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Abstract
Expression of the heparan sulfate proteoglycan (HSPG) syndecan-1 is a hallmark 
of both normal and multiple myeloma (MM) plasma cells. Syndecan-1 could 
affect plasma cell fate by strengthening integrin-mediated adhesion via its core 
protein and/or by accommodating and presenting soluble factors via its HS side-
chains. Here, we show that inducible RNAi-mediated knockdown of syndecan-1 
in human MM cells leads to reduced growth rates and a strong increase of 
apoptosis. Importantly, knockdown of EXT1, a co-polymerase critical for HS-
chain biosynthesis, had similar effects. By employing an innovative myeloma 
xenotransplant model in Rag-2-/-gc

-/- mice, we demonstrate that induction of 
EXT1 knockdown in vivo dramatically suppresses the growth of bone marrow 
localized myeloma. Our findings provide direct evidence that the HS-chains of 
syndecan-1 are crucial for the growth and survival of MM cells within the bone 
marrow environment, and indicate the HS biosynthesis machinery as a potential 
treatment target in MM.
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Introduction
Within the lymphoid system, expression of the heparan sulfate proteoglycan (HSPG) 
syndecan-1 is characteristic for terminally differentiated B cells (Wijdenes et al., 
1996), i.e. plasma cells, and their malignant counterpart multiple myeloma (MM), a 
plasma cell neoplasm, which expands in the bone marrow (Hideshima et al., 2007; 
Kuehl and Bergsagel, 2002). HSPGs are proteins with covalently attached HS-chains, 
which consist of alternating N-acetylated glucosamine and D-glucuronic acid units. To 
exert their function, the HS-chains undergo a complex series of processing reactions 
involving deacetylation, epimerization, and (de)sulfation (Esko and Selleck, 2002; 
Lindahl, 2007). This endows HS-chains with highly modified domains that provide 
specific docking sites for many bio-active molecules. Binding of these ligands serves 
a variety of functions, ranging from immobilization and concentration to distinct 
modulation of biological functions. HSPGs are widely expressed in mammalian 
tissues as extracellular matrix components or cell-membrane-bound proteins. These 
membrane-localized HSPGs can also function independent of their HS side chains, 
for example by the ability of their core protein to interact with signaling molecules 
or cytoskeletal proteins (Kramer and Yost, 2007; Morgan et al., 2007; Yoneda and 
Couchman, 2003) Thus, HSPGs act as multifunctional scaffolds regulating important 
biological processes including cell adhesion and migration, tissue morphogenesis 
and angiogenesis (Bishop et al., 2007; Esko and Selleck, 2002; Kramer and Yost, 
2003; Morgan et al., 2007)
Studies from several laboratories, including our own, point to a versatile role of the 
transmembrane HSPG syndecan-1 in the interaction of MM plasma cells with the BM 
microenvironment (Borset et al., 2000; Derksen et al., 2002; Mahtouk et al, 2006; 
Yang et al., 2007). Various growth factors have been implicated in controlling MM 
survival and growth, including hepatocyte growth factor (HGF), epidermal growth 
factor (EGF)-family members, and WNTs (Borset et al., 2000; Derksen et al., 2002, 
2003, 2004; Mahtouk et al., 2006; Tjin et al., 2004). Most of these factors can bind to 
the HS-chains of syndecan-1 (Alexander et al., 2000; Derksen et al., 2002; Mahtouk 
et al., 2006), which promotes their ability to stimulate MM cell growth and survival 
in vitro (Derksen et al., 2002; Mahtouk et al., 2006). Independent of HS-chains, 
the syndecan-1 core protein can interact with, and regulate the activity of, integrin 
adhesion molecules (Beauvais et al., 2004; Morgan and Couchman, 2007). Thus, 
both the HS-chains and the syndecan-1 core protein could contribute to the dynamic 
interaction of tumor with the BM milieu and influence tumor behavior (Sasisekharan 
et al., 2002; Yang et al., 2007). This notion prompted us to specifically study the 
impact of targeting of EXT1, an enzyme indispensable for HS-chain synthesis (Lind 
et al., 1998; McCormick et al., 1998), on MM growth, both in vitro and in vivo.
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Materials and methods
Cell	lines	and	culture
The human MM cell lines RPMI-8226 and L363 were cultured as described 
(Rozemuller et al., 2008).

Generation	of	inducible	cell	lines
Doxycycline-inducible cell lines were generated using theT-REx™ System (Invitrogen 
Life technologies). L363 and RPMI-8226 were transfected by electroporation 
(Gene Pulser Apparatus, BioRad, USA) with the pTER construct alone (TetR), 
or in combination with a construct containing an shRNA directed against either 
syndecan-1 (shSYN1) or EXT-1 (shEXT1a, b, or c). shRNA sequences are given 
in the supplemental methods and the position of the target sites is shown in 
supplemental Figure 1A. To induce shRNA expression, 1 µg/ml doxycycline (Sigma-
Aldrich, St Louis, MO) was used.

In	vitro	growth	and	apoptosis	measurements
Cells were plated (1x104) in 96-wells plates. Cells were quantified by FACS (BD 
Biosciences, Erembodegem, Belgium), employing TO-PRO-3-’iodide to exclude 
dead cells. Apoptotic cells were identified by AnnexinV and TO-PRO-3-’iodide.

Transplantation	of	MM	cells	in	mice
Rag-2-/-gc

-/- mice (9-14 weeks) were bred and housed as described (Rozemuller et al., 
2008). Transplantation of GFP-luciferase transduced L363 or RPMI-8226 cells into 
Rag-2-/-gc

-/- mice was performed essentially as described (Rozemuller et al., 2008), 
except that 1x106 MM cells were injected intracardially. During the experiment, the 
mice were supplied with water ad libitum, containing 5% sucrose with or without 
1 mg/ml doxycycline (Sigma-Aldrich). In addition, mice receiving doxycycline were 
injected i.p., twice a week, with 125 mg doxycycline to sustain adequate serum 
levels.

Bioluminescent	imaging
Mice were anesthetized by isoflurane inhalation before they received an i.p. injection 
of 100 µl 7.5 mM D-luciferine (Synchem Chemie, Kassel, Germany). Bioluminescence 
images were acquired using a third generation cooled GaAs intensified charge-
coupled device (ICCD) camera, controlled by the Photo Vision software and analyzed 
with M3Vision software (all from Photon Imager; Biospace lab, Paris, France).

Statistical	analysis
The unpaired two-tailed Student’s-t test was used to determine the significance of 
differences between means, unless stated otherwise.

HS is essential for MM growth in vivo
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Results and discussion
In this study, we have directly explored the impact of HS-modification of syndecan-1 
on MM growth in vivo, by using a recently developed, innovative, xenotransplant 
model (Rozemuller et al., 2008). Key features of this model are that it employs 
immunodeficient Rag-2-/-gc

-/- mice as recipients of human MM cells transduced with 

HS is essential for MM growth in vivo

Figure 1. Loss of syndecan-1 and cell surface HS reduces the in vitro growth of MM due to 
increased apoptosis. L363 and RPMI-8226 MM control cells (TetR) and L363 and RPMI-8226 MM 
cells containing inducible shRNA, targeting either syndecan-1 (shSYN1) or EXT1 (shEXT1a, b and c), 
were incubated with (+dox) or without doxycycline (-dox) for 5 days prior to each experiment to allow 
for optimal knockdown of the target genes. (A, B) Expression of syndecan-1 (A) or cell surface HS (B) 
measured by FACS using antibodies BB4 (Serotec, Bicester, United Kingdom) and 10E4 (Seikagaku 
America, Rockville, MD), respectively. The expression level of the untreated samples was normalized 
to 100%, and the bars represent the means ± SD of at least 5 independent experiments. (C, D) The 
growth rate of L363-TetR, -shSYN1 and -shEXT1a, b and c MM cells (C) or RPMI-TetR and -shEXT1a 
MM cells (D) was analyzed over a 10 day culture period in the presence of 10% FCS. The growth 
curves represent the means ± SD of 3-5 independent experiments (in triplicate). (E) The percentages of 
apoptotic cells were measured for the different L363 MM cell lines after 3 days of culture. Apoptotic cells 
were determined as AnnexinV+/TO-PRO-. Necrotic, TO-PRO single positive cells, were excluded.
*, p≤0.05; **, p≤0.01; ***, p≤0.001.
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GFP-luciferase to allow non-invasive real-time monitoring of MM cell growth in vivo. 
Rag-2-/-gc

-/- mice completely lack B, T, and NK cells, and therefore permit highly 
reproducible engraftment of human lymphocytes (Legrand et al., 2008; van Rijn et al., 
2003; Traggiai et al., 2004). As we recently demonstrated, these Rag-2-/-gc

-/- mice are 
also highly permissive to grafting of human MM cell lines, several of which displayed 
a strikingly selective tumor outgrowth in recipient’s bone marrow compartment upon 
i.v. injection (Rozemuller et al., 2008). For our current studies, two of these MM cell 
lines (L363 and RPMI-8226) were selected and stably transfected with doxycycline-
inducible shRNAs against either the syndecan-1 core protein or the HS co-polymerase 
EXT1 (shSYN1 and shEXT1 respectively). To rule out off-target effects of the shRNAs, 
three differerent L363-shEXT1 lines, each containing a different non-overlapping 
targeting sequence for EXT1, were generated (shEXT1a, b and c), (see supplemental 
Methods and Supplemental Figure 1A,B).
Doxycycline treatment of L363-shSYN1 cells led to a ~75% reduction of syndecan-1 
expression (Figure 1A), while treatment of L363-shEXT1a, b, or c or RPMI-shEXT1a 
cells was even more effective and reduced cell-surface HS expression by ~90% 
(Figure 1B). In control (TetR) cells, doxycycline did not affect syndecan-1 or HS levels 
(Figure 1A,B). Interestingly, the doxycycline induced knockdown of either syndecan-1 
or EXT1 led to a marked reduction of the in vitro growth rate of the myeloma cells 
(Figure 1C,D), which was accompanied by a prominent increase in apoptosis (Figure 
1E), as well as a minor increase in the percentage of cells in phase G1/G0 of the cell 
cycle (data not shown). Importantly, the expression of the syndecan-1 core protein 
was unaffected by EXT1 knockdown (Figure 1A). Therefore, our results underscore 
the importance of HS side-chains, rather than the proteoglycan core protein per se, 
in the growth and survival of MM cells in vitro.
To directly assess the role of HS on tumor growth in vivo, the L363-shEXT1a and 
RPMI-shEXT1a MM cells were retrovirally transduced to express a GFP-luciferase 
fusion protein and injected intracardially into irradiated Rag-2-/-gc

-/- mice. Consistent 
with our previous observations using untransfected L363 cells (Rozemuller et al., 
2008), mice that did not receive doxycycline displayed a rapid exponential tumor 
growth (Figure 2A,B and Supplemental Figure 3A), localized in various parts of the 
skeleton, preferentially in the large bones, including the femurs (Figure 2A), and 
the lower spinal cord (Supplemental Figure 2). Immunohistochemical analysis of 
the isolated bones confirmed the presence of highly proliferative tumor-foci (Figure 
2C,D). In striking contrast, mice injected with L363-shEXT1a that received doxycycline 
from the first day remained completely tumor free throughout the entire experiment 
(Figure 2A-D). Interestingly, in mice in which these tumors were allowed to form prior 
to doxycycline treatment, doxycycline administration from week 6 onwards led to 
either growth arrest or even a reduction in tumor size. Histological studies revealed 
the presence of areas of extensive necrosis within these tumors, which were found 
to be devoid of HS expression (Figure 2E), confirming EXT1 knockdown in vivo. 
In line with these findings, knockdown of EXT1 in RPMI-8226 cells also markedly 
inhibited the in vivo MM tumor growth, resulting in a significantly extended survival 
(Supplemental Figure 3A,B). Importantly, doxycycline did not influence the tumor 
growth of L363-TetR or RPMI-TetR control cells in vivo (Figure 2B and Supplemental 
Figure 3A).

HS is essential for MM growth in vivo
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Figure 2. In vivo growth of MM requires EXT1. L363-TetR or L363-shEXT1a MM cells, transduced to 
express a GFP-Luciferase fusion protein, were injected intracardially into Rag-2-/-gc

-/- mice. Subsequently, 
the mice were divided into two (L363-TetR) or three (L363-shEXT1a) groups; the first group did not 
receive doxycycline (no dox), the second group was treated with doxycycline throughout the entire 
experiment (dox day 1), and the third group (L363-shEXT1a only) received doxycycline after 6 weeks 
(dox week 6). Bones were collected after 9 weeks, fixed in normal buffered formalin, decalcified, and 
embedded in paraffin. (A) Bioluminescence images of the ventral side of mice injected with L363-
shEXT1a MM cells, taken at week 3 (w3), w6, w7 and w9. Representative mice are shown for each 
group. (B) Tumor growth in mice injected with L363-TetR or L363-shEXT1a MM cells, as determined by 
the average photon emission intensity (arbitrary units) measured for the total body, data shown as the 
mean ± SD (n=5 per group). A Mann-Whitney test (two-tailed) was applied to determine significance 
(*, p<0.05, **, p≤0.01; ***, p≤0.001) (C) Hematoxylin-stained femur sections of representative mice. 
Within the femurs of the no dox and dox week 6 mice, myeloma tumors (indicated with asterisks) were 
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found. Bars are 500 mm and 100 mm for upper and lower panels respectively. #, necrotic MM cells;
*, MM cells. (D) To visualize the tumors and their proliferation, anti-human syndecan-1 (clone MI-15, 
Dako, Glostrup, Denmark) and anti-human Ki67 (M7240, Dako) immunostainings were performed. 
The no dox and dox week 6 mice had tumors with ~87% and ~34% Ki67+ MM cells, respectively (data 
not shown). In the dox week 6 mice, areas of necrosis with weak and diffuse syndecan-1 and Ki67 
staining were found. Representative areas are shown. Bars are 50 mm. Insets, isotype controls. (E) 
Cell surface HS expression of GFP+ L363-shEXT1a MM cells harvested from the bones of no dox and 
dox week 6 mice, as determined by FACS. The mean fluorescence intensity (MFI) of the untreated 
mice was normalized to 100%. N.D., not determined (no tumor).

In conclusion, although mutations in essential growth control genes underlies MM 
development, signals from the BM microenvironment are also essential for driving 
tumor growth (Hideshima et al., 2007; Kuehl and Bergsagel, 2002). As targets for 
intervention, these signals may be equally important as are mutated oncogene 
products. Our current study demonstrates that the HS-chains decorating syndecan-1 
are crucial for the growth and survival of MM cells within the bone marrow environment 
and indicates these HS-chains and their biosynthesis machinery (Lindahl, 2007) as 
potential treatment targets in MM.
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Supplemental data

Supplemental material and methods

Generation	of	inducible	cell	lines
Doxycycline-inducible cell lines were generated using theT-REx™ System (Invitrogen 
Life technologies). L363 and RPMI-8226 were transfected by electroporation 
(Gene Pulser Apparatus, BioRad, USA) with the pTER construct alone (L363-
TetR and RPMI-TetR), or in combination with a construct containing an shRNA 
directed against syndecan-1 or EXT1. For targeting of syndecan-1 we designed one 
shRNA (shSYN1) and for EXT1 three different shRNAs (shEXT1a, shEXT1b, and 
shEXT1c) with non-overlapping target sequences. For a schematic overview see 
supplemental Figure 1A. shSYN1: 5’-GGTGCTTTGCAAGATATCA-’3; shEXT1a: 
5’-GCACATATCACGTAACAGT-3’; shEXT1b: 5’-GACAACACCGAGTATGAGA-3’; 
shEXT1c: 5’-CCTAGCACTTAGACAGCAGAC-3’. To induce shRNA expression, 1 
µg/ml doxycycline (Sigma-Aldrich, St Louis, MO) was used.

RT-PCR
For mRNA, transcripts were quantified by semi-quantitative reverse transcriptase 
polymerase chain reaction (RT-PCR) and compared to the amount of hypoxanthine-
guanine phosphoribosyltransferase (HPRT) mRNA expressed (see supplemental 
Figure 1B). The PCR products were separated on a 1% agarose gel by electrophoresis 
and bands were visualized by ethidium bromide staining. PCR product sizes 
were 310 bp for syndecan-1, 435 bp for EXT1 and 752 bp for HPRT. Forward an 
reverse primers used were: Syndecan-1, 5’-GCTCTGGGGATGACTCTGAC-3’ and 
5’-ACCACTCATCTGGCCTCAAC-3’; EXT1, 5’-CACAAGGATTCTCGCTGTGA-3’ and 
3’GGAACAAACATCCTGGAGGA-3’; HPRT, 5’-TTCCTCCTCCTGAGCAGTCAGC-3’ 
and 5’- CATCTGGAGTCCTATTGACATCGC-3’.

HS is essential for MM growth in vivo
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Supplemental figures

Supplemental Figure 1. shRNA-mediated targeting of syndecan-1 and EXT1. (A) Schematic 
overview of the syndecan-1 (SDC1) and EXT1 genes. The shRNA target sites (shSYN1, shEXT1a, b, 
c) and the locations of the primers used for the RT-PCR are depicted. P1, primer 1; P2, primer 2; E, 
exon; ATG, translation start; TGA, translation stop. shEXT1a was used for both L363 and RPMI-8226 
myeloma cells. (B) SDC1 and EXT1 mRNA expression in L363 and RPMI-8226 cell lines containing 
the different inducible shRNAs depicted in A. The cells were treated for 5 days without (-) or with (+) 
doxycycline to obtain optimal knockdown of SDC1 (shSYN1) or EXT1 (shEXT1a, -b, -c). The HPRT 
gene was used as an mRNA input control. dox, doxycycline.

HS is essential for MM growth in vivo
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Supplemental Figure 2. In vivo growth of MM requires EXT1 expression (dorsal images). L363-
shEXT1a MM cells, transduced to express a GFP-Luciferase fusion protein, were injected intracardially 
into Rag-2-/-gc

-/- mice (n=15). Subsequently, the mice were divided into three groups of five mice; the first 
group did not receive doxycycline (no dox), the second group was treated with doxycycline throughout 
the entire experiment (dox day 1), and in the third group the mice received doxycycline after 6 weeks 
(dox week 6), all until the end of the experiment. Bioluminescence images of the dorsal side of mice 
injected with L363-shEXT1a MM cells, taken at week 3 (w3), w6, w7 and w9. Representative mice are 
shown for each group (n=5).
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Supplemental Figure 3. EXT1 knockdown inhibits the in vivo growth of RPMI-8226 MM cells 
and extends survival. (A,B) RPMI-TetR or RPMI-shEXT1a MM cells, transduced to express a GFP-
Luciferase fusion protein, were injected intracardially into Rag-2-/-gc

-/- mice (n=10 and n=24 respectively). 
Subsequently, the mice were divided into two (n=5 for RPMI-TetR) or three groups (n=8 for RPMI-
shEXT1a); the first group did not receive doxycycline (no dox), the second group was treated with 
doxycycline throughout the entire experiment (dox day 1), and in the third group (RPMI-shEXT1a only) 
the mice received doxycycline after 3 weeks (dox w3), all until the end of the experiment. (A) Tumor 
growth was monitored by measuring bioluminescence photon emission; data shown represent means ± 
SD of photon emission intensity (arbitrary units) measured for the total body (dorsal and ventral sides). 
(B) Kaplan-Meier survival plot showing the survival of the mice injected with RPMI-shEXT1a MM cells 
treated either with doxycycline (dox d1 or dox w3) or untreated (no dox). Significance was determined 
by a Logrank test; *, p≤0.05; **, p≤0.01; ***, p≤0.001.
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