.
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MATERIALS AND METHODS

Cell lines and antibodies

RPMI 8226, OCIMy5, and CAG human myeloma 
cells were cultured as described previously [18]. 
SRGN-KD and control myeloma cells were engineered 
as described previously [18]. Serglycin and clathrin 
antibodies were obtained from Sigma and Abcam, 
respectively. CD63 antibody from Santa Cruz.

Exosome isolation

Exosomes from cell culture supernatants (by 
ultracentrifugation) and serum of myeloma patients were 
isolated and characterized using electron microscopy and 
nanoparticle tracking analysis using a ZetaView analyzer, 
as described by us previously [9]. Exosomes from 250 
µl of serum of relapsed myeloma patients were isolated 
using the ExoQuick PLUS exosome isolation kit (System 
Bioscience), which uses microsphere beads for additional 
purification of exosomes. For some experiments, a subset 
of patient derived exosomes (1x107) where incubated 
with protease-free bacterial chondroitinase ABC (2U/
ml) (Chase ABC, Sigma) for 2h at 37ºC before use in 
western blotting for serglycin. For mass spectrometry 
analyses, equal numbers of exosomes obtained by 
ultracentrifugation were layered on the top of a 40% 
iodixanol cushion (Sigma) and centrifuged for 16 h at 
28,000 rpm. The remaining exosome fraction excluded by 
the cushion was pelleted by ultracentrifugation at 100,000 
× g for 70 min and used for analysis, as described [9]. 

Bioinformatics analysis

Protein identifications by LC-MS/MS analysis 
were accepted if they could be established at > 90.0% 
probability and contained at least 2 identified peptides. 
Peptides with zero counts were considered absent in 
exosomes. GO enrichment analysis was performed using 
DAVID (Database for Annotation, Visualization and 
Integrated Discovery) version 6.8 [31] to understand the 
biological role of proteins that were present in control 
exosomes but absent from SRGN-KD exosomes. A 
functional annotation chart was derived with default 
parameters (gene count of 2 and EASE of 0.1). GO 
biological processes statistically enriched in a given gene 
set (P < 0.05) were identified.

Exosome functional assays

The role of exosomes in myeloma cell spreading 
and adhesion to BMSCs and collagen I were studied as 

described previously [12, 18]. Migration of macrophages 
was determined using 8-micron-pore filters (BD 
Bioscience) as described previously [9]. For myeloma cell 
proliferation assays, exosomes (5x106 particles/ml) were 
added to CAG cells, and proliferation was measured using 
the MTT reagent.

Abbreviations

SRGN, serglycin; PG, proteoglycan; CS, chondroitin 
sulfate; C4ST1, chondroitin 4-O-sulfotransferase-1; GO, 
Gene Ontology; GAG, glycosaminoglycan; BMSCs, bone 
marrow stromal cells.

Author contributions

AP and SKB performed and analyzed the 
experiments. DSC performed the bioinformatics analysis. 
RJJ performed nanoparticle tracking analysis. HCL, 
DMW and RZO collected myeloma patient samples. RZO 
provided helpful discussions and proofed the manuscript. 
AP reviewed the results and wrote the manuscript. All 
authors approved the final version of the manuscript.

ACKNOWLDGMENTS

We thank James A. Mobley at the University of 
Alabama at Birmingham (UAB) for assistance with mass 
spectrometry analysis. We also thank Stephanie Deming 
at the Department of Scientific Publications, University 
of Texas MD Anderson Cancer Center for editing the 
manuscript.

CONFLICTS OF INTEREST

The authors declare that they have no conflicts of 
interest with the contents of this article.

FUNDING

This work was supported by a New Faculty 
Development Award from the Young Supporters Board 
of the UAB Comprehensive Cancer Center (to AP). RZO, 
would like to acknowledge support from the Florence 
Maude Thomas Cancer Research Professorship, and from 
the National Cancer Institute (P50 CA142509, and R01s 
CA184464 and CA194264).

Editorial note 

This paper has been accepted based in part on peer-
review conducted by another journal and the authors’ 
response and revisions as well as expedited peer-review 
in Oncotarget.



Oncotarget73731www.impactjournals.com/oncotarget

REFERENCES

1. Mahindra A, Laubach J, Raje N, Munshi N, Richardson PG, 
Anderson K. Latest advances and current challenges in the 
treatment of multiple myeloma. Nat Rev Clin Oncol. 2012; 
9:135-143.

2. Mitsiades CS, Mitsiades NS, Richardson PG, Munshi NC, 
Anderson KC. Multiple myeloma: a prototypic disease 
model for the characterization and therapeutic targeting 
of interactions between tumor cells and their local 
microenvironment. J Cell Biochem. 2007; 101:950-968.

3. Becker A, Thakur BK, Weiss JM, Kim HS, Peinado H, 
Lyden D. Extracellular Vesicles in Cancer: Cell-to-Cell 
Mediators of Metastasis. Cancer Cell. 2016; 30:836-848.

4. Peinado H, Alečković M, Lavotshkin S, Matei I, Costa-
Silva B, Moreno-Bueno G, Hergueta-Redondo M, Williams 
C, García-Santos G, Ghajar C, Nitadori-Hoshino A, 
Hoffman C, Badal K, et al. Melanoma exosomes educate 
bone marrow progenitor cells toward a pro-metastatic 
phenotype through MET. Nat Med. 2012; 18:883-891.

5. Peinado H, Lavotshkin S, Lyden D. The secreted factors 
responsible for pre-metastatic niche formation: old sayings 
and new thoughts. Semin Cancer Biol. 2011; 21:139-146.

6. Wang X, Xu C, Hua Y, Sun L, Cheng K, Jia Z, Han Y, 
Dong J, Cui Y, Yang Z. Exosomes play an important role 
in the process of psoralen reverse multidrug resistance of 
breast cancer. J Exp Clin Cancer Res. 2016; 35:186.

7. Zhang HG, Grizzle WE. Exosomes: a novel pathway of 
local and distant intercellular communication that facilitates 
the growth and metastasis of neoplastic lesions. Am J 
Pathol. 2014; 184:28-41.

8. Kharaziha P, Ceder S, Li Q, Panaretakis T. Tumor cell-
derived exosomes: a message in a bottle. Biochim Biophys 
Acta. 2012; 1826:103-111.

9. Purushothaman A, Bandari SK, Liu J, Mobley JA, 
Brown EE, Sanderson RD. Fibronectin on the Surface of 
Myeloma Cell-derived Exosomes Mediates Exosome-Cell 
Interactions. J Biol Chem. 2016; 291:1652-1663.

10. Raimondi L, De Luca A, Amodio N, Manno M, Raccosta 
S, Taverna S, Bellavia D, Naselli F, Fontana S, Schillaci 
O, Giardino R, Fini M, Tassone P, et al. Involvement of 
multiple myeloma cell-derived exosomes in osteoclast 
differentiation. Oncotarget. 2015; 6:13772–89. https://doi.
org/10.18632/oncotarget.3830.

11. Umezu T, Tadokoro H, Azuma K, Yoshizawa S, Ohyashiki 
K, Ohyashiki JH. Exosomal miR-135b shed from hypoxic 
multiple myeloma cells enhances angiogenesis by targeting 
factor-inhibiting HIF-1. Blood. 2014; 124:3748-3757.

12. Thompson CA, Purushothaman A, Ramani VC, Vlodavsky 
I, Sanderson RD. Heparanase regulates secretion, 
composition, and function of tumor cell-derived exosomes. 
J Biol Chem. 2013; 288:10093-10099.

13. Wang J, De Veirman K, Faict S, Frassanito MA, Ribatti D, 
Vacca A, Menu E. Multiple myeloma exosomes establish a 

favourable bone marrow microenvironment with enhanced 
angiogenesis and immunosuppression. J Pathol. 2016; 
239:162-173.

14. Chen B, Khan S, Laska BM, Morgan GJ, Yaccoby S,  
Epstein J. Myeloma Exosomes Prime the Microenvironment 
to Support Survival and Growth of Myeloma Cells. Blood. 
2016; 128:2067.

15. Christianson HC, Svensson KJ, van Kuppevelt TH, Li JP, 
Belting M. Cancer cell exosomes depend on cell-surface 
heparan sulfate proteoglycans for their internalization 
and functional activity. Proc Natl Acad Sci USA. 2013; 
110:17380-17385.

16. Baietti MF, Zhang Z, Mortier E, Melchior A, Degeest 
G, Geeraerts A, Ivarsson Y, Depoortere F, Coomans 
C, Vermeiren E, Zimmermann P, David G. Syndecan-
syntenin-ALIX regulates the biogenesis of exosomes. Nat 
Cell Biol. 2012; 14:677-685.

17. Roucourt B, Meeussen S, Bao J, Zimmermann P, David G. 
Heparanase activates the syndecan-syntenin-ALIX exosome 
pathway. Cell Res. 2015; 25:412-428.

18. Purushothaman A, Toole BP. Serglycin proteoglycan 
is required for multiple myeloma cell adhesion, in vivo 
growth, and vascularization. J Biol Chem. 2014; 289:5499-
5509.

19. Abrink M, Grujic M, Pejler G. Serglycin is essential for 
maturation of mast cell secretory granule. J Biol Chem. 
2004; 279:40897-40905.

20. Kolset SO, Tveit H. Serglycin—structure and biology. Cell 
Mol Life Sci. 2008; 65:1073-1085.

21. Theocharis AD, Seidel C, Borset M, Dobra K, Baykov 
V, Labropoulou V, Kanakis I, Dalas E, Karamanos NK, 
Sundan A, Hjerpe A. Serglycin constitutively secreted 
by myeloma plasma cells is a potent inhibitor of bone 
mineralization in vitro. J Biol Chem. 2006; 281:35116-
35128.

22. Braga T, Grujic M, Lukinius A, Hellman L, Abrink M,  
Pejler G. Serglycin proteoglycan is required for secretory 
granule integrity in mucosal mast cells. Biochem J. 2007; 
403:49-57.

23. Schick BP. Serglycin proteoglycan deletion in mouse 
platelets: physiological effects and their implications 
for platelet contributions to thrombosis, inflammation, 
atherosclerosis, and metastasis. Prog Mol Biol Transl Sci. 
2010; 93:235-287.

24. Ringvall M, Rönnberg E, Wernersson S, Duelli A, 
Henningsson F, Abrink M, García-Faroldi G, Fajardo 
I, Pejler G. Serotonin and histamine storage in mast cell 
secretory granules is dependent on serglycin proteoglycan. 
J Allergy Clin Immunol. 2008; 121:1020-1026.

25. Grujic M, Braga T, Lukinius A, Eloranta ML, Knight 
SD, Pejler G, Abrink M. Serglycin-deficient cytotoxic T 
lymphocytes display defective secretory granule maturation 
and granzyme B storage. J Biol Chem. 2005; 280:33411-
33418.



Oncotarget73732www.impactjournals.com/oncotarget

26. Forsberg E, Pejler G, Ringvall M, Lunderius C, Tomasini-
Johansson B, Kusche-Gullberg M, Eriksson I, Ledin 
J, Hellman L, Kjellen L. Abnormal mast cells in mice 
deficient in a heparin-synthesizing enzyme. Nature. 1999; 
400:773-776.

27. Humphries DE, Wong GW, Friend DS, Gurish MF, Qiu 
WT, Huang C, Sharpe AH, Stevens RL. Heparin is essential 
for the storage of specific granule proteases in mast cells. 
Nature. 1999; 400:769-772.

28. Kolset SO, Pejler G. Serglycin: a structural and functional 
chameleon with wide impact on immune cells. J Immunol. 
2011; 187:4927-4933.

29. Craig DW, Liang W, Venkata Y, Kurdoglu A, Aldrich J, 
Auclair D, Allen K, Harrison B, Jewell S, Kidd PG, Correll 
M, Jagannath S, Siegel DS, et al. Interim Analysis Of The 
Mmrf Commpass Trial, a Longitudinal Study In Multiple 
Myeloma Relating Clinical Outcomes To Genomic and 
Immunophenotypic Profiles. Blood. 2013; 122:532-532.

30. Helwa I, Cai J, Drewry MD, Zimmerman A, Dinkins 
MB, Khaled ML, Seremwe M, Dismuke WM, Bieberich 
E, Stamer WD, Hamrick MW, Liu Y. A Comparative 
Study of Serum Exosome Isolation Using Differential 
Ultracentrifugation and Three Commercial Reagents. PLoS 
One. 2017; 12:e0170628.

31. Huang W, Sherman BT, Lempicki RA. Systematic and 
integrative analysis of large gene lists using DAVID 
bioinformatics resources. Nat Protoc. 2009; 4:44-57.

32. Jung O, Trapp-Stamborski V, Purushothaman A, Jin H, 
Wang H, Sanderson RD, Rapraeger AC. Heparanase-
induced shedding of syndecan-1/CD138 in myeloma 
and endothelial cells activates VEGFR2 and an invasive 
phenotype: prevention by novel synstatins. Oncogenesis. 
2016; 5:e202.

33. Bjorklund CC, Baladandayuthapani V, Lin HY, Jones RJ, 
Kuiatse I, Wang H, Yang J, Shah JJ, Thomas SK, Wang 
M, Weber DM, Orlowski RZ. Evidence of a role for CD44 
and cell adhesion in mediating resistance to lenalidomide 
in multiple myeloma: therapeutic implications. Leukemia. 
2014; 28:373-383.

34. Henningsson F, Hergeth S, Cortelius R, Abrink M, Pejler 
G. A role for serglycin proteoglycan in granular retention 
and processing of mast cell secretory granule components. 
FEBS J. 2006; 273:4901-4912.

35. Bret C, Hose D, Reme T, Sprynski AC, Mahtouk K, Schved 
JF, Quittet P, Rossi JF, Goldschmidt H, Klein B. Expression 
of genes encoding for proteins involved in heparan sulphate 
and chondroitin sulphate chain synthesis and modification 
in normal and malignant plasma cells. Br J Haematol. 2009; 
145:350-368.

36. Malla N, Berg E, Theocharis AD, Svineng G, Uhlin-
Hansen L, Winberg JO. In vitro reconstitution of 
complexes between pro-matrix metalloproteinase-9 and 
the proteoglycans serglycin and versican. FEBS J. 2013; 
280:2870-2887.

37. Winberg JO, Kolset SO, Berg E, Uhlin-Hansen L. 
Macrophages secrete matrix metalloproteinase 9 covalently 
linked to the core protein of chondroitin sulphate 
proteoglycans. J Mol Biol. 2000; 304:669-680.

38. Zhang L, Yang M, Yang D, Cavey G, Davidson P, Gibson 
G. Molecular interactions of MMP-13 C-terminal domain 
with chondrocyte proteins. Connect Tissue Res. 2010; 
51:230-239.

39. Haraszti RA, Didiot MC, Sapp E, Leszyk J, Shaffer SA, 
Rockwell HE, Gao F, Narain NR, DiFiglia M, Kiebish MA, 
Aronin N, Khvorova A. High-resolution proteomic and 
lipidomic analysis of exosomes and microvesicles from 
different cell sources. J Extracell Vesicles. 2016; 5:32570.


