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Background: Contribution of serglycin in myeloma pathobiology remains undefined.
Results: Serglycin promotes myeloma cell adhesion to bone marrow components and serglycin knockdown in myeloma cells

dramatically diminish tumor growth.

Conclusion: Serglycin plays a crucial role in myeloma pathogenesis.
Significance: Targeting serglycin may provide a novel therapeutic approach for multiple myeloma.

Recently, it was discovered that serglycin, a hematopoietic cell
proteoglycan, is the major proteoglycan expressed and constitu-
tively secreted by multiple myeloma (MM) cells. High levels of ser-
glycin are present in the bone marrow aspirates of at least 30% of
newly diagnosed MM patients. However, its contribution to the
pathophysiology of MM is unknown. Here, we show that serglycin
knockdown (by ~85% compared with normal levels), using lentivi-
ral shRNA, dramatically attenuated MM tumor growth in mice
with severe combined immunodeficiency. Tumors formed from
cells deficient in serglycin exhibited diminished levels of hepato-
cyte growth factor expression and impaired development of blood
vessels, indicating that serglycin may affect tumor angiogenesis.
Furthermore, knockdown of serglycin significantly decreased MM
cell adhesion to bone marrow stromal cells and collagen 1. Even
though serglycin proteoglycan does not have a transmembrane
domain, flow cytometry showed that serglycin is present on the
MM cell surface, and attachment to the cell surface is, at least in
part, dependent on its chondroitin sulfate side chains. Co-precipi-
tation of serglycin from conditioned medium of MM cells using a
CD44-Fc chimera suggests that CD44 is the cell surface-binding
partner for serglycin, which therefore may serve as a major ligand
for CD44 at various stages during myeloma progression. Finally, we
demonstrate that serglycin mRNA expression in MM cells is up-
regulated by activin, a predominant cytokine among those
increased in MM patients with osteolytic lesions. These studies
provide direct evidence for a critical role for serglycin in MM
pathogenesis and show that targeting serglycin may provide a novel
therapeutic approach for MM.

Multiple myeloma (MM)? is a clonal neoplasm of terminally
differentiated B-cells that remains largely incurable, and iden-
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tification of novel therapeutic targets is urgently needed (1).
However, recent developments in the treatment of MM using
new classes of therapeutic agents, including the proteasome
inhibitor bortezomib, thalidomide, and lenalidomide, have sig-
nificantly improved patient outcomes (2). The success of these
therapies is, at least in part, due to the fact that they are able to
counteract certain aspects of MM-bone marrow (BM) interac-
tions. This underscores the importance of comprehensively
characterizing the role of the local microenvironment in the
pathophysiology of MM (2). The BM microenvironment plays a
critical role in MM by supporting tumor growth, bone damage,
and drug resistance. Tumor cells in this disease are surrounded
within the BM microenvironment by an array of adhesive inter-
actions between the BM cellular residents/extracellular matrix
(ECM) proteins and a variety of adhesion molecules on the
surface of myeloma cells. Identification of these adhesion mol-
ecules is essential for understanding MM biology and elucidat-
ing novel therapeutic targets for this disease.

Proteoglycans (PGs), which serve as receptors for extracellu-
lar ligands and growth factors, are known to promote the initi-
ation and progression of many cancers. Studies over the last
decade have shown that the heparan sulfate (HS) PG synde-
can-1(CD138), expressed by MM cells, plays a major role in the
progression of this disease (2, 3) However, a recent study has
shown that the chondroitin sulfate PG (CSPG) serglycin is the
major PG constitutively secreted by MM cells and that serglycin
levels are elevated in the BM biopsies and BM aspirates of at
least 30% of MM patients compared with healthy controls (4).
Despite this, the role of serglycin in myeloma pathobiology
remains undefined.

Serglycin is a major PG found in hematopoietic cells and
endothelial cells (5, 6) and contains a peptide core of 17.6 kDa.
The core protein of serglycin is rich in serine-glycine repeats
and has eight glycosaminoglycan (GAG) side chains (7). The
GAG chains can be either heparin or chondroitin sulfate (CS)
depending on the cell type in which serglycin is expressed.
Using serglycin knock-out mice, Pejler et al. have shown that it
is involved in the generation of storage granules and the reten-
tion of proteases, growth factors, chemokines, and granzyme B
in hematopoietic cells (8, 9). Serglycin does not contain a trans-
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membrane domain and is commonly regarded as an intracellu-
lar PG. However, serglycin can also be secreted by cells and can
therefore be incorporated into the ECM or associate with the
surfaces of target cells (7) For example, in monocytes or macro-
phages, serglycin is a secretory product and is stored in secre-
tory vesicles. Elimination of serglycin from monocytes affects
secretory vesicle formation and thereby the secretion of several
binding partners of serglycin (10). In mast cells and platelets,
serglycin packaged in storage granules or secretory vesicles is
secreted upon activation (5), whereas in endothelial cells or
hematopoietic tumor cells, serglycin is constitutively secreted
along with granule proteins (11, 12). Serglycin interacts with a
wide variety of proteins, including ECM components (fibronec-
tin and collagen) growth factors/cytokines/chemokines (plate-
let factor 4, MIP-1«, and BMP-like protein), the membrane
receptor CD44, and lysozymes. Even after secretion, serglycin
plays a role in modulating the activities of its binding partners
through the protection, transport, and activation of as well as
interactions with substrates or target cells (7).

Several aspects of the biology of serglycin have not previously
been studied in detail, either in normal or pathological condi-
tions. However, some studies have shown the involvement of
serglycin in progression of certain types of cancer. For example,
Li et al. (13) showed that serglycin can promote the metastasis
of nasopharyngeal carcinoma by inducing epithelial-mesen-
chymal transition. Serglycin is associated with tumorigenesis in
acute myeloid leukemia (AML) and is a selective marker for
distinguishing AML from Philadelphia chromosome-negative
chronic myeloproliferative disorders (14). The expression of
serglycin in leukemic cells is also regulated by epigenetic mod-
ifications at its promoter region and is often hypomethylated
and therefore transcribed more efficiently in these cells (15). In
this study we therefore investigated further the role of serglycin
in multiple myeloma.

EXPERIMENTAL PROCEDURES

Cell Culture—Human MM cell lines analyzed in this study
(CAG, U266, OPM-1, deltad7, OCIMy5, KMS-11, and RPMI
8226) were cultured in RPMI 1640 (Cellgro, Mediatech, VA)
and supplemented with 10% heat-inactivated fetal bovine
serum, 100 units/ml penicillin, 100 pug/ml streptomycin, and 2
mM L-glutamine. Human stromal cell line HS-5 was purchased
from the ATCC and maintained in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% heat-inactivated
FBS, 100 units/ml penicillin, 100 wg/ml streptomycin, and 2
mM L-glutamine.

Immunoblotting and Flow Cytometric Analysis—Total cell
lysates or conditioned medium from human MM cell lines were
subjected to 4-20% SDS-PAGE under reducing conditions and
transferred onto nylon transfer membrane (Whatman), as
described previously (16). Serglycin was detected using an anti-
human serglycin antibody obtained from Sigma (product no.
HPAO000759). In some experiments, conditioned medium was
treated with chondroitinase ABC (Chase ABC) enzyme (Seika-
gaku) overnight at 37 °C, prior to SDS-PAGE. To determine
whether serglycin secreted by MM cells binds to CD44, condi-
tioned medium from various human MM cells were incubated
with recombinant human CD44 Fc chimera (R&D) at 37 °C for
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8 h. CD44-IgG was then precipitated using protein-G Sephar-
ose beads (GE Healthcare) and subjected to SDS-PAGE for ser-
glycin. To determine whether serglycin was present in the
nucleus of MM cells, nuclear and non-nuclear fractions from
CAG cells were isolated, as reported previously (16), and pro-
cessed for Western blotting. The nuclear marker lamin was
detected using an antibody from Abcam and the non-nuclear
marker actin using an antibody from Sigma. Serglycin expres-
sion was further monitored by flow cytometric analyses using
anti-human serglycin antibody (Sigma) and phycoerythrin-
conjugated anti-rabbit IgG as a secondary (R&D).

Immunohistochemistry and Immunocytochemistry—Bone
marrow tissue microarrays of MM patients and normal con-
trols, obtained from US Biomax, Inc., were stained for serglycin
as described previously (17). In brief, sections were deparaf-
finized with xylene and then rehydrated through graded con-
centrations of ethanol and distilled water. Epitope retrieval was
performed by steaming the slides for 20 min in citrate buffer
solution (pH 6.0). Slides were washed and incubated with 2.5%
H,O, for 30 min to quench endogenous peroxide activities and
were then blocked with normal goat serum for 20 min at room
temperature. Following this, the slides were stained for 1 h with
rabbit anti-human serglycin antibody (Sigma) at room temper-
ature. The sections were washed with phosphate-buffered
saline and stained with biotinylated goat anti-rabbit IgG (Vec-
tor Laboratories, Burlingame, CA) for 30 min at room temper-
ature followed by Vectastain ABC reagent (Vector Laborato-
ries) for another 30 min at room temperature. Detection was
accomplished using a 3,3’'-diaminobenzidine substrate kit
(Vector Laboratories). Photographs were taken using an Olym-
pus BX60 System Microscope.

Sections from formalin-fixed tumor tissues formed from
control or serglycin knockdown cells were stained for mouse
CD34 (Hycult), human HGF (R&D), and human serglycin, as
described above, except that the blocking solution used was 1%
BSA/PBS and the primary antibody incubation was overnight at
4 °C. For cell staining, cytospins of MM cells were fixed in 4%
paraformaldehyde for 10 min, permeabilized with 2% Triton
X-100 in PBS for 5 min, blocked for 1 h at room temperature
using 1% BSA/PBS, and incubated overnight at 4 °C with rabbit
anti-human serglycin Ab (Sigma) (1:250 in 1% BSA/PBS). After
washing, samples were incubated for 1 h at room temperature
in 1% BSA/PBS containing Alexa 488 goat anti-rabbit IgG,
cover slipped and sealed using Vectashield mounting media.
Images were captured using a Nikon A1 confocal microscope.

Knockdown of Serglycin by shRNA—Serglycin knockdown
was performed using MISSION lentiviral transduction parti-
cles from Sigma, as reported previously (18). Lentiviral trans-
duction particles are produced from a lentiviral plasmid vector
containing the shRNA sequences (shRNA #1) for the human
serglycin gene: CCGGCCTCAGTTCAAGGTTATCCTACTC-
GAGTAGGATAACCTTGAACTGAGGTTTTT. The non-tar-
get shRNA control transduction particles containing the sequence
CCGGCAACAAGATGAAGAGCACCAACTCGAGTTGGT-
GCTCTTCATCTTGTTGTTTTT do not target any human
genes but do activate the RNAi pathway. In brief, 25 ul of lentiviral
particles were added to 10° CAG cells and incubated for 18-20 h
at 37 °Cin a humidified incubator. The next day, the medium con-
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taining the lentiviral particles was removed, and fresh complete
RPMI medium was added to each well. The cells were then
selected using puromycin (5 ug/ml) and assessed for serglycin
knockdown by real-time PCR and Western blotting.

Human Plasmacytoma Xenograft Model—All animal studies
were approved by the University of Alabama Institutional Ani-
mal Care and Use Committee. The xenograft tumor model was
performed as previously described (19). CB17 severe combined
immunodeficiency (SCID) mice (Charles River Breeding Labo-
ratories, Portage, MI) were subcutaneously inoculated with
control or serglycin-knockdown CAG cells (1 X 10°) in 100 ul
of PBS. The serum was collected once every 3 weeks, and the
animals were euthanized 6 weeks after tumor cell injection.
Human immunoglobulin kappa light chain levels were mea-
sured in murine sera to assess whole animal tumor burden. Sera
collected during animal studies were stored at —80 °C and ana-
lyzed by ELISA (Bethyl Laboratories, Montgomery, TX) in
duplicate, as described previously (19).

HGF ELISA—Supernatants harvested from 2-day cultures of
control of serglycin-knockdown cells were tested for HGF
secretion by ELISA (R&D Systems).

Adhesion Assay—MM cells were labeled with calcein-AM
(Invitrogen), washed, and resuspended in culture medium.
Cells were added to human BMSC HS-5 coated 96-well plates at
37 °C for 2 h; unbound cells were then washed out, and adher-
ence was assessed using a fluorescence plate reader (Synergy H1
hybrid reader, Biotek). In some experiments, MM cells were
pretreated with Chase ABC (to remove CS chains) prior to
being placed in HS-5 coated wells. To determine the involve-
ment of CD44 in MM-BMSC interactions, adhesion assays
were also performed in the presence of either an anti-CD44 ab
(hermes-1) (Thermo Scientific) or hyaluronan oligosaccharides
(0-HA) (100 wg/ml). Hyaluronan oligosaccharides used in this
study were a mixed fraction, with the average molecular weight
of 2.5 X 10%, composed of 2—10 disaccharide units that were
fractionated from testicular hyaluronidase (Sigma, type 1-S)
digests of hyaluronan polymer (Sigma, sodium salt), as described
previously (20). For adhesion to collagen I, wells coated with col-
lagen I were blocked with 1% BSA in serum-free culture medium
for 1 h at room temperature. After three washes, 5 X 10° cells
were added to the wells and incubated for 2 h in a serum-free
medium at 37 °C in 5% CO,. Following incubation, the wells
were washed to remove non-adherent cells and the adherent
cells were then fixed using cold methanol for 30 min and
stained with 0.25% crystal violet for 15 min. Cells were then
lysed with 200 ul of 10% acetic acid and the absorbance was
measured at 590 nm.

Endothelial Invasion Assay—The invasiveness of endothelial
cells was analyzed using Biocoat Matrigel invasion chambers
(BD Biosciences), as previously reported (21). Endothelial
(HUVEC) cells (2 X 10% suspended in 500 ul of endothelial cell
basal medium containing 1% fetal bovine serum were seeded in
the upper compartments of the chambers. A total of 750 ul of
medium that had been conditioned by control or serglycin-
knockdown CAG cells was added to the lower well of the cham-
ber. In some experiments, conditioned medium from control
cells was treated with Chase ABC prior to being added to the
lower well. Once cells were added to the upper chamber, they
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were incubated at 37 °C and allowed to invade through the
matrigel barrier for 12 h. After incubation, the non-invading
cells were removed from the upper surface of the membrane
using a cotton swab and invading cells on the underside of the
filter were enumerated using an inverted microscope, after fix-
ing and staining with Diff-Quick solution (IMEB Inc). Each
assay was performed in triplicate. Data are expressed as the
percentage of cell invasion with the invasion stimulated by
medium from control cells set at 100%.

Cell Viability Assay—The survival of control or serglycin-
knockdown cells was determined by MTT (-[4,5-dimethylthi-
azol-2-yl]-2,5diphenyl-tetrazolium bromide) assays. Cells (5 X
10° per well in 100 wl of medium) were seeded in a 96-well plate.
After 24, 48, and 72 h, the cells were incubated with 50 ul of
MTT (1 mg/ml) and left in the dark at 37 °C for an additional
4 h. Formazan crystals were dissolved in 200 ul of DMSO, and
absorbance was measured at 540 nm in a microplate reader.

Real-time PCR—Approximately 1 X 10° cells were either
untreated or treated with recombinant activin (500 ng/ml)
(R&D) for 12 h. RNA was extracted (RNeasy Mini Kit, Qiagen),
and cDNA was synthesized (Clontech). Real-time PCR was
conducted using the following primers; serglycin (F) CTA-
AGTTGGTCATGATGCAGAA; serglycin (R) TCCGCGTAG-
GATAACCTTGAAC; CAST1(F)-TCCCTTTGGTGTGGA-
CATCT; C4ST1(R)-CACGTGTCTGTCACCTGGTC and SYBR
Green Supermix (Bio-Rad). Expression was determined relative to
28 SrRNA.

Statistical Analyses—All results are representative of at least
three independent experiments. Except where noted, compar-
isons between two groups were analyzed using the Student’s ¢
test, and a p value of <0.05 was considered to be statistically
significant. Data are presented as mean = S.D.

RESULTS

Multiple Myeloma Cells Express the Proteoglycan Serglycin—
A previous study reported that the proteoglycan serglycin is
constitutively secreted by myeloma cells and is present at
higher levels in the bone marrow aspirates of myeloma patients,
compared with healthy controls (4). Consistent with this, we
found that bone marrow biopsies from MM patients exhibited
robust serglycin immunoreactivity (Fig. 1A, upper panel).
Strong reactivity with anti-serglycin antibodies occurred in the
cytoplasm and nucleus of plasma cells (Fig. 14). Normal bone
marrow biopsies showed serglycin immunoreactivity in hema-
topoietic cells that are present in between the fat cells (white
spaces) (Fig. 1A, lower panel). To demonstrate further that the
serglycin proteoglycan is expressed by myeloma cells, protein
extracts from different human myeloma cell lines were ana-
lyzed by Western blotting. Fig. 1B (left panel) shows that all of
the myeloma cell lines expressed serglycin. However, serglycin
was not detected in normal human mammary epithelial cells
(MCE-10A) or normal human kidney proximal tubular cells
(HK-2), compared with CAG myeloma cells (Fig. 1B, right
panel). Serglycin ran as a broad smear on the Western blot,
ranging from 300 to 140 kDa; this is typical of proteoglycans
and is due to variations in the number and length of glycosami-
noglycan chains attached to the core protein of serglycin. Ser-
glycin expression was also confirmed by real-time PCR, and
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FIGURE 1. Serglycin is expressed by human myeloma cells. A, immuno-
histochemistry demonstrating serglycin expression on bone marrow
biopsy sections from myeloma patients (nos.1-3) (upper panel). Scale bars,
200 um. Lower panel represents immunohistochemistry for serglycin in
normal human bone marrow biopsies (nos. 1-3). A normal bone marrow
biopsy section consists of a meshwork of bone trabeculae (black arrow)
containing fat cells (white spaces) and hematopoietic precursor cells in
between the fat cells. Scale bars, 200 um. B, total protein was extracted
from multiple myeloma cell lines and analyzed for serglycin expression
(rabbit anti-human serglycin Ab) by Western blotting (left panel). The right
panel represents Western blot for serglycin in CAG myeloma cells com-
pared with normal human mammary epithelial cells (MCF-10A) or normal
human kidney proximal tubular cells (HK-2). Actin is used as the loading
control. C, confocal analysis of serglycin in the respective cell lines. RPMI-
8226 and OCImy5 human myeloma cell lines were permeabilized and
incubated overnight with rabbit anti-human serglycin antibody (1: 250
dilution) and, after extensive washing, were incubated with Alexa-488
secondary antibody. Staining was visualized using confocal microscopy.
Scale bars, 30 um. D, nuclear and non-nuclear fractions were isolated from
CAG human myeloma cell line and separated on SDS-PAGE. Western blots
were probed with antibody to human serglycin, lamin, or actin.
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mRNA was detected in all six myeloma cell lines tested (data
not shown). Further confocal microscopy analysis of human
MM cells using a serglycin antibody demonstrated that this PG
is present in the cytoplasm and in the nucleus (Fig. 1C). To confirm
the nuclear localization of serglycin, cells were extracted and
nuclear and non-nuclear fractions were isolated (although most
studies refer to these as nuclear and cytoplasmic fractions, we
use the terms nuclear and non-nuclear because the non-nuclear
fraction included not only cytoplasmic molecules but also cell
surface molecules). Western blots detected abundant serglycin
within the nuclear and non-nuclear fractions of the CAG
myeloma cell line (Fig. 1D). Staining of the blot for lamin (a
nuclear marker) and actin (a non-nuclear marker) confirmed
the fidelity of the nuclear and non-nuclear fractions,
respectively.

Serglycin Is Secreted and Binds to the Surface of Myeloma
Cells—Even though serglycin is commonly considered to be an
intracellular PG, it can also be secreted by cells (22). A recent
study showed that serglycin is a major PG in human endothelial
cells and may regulate secretion of the chemokine GRO« (23).
To determine whether serglycin is secreted by myeloma cells,
conditioned media from several myeloma cell lines were pro-
cessed for Western blot analysis. As shown in Fig. 24, serglycin
PG was detected in the medium of all six human myeloma cell
lines tested, consistent with a previous report showing that ser-
glycin represents the predominant PG constitutively secreted
by myeloma cells at high levels (4). Furthermore, treatment of
serglycin with the CS/dermatan sulfate-degrading enzyme,
Chase ABC, completely removed the GAG chains attached to
the core protein of serglycin (Fig. 2B). This result suggests
strongly that serglycin expressed by MM cells has only CS/der-
matan sulfate GAG chains attached to it, most likely only CS
since a previous study reported that CS chains, consisting
almost entirely of 4-O-sulfated disaccharides, are the only GAG
chains attached to myeloma-derived serglycin (4). Serglycin
lacks a transmembrane domain, and is therefore not expressed
as an integral proteoglycan on the cell surface; however, sergly-
cin can bind to cell surface receptors via its GAG chains (24, 25).
To determine whether serglycin is present on the surface of
myeloma cells, flow cytometry analysis was carried out. As
shown in Fig. 2C, all of the five human MM cell lines tested
(CAG, RPMI 8226, KMS 11, OCIMy5, and OPM1) had sergly-
cin present on their surface. However, the signal intensity var-
ied somewhat between cell lines. Furthermore, to determine
whether the presence of serglycin on the surface of myeloma
cells is dependent on its CS GAG chains, myeloma cells were
treated with the CS-degrading enzyme, Chase ABC. Pretreat-
ment of cells with Chase ABC partly reduced the levels of ser-
glycin on the MM cell surface (Fig. 2D), suggesting that the cell
surface-binding ability of serglycin is dependent on its CS
chains. The incomplete removal of serglycin may be due to the
incomplete digestion of Chase ABC or due to the involvement
of the core protein of serglycin in cell surface binding; however,
this possibility needs to be investigated further. Together, the
results presented in Figs. 1 and 2 shows that myeloma cells
highly express and secrete the CSPG serglycin and that CS GAG
chains (up to eight chains are attached to the core protein of
serglycin) are a component of the myeloma glycocalyx.
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FIGURE 2.Serglycin is secreted by myeloma cells and is present on the cell
surface. A, Western blot analysis for the presence of serglycin in the condi-
tioned medium from five different human myeloma cell lines. Culture
medium without cells is used as the control. B, serglycin expressed by
myeloma cell lines has side-chains of CS glycosaminoglycan. Conditioned
medium of KMS11 human myeloma cell line was either treated or not treated
with the CS-degrading enzyme chondroitinase ABC (Chase ABC) and then
analyzed for serglycin by Western blotting. C, flow cytometric analysis dem-
onstrating serglycin expression on the surface of myeloma cell lines (CAG,
KMS11, RPMI8226, OPM1, and OCImy5). Solid curves represent isotype con-
trol, and open curves indicate serglycin staining. D, serglycin binding to
myeloma cell surface is dependent on their CS chains. OCImy5 human
myeloma cell line was either treated or not treated with Chase ABC enzyme
and then analyzed for cell surface serglycin by flow cytometry. Black curves
represent isotype control, gray curves indicate serglycin level after Chase ABC
digestion, and open curves represent serglycin level without ABC digestion.

Serglycin Promotes Myeloma Cell Adhesion to Bone Marrow
Stromal Cells (BMSCs) and Collagen I—Because of the fact that
the CS-type serglycin that is widely expressed by hematopoietic
cells has the ability to bind to CD44 receptors through its CS
chains, and also because serglycin has been shown to promote
cell-cell interaction by bridging CD44 on neighboring cells (25,
26), we sought to determine whether serglycin secreted by
myeloma cells has the ability to bind to CD44. This was exam-
ined by co-precipitation analysis of serglycin using recombi-
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nant soluble CD44 (CD44-Ig) with culture supernatants from
various human myeloma cell lines. As shown in Fig. 34, sergly-
cin was precipitated with CD44-IgG from the conditioned
medium from all seven human myeloma cell lines. Serglycin
was not precipitated using a control human IgG (Fig. 34). These
results suggest that the CS serglycin secreted by myeloma cells
represents a major CD44-binding macromolecule in these cell
lines.

Next, we sought to investigate whether serglycin promotes
the adhesion of myeloma cells to bone marrow stromal cells
and collagen type I (CS chains can bind to collagen I). To exam-
ine the effect of serglycin in myeloma cell adhesion, we first
attempted to completely knockdown serglycin expression in
CAG human myeloma cell lines using lentiviral serglycin
shRNAs. Five lentiviral serglycin shRNAs were generated tar-
geting different regions in the serglycin mRNA. Only one of the
five shRNAs (shRNA#1) yielded a dramatic knockdown
(~85%) of serglycin, as confirmed by Western blotting and real-
time PCR (Fig. 3B). Two of the other shRNA sequences (shRNA
#2 and shRNA #3) yielded a 40-50% knockdown (Fig. 3B).
Incomplete knockdown of serglycin was probably due to its
high expression. We then examined the effect of serglycin
knockdown on CAG cell adhesion to the human bone marrow
cell line HS-5. As shown in Fig. 3B (right panel), serglycin
knockdown (~85%) (shRNA#1) induced significant inhibition
of adhesion of MM cells to BMSCs, demonstrating a role for
MM-expressed serglycin in the adhesion of MM cells to stro-
mal cells. Cells that had 40 —-50% knockdown levels of serglycin
(shRNA #2 and #3) adhered to a similar extent to control cells
(Fig. 3B, right panel)). To further confirm the role of serglycin in
mediating adhesion, MM cells were treated with Chase ABC.
This enzyme degrades CS chains, thereby releasing serglycin
from the cell surface (Fig. 2D). As shown in Fig. 3C, pre-treat-
ment with Chase ABC decreased the adhesion of human MM
celllines (CAG, RPMI8226, and OCIMy5) to BMSC HS-5 to the
same level as that caused by serglycin knockdown by shRNA #1
(Fig. 3B). These results clearly demonstrate the role of serglycin
in mediating myeloma cell adhesion and further confirm that
the decreased adhesion shown by serglycin knockdown cells is
not an artifact of knockdown. To determine if CD44 is involved
in this adhesion mechanism, the adhesion of MM cells to
BMSCs was examined in the presence of antagonists of CD44-
ligand interaction, either hyaluronan oligosaccharides (o-HA)
(20, 27) or anti-CD44 monoclonal antibodies (hermes-1). As
shown in Fig. 3C, addition of o-HA or anti-CD44 Ab signifi-
cantly decreased the adhesion of MM cells to HS-5 cells. Addi-
tion of o-HA or anti-CD44 Ab to serglycin-knockdown CAG
cells had no further effect on cell adhesion (data not shown).
Taken together, our findings suggest that serglycin secreted by
myeloma cells is a partial mediator of cell adhesion, and this
adhesion is likely due to its CD44 binding ability.

We also investigated whether serglycin expressed by MM
cells promotes its adhesion to type I collagen, the major colla-
gen type present within bone. Tissue culture plates were coated
with collagen type I and control or serglycin-knockdown CAG
cells were added. Fig. 3B (right panel) demonstrates that sergly-
cin knockdown (~85%) significantly decreased the binding of
CAG cells (by ~50%) to collagen I, compared with control cells.
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FIGURE 3. Serglycin promotes myeloma cell adhesion to bone marrow
stromal cells and collagen I. A, serglycin secreted by myeloma cells binds to
CD44. Recombinant soluble CD44 (CD44-lgG1) was added to the culture
supernatants from 6 different human myeloma cell lines. After 8 h of incuba-
tion at 37 °C, CD44-1gG was precipitated using protein G-Sepharose beads
and subjected to Western blotting for serglycin. Serglycin was not precipi-
tated using control human IgG. B, CAG cells were infected with lentiviral vec-
tors coding for control or serglycin shRNA. Left upper panel: Western blotting
of cell extracts of stably infected cells demonstrates effective knockdown of
serglycin expression using serglycin shRNA# 1 and partial knockdowns using
serglycin shRNAs #2 and #3. Left lower panel: mRNA expression of serglycin
assessed by real time PCR. Right panel: myeloma cells after serglycin knock-
down adhere less to bone marrow stromal cell (BMSC) line HS-5 and collagen
I. Control or serglycin-knockdown CAG cells were seeded to plates that were
pre-coated with either BMSC HS-5 or collagen I. After 2 h, non-adherent cells
were removed, and percentage of adherent cells were determined as
described under “Experimental Procedures.” Values were normalized to con-
trol, which is arbitrarily set at 100% (mean = S.D. of triplicates from three
independent experiments). #, p < 0.05 compared with control. CAG cells with
partial knockdowns for serglycin adhered to a similar extent to control cells. C,
adhesion of myeloma cell lines (CAG, RPMI 8226, and OCImy5) to BMSCs was
reduced significantly in the presence of CD44 antagonists. Calcein-labeled
myeloma cell lines were added to BMSC HS-5 coated 96-well plates in the
presence or absence of CD44 antagonists: small hyaluronan oligosaccharides
(0-HA) (100 wg/ml) or adhesion blocking CD44 antibody (hermes-1). To deter-
mine the role of CS chains in cell adhesion, myeloma cells were also pre-
treated with Chase ABC enzyme prior to the addition to HS-5 coated wells.
After 2 h, unbound cells were removed and adherence of myeloma cells was
determined using a fluorescence plate reader. Data are expressed as percent-
age control from three different experiments. #, p < 0.05 compared with
control. D, myeloma cells (CAG, RPMI 8226, and OCIlmy5) pre-treated or
untreated either with Chase ABC enzyme or Hep lll enzyme, were allowed to
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However, cells that had 40 -50% knockdown levels of serglycin
adhered to a similar extent to control cells (Fig. 3B, right
panel)). Furthermore, pretreatment of MM cells (CAG, RPMI
8226, and OCIMy5) with Chase ABC, prior to the addition of
cells to collagen I coated plates, inhibited collagen binding to a
similar extent to cells with ~85% serglycin knockdown (Fig.
3D). As expected, degradation of HS chains using heparinase III
(Hep III) also exhibited a significant reduction in the adhesion
of myeloma cells to collagen I (Fig. 3D). Together, these data
reveal that the CSPG serglycin expressed by MM cells, in addi-
tion to HSPG syndecan-1 (28), helps to mediate MM cell bind-
ing to collagen type I.

Serglycin Knockdown Dramatically Diminishes Myeloma
Tumor Growth in Vivo—Serglycin-knockdown cells were fur-
ther analyzed to see whether serglycin alters the growth of
myeloma cells in vitro or in vivo. As shown in Fig. 44, the in
vitro growth of serglycin-knockdown cells was not significantly
different to that of control cells when measured by MTT assay.
Further, no cleaved caspase-3 or nuclear DNA fragmentation
(assessed by DAPI staining) were observed in control or sergly-
cin knockdown cells, suggesting that apoptosis is also not
altered by serglycin knockdown (data not shown).

Because high levels of serglycin are present in the extracellu-
lar milieu of myeloma patients, we also tested whether serglycin
knockdown blocked multiple myeloma cell growth in vivo.
CB17 SCID mice were injected subcutaneously with serglycin-
knockdown (~85%) versus control CAG cells to compare the
development of tumors. After 6 weeks, 8 of the 10 mice injected
with control CAG cells had developed large tumors (Fig. 4B). In
contrast, serglycin-knockdown cells developed much smaller
tumors than controls and 2 of the 10 mice had not developed
tumors after 6 weeks. Tumor onset in mice receiving serglycin-
knockdown CAG cells occurred at an average of 35 days, com-
pared with 14 days in mice injected with control CAG cells.
Further, immunostaining for serglycin in tumors formed from
control and serglycin knockdown cells showed that a sustained
knockdown of serglycin is achieved in tumors formed by the
serglycin knockdown cells (Fig. 4B). To quantitatively assess the
rate of tumor growth, blood was collected every 3 weeks and
levels of human kappa light chain were analyzed. Fig. 4C shows
that the mean kappa levels in mice injected with serglycin-
knockdown cells were significantly lower (0.16 pg/ml) com-
pared with those of mice injected with control cells (0.52
pg/ml) at 6 weeks. Although 8 of the 10 animals injected with
control cells had detectable levels of kappa in their serum after
3 weeks, only 1 of the 10 injected with serglycin-knockdown
cells had detectable kappa chains. Together, these data indicate
that serglycin knockdown in myeloma cells inhibits myeloma
growth and tumor burden.

We also compared the growth in vivo of control cells with
two CAG cell preparations that exhibited partial knockdown
for serglycin, specifically 40 and 50% of serglycin expression

adhere to collagen I-coated plates for 2 h. Unbound cells were then removed,
and adherent cells were then fixed and stained with 0.25% crystal violet. Cells
were then lysed and absorbance read at 590 nm. Results are expressed as
mean = S.D. of triplicates from three separate experiments. #, p < 0.05 com-
pared with control.
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FIGURE 4. Knockdown of serglycin expression diminishes subcutane-
ous growth of myeloma cells. A, knockdown of serglycin expression does
not alter the in vitro growth of myeloma cells. Control or serglycin-knock-
down CAG cells were seeded at equal density, and the growth in cell
numbers was assessed by MTT assay at 0, 1, 2, and 3 days. Points repre-
sents mean of triplicate samples =S.D. from each of two separate experi-
ments. B, 6 weeks after subcutaneous injection of control and serglycin-
knockdown CAG cells into flanks of male SCID mice, the tumors were
removed at necropsy and photographed (upper panel). “X" represents ani-
mals with no detectable tumor. Lower panel represents the immunohis-
tochemistry of sections from xenograft tumors formed from control or
serglycin-knockdown cells stained for human serglycin (brown) and coun-
terstained with hematoxylin (blue). Scale bars, 200 um. C, levels of human
kappa light chain in the serum were measured by ELISA. Data include all
animals that were injected with tumor cells and represents mean *+ S.D. of
duplicate from a single ELISA.

compared with control. The cells with partial knockdown of
serglycin grew in a similar way to control cells in vivo (data
not shown). These data indicate that greater than 50%
knockdown of serglycin is necessary to affect tumor growth
in vivo.

Tumors Formed from Serglycin-Knockdown Cells Exhibit
Poorly Developed Vasculature and Decreased Levels of HGF—
While there are no differences in growth between serglycin-
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knockdown and control cells in vitro (Fig. 4A), the fact that
there are major differences between their growth in vivo (Fig.
4B) suggests that the growth promoting effects of serglycin in
vivo may be related to its effects on the tumor microenviron-
ment. Because vascularization is required for tumors to con-
tinue to grow, we assessed the microvessel density in tumors
formed from control and serglycin-knockdown cells. Poorly
developed vasculature, as assessed by immunohistochemistry
using anti-CD34 mAb (which stains endothelial cells), were
observed in serglycin-knockdown tumors as compared with
control tumors (Fig. 54). Next we examined the effect of ser-
glycin on myeloma-mediated endothelial cell invasion, a critical
early step in the angiogenesis process. Conditioned media from
control and serglycin-knockdown cells (shRNA #1) were har-
vested and incubated in lower wells with endothelial cells that
had been plated on the upper surface of matrigel-coated mem-
branes in a Boyden-chamber type assay. The number of invad-
ing cells present on the underside of the filter was counted 12 h
later. Endothelial cell invasion was lower for cells that were
incubated in medium from serglycin-knockdown cells com-
pared with cells incubated with control cell medium (Fig. 5B).
Because GAG chains can bind and aid in establishing gradients
of pro-angiogenic growth factors to promote proper endothe-
lial branching, we examined the role of CS chains of serglycin in
endothelial invasion. Pretreatment of media from control cells
with Chase ABC decreased the invasion stimulatory activity of
the medium (Fig. 5B). This suggests that serglycin stimulates
the invasion of endothelial cells via its CS chains.

Vascular endothelial growth factor (VEGF) and hepatocyte
growth factor (HGF) are multifunctional cytokines that potently
stimulate angiogenesis, including tumor neovascularization (29,
30). Therefore, we hypothesized that knocking down serglycin
may alter the levels of pro-angiogenic cytokines in tumors. Even
though no difference in VEGF expression was observed (data
not shown), a striking difference in the HGF level was seen.
Tumors formed from serglycin-knockdown cells showed much
less detectable HGF compared with controls (Fig. 5C). Quanti-
fication of HGF levels in vitro revealed that serglycin-knock-
down cells secreted significantly less HGF than control cells
(Fig. 5D). HGF levels are highly elevated in myeloma patients,
correlate with high microvessel density and are a significant
predictor of mortality (31-33). Taken together, these results
indicate that decreased endothelial cell invasion and decreased
levels of HGF caused by serglycin knockdown may lead to
impaired vascularization of tumors, resulting in poor tumor
growth.

Activin Up-regulates the mRNA Levels of Serglycin and
C4ST1—Activin, a TGF-B superfamily member cytokine, is a
predominant cytokine that is up-regulated in myeloma patients
with osteolytic lesions (34). Moreover, activin is known to
induce C4ST1 expression, which is responsible for the 4-O-
sulfation of N-acetylgalactosamine in CS chains (35). Because
array analysis of genes involved in GAG synthesis and modifi-
cation has shown that the C4ST1 gene is highly up-regulated in
the plasma cells of MM patients compared with bone marrow
plasma cells from healthy donors (36), and because the CS
chains of myeloma-derived serglycin are almost completely
composed of 4-O-sulfated disaccharides (4), we sought to
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FIGURE 5. Tumors formed by serglycin-knockdown cells have a poorly
developed vasculature and decreased levels of human HGF. A, immuno-
histochemistry of tumors formed by control (left panel) or serglycin-knock-
down (right panel) cells. Tumor tissue was stained with antibody to CD34
(brown) and counterstained with hematoxylin (blue). Microvessels are indi-
cated with black arrows. Scale bars, 200 um. B, conditioned medium from
serglycin-knockdown cells inhibits endothelial invasion. Endothelial cells
were placed in the upper chamber of Matrigel invasion chambers and condi-
tioned medium from control or serglycin-knockdown cells or from control
cells pretreated with Chase ABC was placed in the lower chamber. After over-
night incubation, endothelial cells that invaded through the Matrigel were
fixed, stained, and counted. Data are mean = S.D. of three independent
experiments. #, p < 0.05 compared with control. C,immunohistochemistry of
sections from xenograft tumors formed from control (left panel) or serglycin-
knockdown (right panel) cells stained for human HGF (brown) and counter-
stained with hematoxylin (blue). Scale bars, 200 wm. D, medium conditioned
by myeloma cells for 48 h was collected, and levels of human HGF quantified
by ELISA. Data are from mean = S.D. from three separate experiments. #, p <
0.05 compared with control.

investigate whether activin up-regulates C4ST1 expression in
myeloma cells. CAG and 8226 human myeloma cells were
treated with recombinant activin overnight and C4ST1 expres-
sion was analyzed. As shown in Fig. 64, exposure of the
myeloma cells to activin significantly enhanced the expression
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FIGURE 6. Activin enhances C4ST1 and serglycin expression in myeloma
cells. CAG or RPMI 8226 myeloma cells were treated with recombinant activin
(500 ng/ml) overnight and the expression of C4ST1 (A) and serglycin (B) was
assessed by real time PCR and normalized to 28 S rRNA levels. Data are from
three separate experiments = S.D. #, p < 0.05 compared with activin-un-
treated cells.

of C4ST1. Strikingly, high levels of up-regulation were also
observed for serglycin mRNA, which was almost 3-fold higher
in activin-treated cells compared with untreated controls (Fig.
6B). Further, we found that the ability of activin to induce ser-
glycin expression in myeloma cells was much higher than
another osteolytic cytokine TNF-c, which caused only a 2-fold
increase in serglycin mRNA levels (data not shown). These
results reveal a novel function for activin in myeloma progres-
sion and a molecular mechanism for the regulation of C4ST1
and serglycin expression in multiple myeloma. Whether or not
the expression of C4ST1 and serglycin is associated with osteo-
lytic disease in MM patients requires further investigation.

DISCUSSION

The constitutive secretion of serglycin by myeloma cells and
its up-regulation in the bone marrow biopsies and BM aspirates
of myeloma patients (4) suggests that it may play a role in MM
pathophysiology. However, until now, there has been no direct
evidence that implicates serglycin in MM pathogenesis. Our
present study demonstrates that serglycin knockdown in
myeloma cells leads to poor tumor growth, low levels of HGF
and impaired angiogenesis in myeloma tumors iz vivo. The fact
that serglycin knockdown has such a dramatic effect on these
parameters strongly points to the importance of serglycin in
myeloma progression iz vivo. We also showed, for the first time,
that serglycin secreted by myeloma cells has the ability to bind
to CD44 receptors thereby mediating adhesion to bone marrow
stromal cells, and that activin, a member of the TGF-f family,
promotes the up-regulation of serglycin mRNA in myeloma
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cells. The latter findings point to possible mechanisms under-
lying the regulation and activity of serglycin in MM.

To the best of our knowledge, this is the first study showing a
critical role for serglycin (an under-studied and important pro-
teoglycan expressed in myeloma cells) in regulating the growth
of myeloma tumors. But why does knocking down serglycin
have such a dramatic impact on myeloma tumor growth and
progression when the in vitro growth of serglycin-knockdown
MM cells is not significantly different from that of control cells?
Our hypothesis is that serglycin acts as a master regulator of
multiple activities within the tumor microenvironment. Our
results indicate that one of the critical activities of serglycin
(which has up to eight GAG chains) in the myeloma tumor
microenvironment is likely to be promotion of myeloma cell
adhesion to bone marrow components, including bone marrow
stromal cells (BMSCs) and collagen type 1. Bone marrow pro-
vides a conducive environment for myeloma cells to grow, and
the adhesive interaction of myeloma cells with bone marrow
components is now recognized as a key factor in myeloma
pathobiology. But how does serglycin promote adhesion, even
though it is not an integral cell surface proteoglycan? The find-
ings that serglycin is present on the surface of myeloma cells
and that treatment with the CS-degrading enzyme, Chase ABC,
partially removes cell-bound serglycin suggest that serglycin
binds to the MM cell surface via its CS chains. The incomplete
removal of cell surface serglycin after Chase ABC treatment
also suggests the possible involvement of the core protein of
serglycin in binding to yet unidentified cell surface binding
partners. Further, our results show that CD44 is most likely to
be the cell surface binding partner for serglycin CS chains. A
previous study has shown that serglycin secreted by hematopoi-
etic cells binds to CD44 receptors and promotes heterophilic or
homophilic cell-cell interactions, by bridging the CD44 recep-
tors of neighboring cells (25, 26). It is therefore possible that
serglycin could promote the adhesion of myeloma cells through
a similar mechanism. However, serglycin is only a partial medi-
ator of cell adhesion, presumably since it is only one among
several other adhesion molecules expressed by MM cells.

Yet another critical role of serglycin in regulating myeloma
growth is the promotion of angiogenesis. Our finding that ser-
glycin-knockdown cells fail to stimulate endothelial invasion
in vitro and vasculature development in vivo supports this
hypothesis. Proteoglycans present in the extracellular milieu
aid in establishing gradients of pro-angiogenic growth factors
and cytokines required for proper endothelial branching.
For example, we previously demonstrated that syndecan-1,
released from myeloma cells as a complex with bound VEGF,
infiltrates and binds to the extracellular matrix where it pro-
motes endothelial invasion and angiogenesis (21). It is possible
that serglycin extends its range of function beyond that of cell-
cell contacts within the tumor microenvironment. This capa-
bility could enhance tumor growth by “jump-starting” angio-
genesis at sites where serglycin may not be at levels sufficient to
initiate angiogenesis. For example, serglycin with bound angio-
genic factors released from myeloma cells may also enter the
circulation and nurture angiogenesis at sites distal to tumors,
perhaps helping to establish a pre-metastatic niche. Although
our data suggest that the majority of serglycin-associated

FEBRUARY 28, 2014 «VOLUME 289-NUMBER 9

Serglycin Promotes Myeloma Progression

angiogenic activity can be traced to HGEF, it is possible that
serglycin may interact with other myeloma-derived angiogenic
factors, such as VEGF and MMP-9, and contribute to angiogen-
esis. It has been demonstrated that serglycin can covalently link
to MMP-9 and this association is suggested to be important for
the transport, targeting, and regulation of MMP-9 (37, 38).

Although serglycin has long been considered as a PG that is
packaged into secretory granules and vesicles of hematopoietic
cells and endothelial cells, including hematopoietic tumor cells,
it is also constitutively secreted by cells (11, 12, 22, 39). While,
within the cell, serglycin is involved in packaging and retention
of various proteases, growth factors, and chemokines in storage
granules and secretory vesicles, its secretion can aid in the
release of its binding partners as complexes. This includes the
release of proteases by mast cells (40, 41), GROa/CXCL1 by
human endothelial cells (23), TNF-« by macrophages (42), and
MMP-9 and several other proteins by monocytes (10, 43).
Therefore, the presence or absence of serglycin can influence
the balance of chemokines, growth factors, or cytokines within
the tumor microenvironment. In addition, serglycin can further
modulate the activities of partner molecules in the microenvi-
ronment through the protection, transport, activation of, and
interactions with, substrates or target cells (7, 44). Therefore,
more studies are needed to; (i) identify all the molecules whose
secretion in MM is regulated by serglycin; (ii) determine if these
molecules are secreted in complex with serglycin; and (iii)
determine if serglycin regulates the function of their binding
partners within the myeloma microenvironment.

Our confocal microscopic studies revealed that serglycin is
distributed throughout the cytoplasm and in the nucleus of
MM cells. Even though we have not characterized the intracel-
lular distribution of serglycin in detail, it is likely that serglycin
is contained within the cytoplasmic storage granules/secretory
vesicles of MM cells (11) and involved in promoting the storage
and regulating the activities of a number of proteases within
these cells (8, 9, 45). The presence of serglycin in the nucleus of
MM cells suggests that this PG may also be involved in regulat-
ing gene expression. We previously demonstrated that the
HSPG syndecan-1 (CD138) are present within the nucleus of
myeloma cells and can regulate the acetylation status of nuclear
histones and thereby gene expression (16, 46). Further studies
are required to understand the role of serglycin in the nucleus of
myeloma cells.

Many of the functions of serglycin are mediated through its
negatively charged GAG chains. However, based on the cell
type, the GAG chains attached to serglycin can be either chon-
droitin sulfate or heparin. Our findings suggest that the sergly-
cin expressed by MM cells is decorated by CS chains. This is
consistent with a previous study showing that CS is the only
type of GAG chain attached to myeloma-derived serglycin and
that CS chains of serglycin are almost completely composed of
4-0-sulfate-substituted disaccharides (4). Using gene array
analysis it has been previously shown that the CHST11 (C4ST1)
gene, which is responsible for 4-0-sulfation of CS chains, is
highly up-regulated in myeloma patients compared with that of
healthy donors (36). Inhibiting C4ST1 expression could there-
fore shut down the sulfation of CS chains, and thereby the func-
tions of serglycin. Our finding that activin, a TGF-$ family
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member, can up-regulate the mRNA levels of both C4ST1 and
serglycin in MM cells suggests that inhibiting activin could be a
better approach for targeting serglycin functions in MM.
Because activin levels are higher in myeloma patients with
osteolytic disease (34) and because serglycin derived from MM
cells is a potent inhibitor of bone mineralization (4), it will be
interesting to see if there is any correlation between serglycin
levels and osteolytic damage in MM.

For the first time, the data presented here suggest that ser-
glycin, a major and an understudied PG expressed by myeloma
cells, plays a critical role in promoting adhesion, angiogenesis
and growth in MM. However, further studies are urgently
required to completely understand the different roles played by
serglycin in MM pathogenesis, which will hopefully provide us
with new therapeutic techniques to tackle this fatal disease.
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