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Stromal heparan sulfate differentiates
neuroblasts to suppress
neuroblastoma growth
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Neuroblastoma prognosis is dependent on both the differentiation state and stromal content of the tumor.
Neuroblastoma tumor stroma is thought to suppress neuroblast growth via release of soluble differentiating
factors. Here, we identified critical growth-limiting components of the differentiating stroma secretome and
designed a potential therapeutic strategy based on their central mechanism of action. We demonstrated that
expression of heparan sulfate proteoglycans (HSPGs), including TRRIII, GPC1, GPC3, SDC3, and SDC4, is
low in neuroblasts and high in the Schwannian stroma. Evaluation of neuroblastoma patient microarray data
revealed an association between TGFBR3, GPC1,and SDC3 expression and improved prognosis. Treatment of
neuroblastoma cell lines with soluble HSPGs promoted neuroblast differentiation via FGFR1 and ERK phos-
phorylation, leading to upregulation of the transcription factor inhibitor of DNA binding 1 (ID1). HSPGs
also enhanced FGF2-dependent differentiation, and the anticoagulant heparin had a similar effect, leading
to decreased neuroblast proliferation. Dissection of individual sulfation sites identified 2-O, 3-O-desulfated
heparin (ODSH) as a differentiating agent, and treatment of orthotopic xenograft models with ODSH sup-
pressed tumor growth and metastasis without anticoagulation. These studies support heparan sulfate sig-
naling intermediates as prognostic and therapeutic neuroblastoma biomarkers and demonstrate that tumor

stroma biology can inform the design of targeted molecular therapeutics.

Introduction

Neuroblastoma, the most common cancer in infancy (1), arises
from neural crest-derived sympathoadrenal precursor cells. Sur-
vival rates in late-stage disease are below 40% (2), due to disease
recurrence and the persistence of residual tumor cells after cyto-
toxic therapy (3). Cellular differentiation and stromal content
both strongly improve prognosis (4). The tumor stroma has been
shown to release soluble factors that promote neuroblast differ-
entiation and suppress tumor growth (5, 6), though their identity
and the mechanism by which they act have not been elucidated.
The clinical use of 13-cis retinoic acid to differentiate residual
tumor cells, suppress their proliferation, and extend patient sur-
vival (7, 8) serves as proof of principle in the development of dif-
ferentiation therapies for this disease (9-11).

We recently demonstrated that expression of the type III TGF-f3
receptor (TPRIII), a heparan sulfate proteoglycan (HSPG), pro-
motes neuroblast differentiation to suppress proliferation, tumor
growth, and metastasis (12). TRRIII acts via heparan sulfate bind-
ing to FGF2 and FGFR1 to enhance ERK MAPK signaling and
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expression of the transcription factor inhibitor of DNA binding
1 (ID1) (12). HSPGs, including the glypicans and syndecans, have
demonstrated roles in neuronal development and nervous system
FGF2 signaling (13-17) and are critical for cellular FGF respon-
siveness (18, 19). The roles of glypicans and syndecans in neuro-
blastoma pathogenesis have not been explored.

The anticoagulant heparin has potential utility as an antineo-
plastic agent via suppression of tumor angiogenesis and metas-
tasis (20-23). Heparin promotes, and is often required for, FGF
signaling (20, 24-27). Heparin is an intracellular variant of hepa-
ran sulfate that is composed of repeating glucosamine and glucu-
ronic acid disaccharides sulfated at the 3-O, 6-O, and N- sites on
glucosamine as well as at the 2-O site on glucuronic acid. These
modifications are critical for heparin to bind antithrombin III
and promote anticoagulation (25). Individual sulfation sites also
mediate heparin effects on FGF signaling: specifically, the 2-O and
N- sites are important for FGF2 binding, and the 6-O site is critical
for FGFR binding (20, 25). The effects of heparin and its deriva-
tives on FGF2 signaling and differentiation in neuroblasts have
not been previously reported.

Here, we investigate the roles of HSPGs and FGF2 in neuroblas-
toma, identifying heparins as potential therapeutic agents.

Results
HSPG expression is localized to the stroma and decreased in neuroblas-
toma, with high expression associated with improved patient prognosis.
Since TPRIII expression is decreased in neuroblastoma (12, 28-30),
we determined mRNA expression of other HSPGs using our
microarray meta-dataset (» = 213) (12). In comparison with benign
neuroblastic tumors, expression of the HSPGs GPC1, GPC3,
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Figure 1

HSPG expression is localized to the stroma, and high expression is associated with improved patient prognosis. (A) Microarray dataset anal-
ysis (GSE7529) for HSPG expression in neuroblastic tumors based on stromal status (n = 8 stroma-rich, n = 11 stroma-poor). *P < 0.05;
**P < 0.01; ****P < 0.0001 by Mann-Whitney U test. (B) IHC for TBRIIl, SDC3, and SDC4 in the stroma of neuroblastoma tumor samples. HSPGs
are labeled with red/pink stain, with methyl green nuclear counterstaining. Original magnification, x60 (TBRIII); x40 (SDC3 and SDC4); scale bars:
50 uM. Percentages shown indicate background-subtracted quantification of red channel densitometry in early-stage specimens relative to stage
4 specimens. (C) TGF-f binding and crosslinking with TBRIII pulldown for surface and sTBRIII in the indicated neuroblastoma cell lines, SHEP
cells, and S16 Schwann cells. Western blots for GPC1, GPC3, SDC3, and SDC4 expression. Densitometry for HSPGs normalized to B-actin is
shown as the percentage of control. (D) Analysis of event-free survival split by TGFBR3, then SDC3, then GPC1 expression in the Obertheur
dataset (denoted as I.) compared with stratification by MYCN status. NA, nonamplified. Low HSPG expression group: 12 of 33 MYCN amplified.
High HSPG expression group: 1 of 33 MYCN amplified. (E) Serum ELISA for TBRIII, SDC3, and GPC1 using neuroblastoma patient samples
(n =60). Survival analysis split by TBRIII, then SDC3, then GPC1 soluble protein levels (blue: top 13%, red: bottom 13%), or by TBRIII, then SDC3
(blue: top 25%, red: bottom 25%). The differences between the survival curves were not statistically different by log-rank test.

SDC3, and SDC4 was decreased in neuroblastoma, with an addi- In our previous work, TRRIII expression was readily detected in
tional significant decrease in TBRIIL, SDC3, and SDC4 expression  early-stage neuroblastoma patient specimens with high stromal
in late-stage compared with early-stage tumors (Supplemental Fig-  content (12). To determine whether high HSPG expression was
ure 1A and Supplemental Table 1; supplemental material available  associated with high stromal content, we used a publicly avail-
online with this article; doi:10.1172/JC174270DS1). able microarray dataset (GSE7529) that designates tumors as
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stroma-rich or stroma-poor. We found that expression of TPRIII,
GPC1, GPC3, SDC3, and SDC4 was significantly increased in
stroma-rich tumors (Figure 1A). Subsequent microdissection by
the authors isolated stromal and neuroblastic cells to generate
a ranked list of proteins with higher stromal expression, which
included TRRIIL, GPC3, and SDC4 in the top 35 genes (ref. 31 and
Supplemental Table 2). To investigate HSPG localization, we used
immunohistochemistry (IHC) on patient samples (Figure 1B and
Supplemental Figure 1B). TBRIIL, GPC1, GPC3, SDC3, and SDC4
staining localized to the stroma in early-stage tumors, and these
receptors were poorly expressed in late-stage specimens (Figure 1B
and Supplemental Figure 1B). Immunofluorescence on patient
samples demonstrated colocalization of HSPGs with stromal cells
labeled by the Schwann cell marker S100 (refs. 6, 32, and Supple-
mental Figure 2). We then determined HSPG protein expression in
neuroblastoma cell lines, along with SHEP and S16 cells used here
as in vitro models of Schwannian stromal cells (5, 6, 33). TRRIIIL,
GPC1, GPC3, SDC3, and SDC4 were more highly expressed in
SHEDP cells considered “S-type” or Schwannian (Figure 1C). TRRIII,
GPC1, GPC3, and SDC4 were also highly expressed in the rat
Schwann cell line S16 (Figure 1C; full, uncut gels are shown in the
Supplemental Material). Using survival datasets (34, 35), we deter-
mined that high TRRIII, GPC1, and SDC3 expression conferred a
significant survival advantage (ref. 12 and Supplemental Figure
1C). Furthermore, sequential stratification-based TRRIII, GPC1,
and SDC3 expression identified a distinct patient subset with high
receptor expression and excellent event-free survival (Figure 1D).
As a prognostic biomarker, this 3-gene signature was comparable
to MYCN oncogene amplification (Figure 1D). Soluble receptor
levels in the sera of neuroblastoma patients demonstrated prog-
nostic trends similar to those of the microarray data (Figure 1E
and Supplemental Figure 1D).

Soluble HSPGs promote neuroblast differentiation. Since surface
TPRIII expression promotes neuroblast differentiation via extra-
cellular glycosaminoglycan modifications (12), we investigated
whether soluble HSPGs (sHSPGs) could have similar effects. We
used well-established models of neuroblast differentiation: neu-
rite outgrowth in 5Y and BE2 cells (36, 37) and expression of
neuron-specific proteins, including neurofilament 160 kDa in
SY, BE2, and SK-N-AS cells (10, 38-40), neuron-specific enolase
or tyrosine hydroxylase in 5Y cells (10, 41), and 3-tubulin in BE2
and SK-N-AS cells (42). Recombinant sTRRIII, sGPC1, sGPC3,
sSDC3, and sSDC4 all enhanced neurite outgrowth in 5Y neuro-
blastoma cells (Figure 2, A and B, and Supplemental Figure 3,
A-C). Likewise, sHSPGs promoted the expression of neuronal
differentiation markers in multiple neuroblastoma cell lines
(Figure 2, C-E, and Supplemental Figure 3, B-D). These effects
were dose dependent (Figure 2E and Supplemental Figure 3C)
and increased over time from 48 to 96 hours of treatment (Sup-
plemental Figure 3B). Transient expression of sTBRIII, GPC1,
or sGPC3 constructs also promoted neurite outgrowth and
expression of differentiation markers in neuroblasts (Supple-
mental Figure 3E). Likewise, shRNA knockdown of GPC1 and
SDC3 decreased the expression of neuronal differentiation mark-
ers (Supplemental Figure 3F). In our microarray meta-dataset,
high HSPG expression was associated with high expression of
the in vivo neuroblastoma differentiation markers SOX10 and
ANXA2, as well as low expression of the primitive neuroectoder-
mal marker ASCL1 (Figure 2F). These trends in expression of
HSPGs and surrogate differentiation markers are consistent with
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TPRIII expression in patient samples, neuroblast differentiation,
and response to differentiating agents (12, 40, 43, 44).

TPRIII and syndecans are modified with heparan and chondroitin
sulfate, while glypicans only have heparan sulfate modifications
(45). To determine whether the differentiating effects observed were
generalizable to HSPGs, we treated cells with a nonspecific sHSPG
mixture isolated from the extracellular matrix of sarcoma cells in
culture. ELISA demonstrated no detectable sTBRIII and less than
1% sSDC3 in sHSPG (data not shown). sHSPG strongly promoted
neuroblast differentiation (Figure 2, B-E), supporting the general
ability of heparan sulfate to promote neuroblast differentiation.

Release of sHSPGs from Schwannian stromal cells in coculture promotes
neuroblast differentiation. Since HSPGs are highly expressed in the
stroma and promote neuroblast differentiation, we determined
whether stroma-derived sHSPGs could promote neuroblast dif-
ferentiation in a coculture model system. We used SHEP cells to
model the Schwannian stroma (33), plating them in direct cocul-
ture suspended above 5Y cells, which were used to model neuro-
blasts (Supplemental Figure 4A). Coculture with SHEP, but not
COS?7, cells promoted neuronal differentiation in SY (Figure 3A).
When TPRIII was overexpressed in SHEP, coculture further pro-
moted differentiation in SY (Figure 3, A-C, and Supplemental
Figure 4A). We observed a similar result using conditioned media
from SHEP instead of direct coculture (Figure 3D and Supplemen-
tal Figure 4B). Enhanced differentiation was dependent on TBRIII
glycosaminoglycan modifications (Supplemental Figure 4, A and
C). When TPRIII was knocked down in SHEP, conditioned media
from these cells failed to promote differentiation in 5Y (Figure 3D).
SDC3 knockdown in SHEP also suppressed differentiation in
both coculture and conditioned media experiments (Figure 3E
and Supplemental Figure 4A), though to a lesser extent than
TRRIII knockdown. To demonstrate that TBRIII shedding from
SHEP was critical to coculture differentiation, we used a pharma-
cologic inhibitor of TBRIII shedding, TAPI2 (46). TAPI2 treatment
suppressed TPRIII shedding from SHEP and subsequent differen-
tiation of cocultured 5Y (Figure 3A and Supplemental Figure 4D).

sHSPGs enhance FGF2 signaling in neuroblasts to promote differen-
tiation via ERK and ID1. Since TRRIII promotes neuroblast dif-
ferentiation via glycosaminoglycan interaction with FGF2 and
FGFR1 to enhance ERK/MAPK signaling and expression of the
transcription factor ID1 (12), we investigated whether glypicans
and syndecans promote differentiation via this pathway. Treat-
ment with sTRRIIL, sSSDC3, sSDC4, or sHSPG enhanced basal as
well as FGF2-induced neuronal differentiation, phosphorylation
of ERK1/2, and expression of ID1 (Figure 4, A and B, and Sup-
plemental Figure SA). TBRIII, GPC1, GPC3, SDC3, and SDC4
expression each positively correlated with ID1 expression in our
microarray meta-dataset (ref. 12, Figure 4C, and Supplemental
Figure 5B), and multivariate regression analysis demonstrated
that high expression of this group of receptors correlated with
high ID1 expression in patient samples (Figure 4C).

To determine whether the differentiating effects of sHSPGs were
via heparan sulfate modifications, we expressed a mutant sTBRIII
construct with a single serine-to-alanine amino acid substitution
to prevent heparan sulfate modification (S534A) (47). Expression
of this construct failed to promote neuroblast differentiation (Fig-
ure 4D), indicating that heparan sulfate modifications are critical
to the differentiating effects of sTRRIIL

To determine whether FGFR and MEK kinase activity were crit-
ical to the differentiating effects of sHSPGs, we cotreated neuro-
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sHSPGs released from the stroma promote neuroblast differentiation. (A) Phase-contrast images of 5Y cells after 96 hours of treatment with
sTRRIII. Arrows identify abnormally long neurites (>2 times the mean neurite length). Original magnification, x10; scale bar: 100 um. (B) Quantifi-
cation of neurite length using NeuronJ after a 72-hour treatment with sTERIII (10 ng/ml), sSDC3, sSDC4, or sHSPG (1 ug/ml). Data are presented
as the mean of 3 fields + SEM. P < 0.01 by ANOVA; *P < 0.05 by Bonferroni-corrected ¢ test. (C) Quantification of NF160 densitometry normalized
to B-actin from 3 independent Western blots after 72 hours of treatment with 10 ng/ml sTERIII or 1 ug/ml sSDC3, sSDC4, or sHSPG, normalized
to B-actin and presented as the mean + SEM. *P < 0.05 by 1-sample Student’s t test. (D) Western blots for differentiation markers after 72 hours of
treatment with 10 ng/ml sTRRIII or 1 ug/ml sGPC1, sGPC3, sSDC3, sSDC4, or sHSPG. Densitometry for NF160 normalized to f3-actin is shown
as the percentage of control. (E) Western blots for differentiation markers after 72 hours of treatment with sHSPGs (1 ug/ml). Densitometry for
NF160 normalized to 3-actin is shown as the percentage of control. (F) Microarray meta-dataset expression of SOX70, ANXA2, and ASCL1 in low
(bottom 10%) and high (top 10%) HSPG—expressing tumors (median and interquartile range). ****P < 0.0001; ***P < 0.001; **P < 0.01; *P < 0.05
by Mann-Whitney U test. SDC4 data are from the 3 U133 Plus datasets only.

blastoma cells with inhibitors of FGFR kinase activity (SU5402,
PD173074) or downstream MEK kinase activity (U0126, CI1040).
All treatments prevented the differentiating effects of sSTBRIII and
sSDC3 (Figure 4E). We found that expression of dominant negative
FGFR1 also suppressed HSPG-induced differentiation (Figure 4E).

To determine whether additional downstream signaling path-
ways were activated in response to treatment with FGF2, we per-
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formed Western blotting for signaling mediators downstream of
FGFR1 and TRRIII in neurons (12, 48). We used BMP2 as a ligand
control. Consistent with our previous results, FGF2 and sTRRIII
synergistically promoted neuroblast differentiation in conjunc-
tion with increased phosphorylation of FGFR1 and ERK (Supple-
mental Figure 7B). As expected, we also observed increases in phos-
phorylation of AKT and STAT3 following FGF2 treatment, but
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Release of sHSPGs from Schwannian stromal cells in coculture promotes neuroblast differentiation. (A) Western blot for differentiation markers
in 5Y after 72 hours of coculture with SHEP, COS7, or SHEP expressing a control GFP or a TBRIII-GFP construct. TAPI2 treatment of SHEP was
added to the upper Transwell. Densitometry for NF160 normalized to p-actin is shown as the percentage of control. (B) Phase-contrast images of
5Y neurites after 72 hours of coculture. Arrows identify abnormally long neurites (>2 times the mean neurite length). Original magnification, x10;
scale bar: 100 uM. (C) Quantification of neurite length from 3 fields using NeurondJ software. Data are presented as the mean of 3 fields + SEM.
*P < 0.05; **P < 0.01; ***P < 0.001 by 2-tailed Student’s t test. Western blot for differentiation markers in 5Y after 72 hours of coculture with SHEP
expressing GFP or TBRIII-GFP. Densitometry for NF160 normalized to -actin is shown as the percentage of control. (D) Western blot for differen-
tiation markers in 5Y after 72 hours of treatment with conditioned media from SHEP expressing a nontargeted control shRNA construct (shNTC)
or shRNA targeted to TBRIII (shTRRIII). Densitometry for NF160 normalized to f3-actin is shown as the percentage of control. (E) Western blot for
differentiation markers in 5Y after 72 hours of coculture or treatment with conditioned media from SHEP expressing a nontargeted control shRNA
construct (shNTC) or shRNA targeted to SDC3 (shSDC3). Densitometry for NF160 normalized to B-actin is shown as the percentage of control.

sTPRIII treatment neither activated these pathways nor provided
synergy with FGF2 (Supplemental Figure 7B). Both BMP2 and
FGF?2 treatment mildly increased p38 and SMAD1 phosphoryla-
tion, but again failed to synergize with sTRRIII (Supplemental Fig-
ure 7B). Neither BMP2 nor FGF2 treatment substantially altered
SMAD3 phosphorylation (Supplemental Figure 7B). In summary,
the only signaling effects that tracked with differentiation mark-
ers were phosphorylation of FGFR1 and ERK, which supports our
pharmacologic inhibitor, knockdown, and dominant negative
receptor studies demonstrating that this pathway is responsible
for heparan sulfate-induced neuroblast differentiation.

FGF2 is a critical component of the differentiating stroma secretome and
a potential serum prognostic marker. We next determined the impor-
tance of FGF2 ligand expression in stroma-induced differentia-
tion. The neuroblastoma patient specimens and microarray data
showed that FGF2 localized to the stroma (Figure 5, A-C, and
Supplemental Figure 2). FGF2 was also highly expressed in the
Schwannian cell lines SHEP and S16 (Figure SC). We analyzed the
expression of a panel of HSPG-binding growth factors in tumors
with high and low stromal content and found that FGF2 was most
differentially expressed (Supplemental Figure 6A). IGF1, which has
been shown to promote neuroblast differentiation (49), and hep-
arin-binding EGF (HBEGF) were also significantly upregulated in
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stroma-rich tumors (Supplemental Figure 6A). Within the FGF
signaling family, FGF1 and FGF7, both of which bind heparan
sulfate, were also more highly expressed in stroma-rich tumors
(Supplemental Figure 6B). Knockdown of FGF2 abrogated the
differentiating effects of SHEP-conditioned media (Figure 5D and
Supplemental Figure 4E), suggesting that FGF2 is critical to the
differentiating effects of the stroma. We found that serum FGF2
levels were elevated in a subset of neuroblastoma patients, com-
pared with those in pediatric controls, and that high serum FGF2
levels were associated with improved prognosis (Figure 5, E and F).
These data support our hypothesis that the neuroblastoma stroma
releases FGF2, as well as sHSPGs, to promote neuroblast differen-
tiation via FGFR1, ERK, and ID1 (Figure 5G). Stromal release of
FGF2 may alter serum levels, identifying a potential prognostic
serum marker for neuroblastoma patients.

Heparin promotes neuroblast differentiation via FGFRI, ERK, and ID1.
As HSPGs were able to promote neuroblast differentiation, we
investigated whether heparin treatment could have similar effects.
Indeed, heparin promoted neurite outgrowth and expression of
neuronal differentiation markers in a dose-dependent fashion in
multiple neuroblastoma cell lines, with potency and kinetics sim-
ilar to those of sHSPGs (Figure 6, A and B). Heparin treatment
enhanced FGF2-induced differentiation, ERK phosphorylation,
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sHSPGs enhance FGF2 signaling in neuroblastoma cells to promote differentiation via ERK and ID1. (A) Western blots for differentiation markers
in 5Y treated for 96 hours with 1 ng/ml FGF2, sTBRIII (10 ng/ml), sSDC3, sSDC4, or sHSPG (+100 ng/ml or ++1 ug/ml). Densitometry for NF160
normalized to B-actin is shown as the percentage of control. (B) Western blots for phosphorylated and total ERK as well as ID1 in 5Y treated for
96 hours with sTERIII (10 ng/ml), sSDCS3, or sHSPG (1 ug/ml). Densitometry for p-ERK and ID1 normalized to -actin is shown as the percentage
of control. (C) Linear regression and multivariate regression analyses using the microarray meta-dataset. (D) Western blots for differentiation
markers and TBRIIl in cells transfected for 96 hours with wild-type sTRRIII or sTRRIII with a single amino acid substitution to prevent heparan
sulfate modification (TBRIII S534A). Densitometry for NF160 normalized to $-actin is shown as the percentage of control. (E) Western blots
for differentiation markers in 5Y treated for 96 hours with sTBRIII (10 ng/ml), sSDC3 (1 ug/ml), PD173074, UO126, CI1040 (1 uM), or SU5402
(10 uM). Transient transfection with dominant negative FGFR1 (dnFGFR1) or IRES-GFP control. GFP fluorescence was used to confirm construct
expression. Densitometry for NF160 normalized to f3-actin is shown as the percentage of control.

and expression of ID1 over the time course of differentiation (Fig-
ure 6B and Supplemental Figure 7C). Treatment with FGFR or
MEK kinase inhibitors or expression of dominant negative FGFR1
suppressed these differentiating effects (Figure 6C). Ligand bind-
ing may be necessary for the differentiating effects of heparin,
since coincubation with an FGF2-inhibitory antibody (Supple-
mental Figure 7G) prevented differentiation. Interestingly, we
found that heparin promoted differentiation of SK-N-AS cells,
which are insensitive to retinoic acid (refs. 50, 51, and Figure 6,
B and C). The differentiating effects of heparin and retinoic acid
were additive in the retinoic acid-sensitive cell lines 5Y and BE2
(Supplemental Figure 7H). Heparin was more potent than retin-
oic acid over a long time course and increased expression of the
neuronal differentiation marker neuron-specific enolase, which
retinoic acid did not alter (Supplemental Figure 7H).
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sHSPGs and heparin suppress neuroblast proliferation and orthotopic
xenograft growth. Since neuroblast differentiation suppresses pro-
liferation (10, 36-42), we determined whether treatment with
sHSPGs and heparin could suppress neuroblast proliferation. We
found that sHSPG and heparin treatment increased expression
of the cell-cycle repressor protein p21 over the time course of dif-
ferentiation and enhanced FGF2-induced p21 expression (Figure
7A and Supplemental Figure 8A). Microarray data demonstrated
that high GPC1, GPC3, SDC3, and SDC4 expression was associ-
ated with enhanced regulation of cell-cycle progression, including
increased p21 expression (Figure 7B, Supplemental Figure 8B, and
ref. 12). To further assess the early effects of sHSPG and heparin
treatment on proliferation, we performed thymidine incorpora-
tion after 24 hours of treatment. sTRRIII, sHSPG, and heparin
suppressed proliferation by 30% to 60% (Figure 7C). The effects of
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heparin were dose dependent, more potent than soluble receptor
treatment, and reproducible across multiple neuroblastoma cell
lines (Figure 7, C-E). We found that heparin had no effect on pro-
liferation in control cell lines, including epithelial, embryonal, and
cancer cells (Figure 7E). Heparin also suppressed tumor growth
and extended survival in vivo in an orthotopic model of neuro-
blastoma (Figure 7F). These effects were limited by enhanced sen-
sitivity to anticoagulation in tumor-bearing mice and subsequent
dose reduction (see Discussion).

Heparan sulfation is associated with improved patient prognosis and
critical to its differentiating and antiproliferative effects. To determine
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whether heparan sulfation influences neuroblastoma prognosis,
we analyzed sulfyltransferase expression in patient microarray
data. High expression of the 2-O sulfyltransferase HS2ST1 and
the 6-O sulfyltransferases HS6ST2 and HS6ST3, as well as the
N-deacetylase/N-sulfyltransferase NDST2, was associated with
improved patient survival in multiple datasets (Figure 8A and
Supplemental Figure 9A). Conversely, high expression of the
sulfatases SULF1 and SULF2 was associated with poor survival
(Supplemental Figure 9B). These data support the importance of
heparan sulfation in neuroblastoma pathogenesis. High expres-
sion of heparan sulfate extension enzymes, which play no role in
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centage of control. (B) Microarray meta-dataset expression of cell-cycle genes in low GPC7— or SDC3-expressing tumors (bottom 10%; shaded)
versus high GPC1- or SDC3—expressing tumors (top 10%; unshaded). Data are presented as the median and interquartile ranges. ***P < 0.001;
****P < 0.0001 by Mann-Whitney U test. (C) Thymidine incorporation after a 24-hour treatment with sTERIII (10 ng/ml), sSDC3, sSDC4, sHSPG,
or heparin (1 ug/ml). Data are normalized to the control untreated cells (proliferation index 1.0) and presented as the mean + SEM of 4 replicates.
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and presented as the mean + SEM of 3 replicates. *P < 0.05; **P < 0.01 by 1-sample Student’s t test. (F) BE2 orthotopic xenograft. Tumor radi-
ance was measured after 32 days of growth using luciferase imaging (photons/s/cm?/steradian). Radiance was measured again after 17 and 32
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sulfation but contribute to saccharide length, did not alter prog-  ative effects of heparin. Selective 6-O- and N-sulfate removal abro-
nosis (Supplemental Figure 9C). gated the differentiating and antiproliferative effects of heparin

Since 2-O- and N-sulfation promote FGF2 binding and 6-O-sul-  (Figure 8B and Supplemental Figure 8C). Selectively 2-O-desul-
fation mediates FGFR binding (20, 25), we used selectively des-  fated heparin (2DES) retained the ability to differentiate neuro-
ulfated heparins (2DES, 6DES, and NDES) to investigate which  blasts but had diminished antiproliferative effects (Figure 8B and
modifications were critical to the differentiating and antiprolifer- ~ Supplemental Figure 8C). Taken together, these results demon-
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strate that 6-O- and N-sulfation are critical to the differentiating
and antiproliferative effects of heparin, whereas 2-O-sulfation may
be dispensable for differentiating effects, perhaps due to redun-
dancy with N-sulfation in FGF2 binding.

2-0, 3-O-desulfated heparin promotes differentiation to suppress neurob-
lastoma orthotopic xenograft growth and metastasis while avoiding antico-
agulation. The anticoagulant activity of heparin represents a barrier
to clinical use in neuroblastoma, as demonstrated by dosing chal-
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Figure 9

ODSH suppresses neuroblastoma orthotopic xenograft growth and
metastasis. (A) BE2 orthotopic xenograft. Tumor radiance was mea-
sured after 32 days of growth using luciferase imaging (photons/s/
cm?/steradian), and the measurement was used to calculate the
fold change in tumor radiance after 10, 17, 24, and 32 days of treat-
ment with PBS or 1 mg/mouse/day of ODSH. Mann-Whitney U test,
*P < 0.05 versus control at all time points. Luminescence images on
day 24 of treatment. Survival until humane endpoints as a percentage
of each condition. Treatment was stopped after 35 days (red arrow).
Ki67 staining of xenograft sections. Original magnification, x20; scale
bar: 50 uM. Quantification of stain intensity using ImmunoRatio soft-
ware. Data are presented as the mean of 3 sections + SEM. *P < 0.05
versus control by 2-tailed Student’s t test. (B) SK-N-AS orthotopic
xenograft. Tumor radiance was measured after 28 days of growth using
luciferase imaging (photons/s/cm?/steradian), and the measurement
was used to calculate the fold change after 7 and 11 days of treatment
with PBS or 1 mg/mouse/day of ODSH. Luminescence images on
day 7 of treatment. Survival until humane endpoints as a percentage of
each condition. (C) H&E-stained organs from xenografted mice treated
with PBS control or ODSH. Parentheses indicate the number of mice
with AS or BE2 cell metastasis to the indicated organ. Arrows point to
metastases. Original magnification, x10; scale bar: 200 uM. (D) West-
ern blots for differentiation and signaling markers in lysates from SK-N-
AS and BE2 xenografts. Densitometry normalized to -actin is shown
as the percentage of control. (E) Images of tumor radiance in a pair
of mice with a similar original tumor size in the SK-N-AS experiment.
Injections were stopped after 32 days of treatment (day 60).

lenges in our xenograft model. Since HSPGs, 2DES, and heparin
all promoted neuroblast differentiation, we determined whether
heparin derivatives that lack anticoagulant activity retain differen-
tiating and tumor-suppressive potency. Using our model systems,
we tested 2-O, 3-O-desulfated heparin (ODSH), which has anti-
metastatic activity in models of pancreatic cancer and melanoma
and is clinically well tolerated, with less than 5% of the anticoag-
ulation seen with fully modified heparin (52). In neuroblastoma
cell lines, ODSH promoted neuronal differentiation via FGFR1
and ERK phosphorylation to upregulate ID1 expression and
mildly suppressed proliferation over a 24-hour period (Figure 8B,
Supplemental Figure 7, A, B, D, F, and Supplemental Figure 8C).
ODSH treatment rescued decreases in differentiation markers
following TPRIII and GPC1 knockdown (Supplemental Figure
7E), suggesting that it could reverse the effects of decreased HSPG
expression in tumors. We found that the differentiating effects of
ODSH depended on FGFR1 and FGF2, as demonstrated by shRNA-
mediated silencing of ligand and receptor expression (Supplemen-
tal Figure 7F). In 2 orthotopic xenograft models with a 4-week
treatment delay to allow for tumor engraftment, 1 mg/mouse/
day of ODSH suppressed tumor growth and metastasis and
extended survival without anticoagulant side effects (Figure 9,
A-C, and Supplemental Figure 9, D-G). Western blot analysis of
tumor lysates demonstrated enhanced expression of differentia-
tion markers, phosphorylation of ERK, and upregulation of ID1
in tumors from mice treated with ODSH (Figure 9D). In our BE2
model, ODSH treatment was more potent than dose-reduced
heparin or 20 ug/kg/day fenretinide, which is used clinically
(53) and can suppress BE2 orthotopic xenograft growth (ref. 54
and Supplemental Figure 9D). In our SK-N-AS model, 2 ODSH-
treated mice demonstrated a complete response (Figure 9E), sup-
porting the potential utility of modified heparins as therapeutic
agents for neuroblastoma patients.
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Discussion

Here, we used tumor stroma biology to identify heparin as a dif-
ferentiating agent in neuroblastoma. In addition, we established
that desulfated heparin derivatives, including ODSH, may prove
clinically useful as differentiating agents, while avoiding unwanted
anticoagulation. We describe in vitro screening techniques to iden-
tify differentiating agents with FGF signaling activity that can
suppress tumor growth and metastasis in animal models. We used
these tools to uncover critical components of the differentiating
stroma secretome, including HSPGs and their ligand FGF2. High
tumor expression levels and serum concentrations of these proteins
are associated with improved prognosis and could be used as prog-
nostic and therapeutic biomarkers in neuroblastoma patients.

While neuroblastoma cell lines have provided useful model
systems to study neuroblast differentiation in vitro, leading to
the identification of retinoic acid as a clinical therapeutic (55),
no additional therapies have emerged (10). Moreover, while path-
ways regulating neuroendocrine differentiation in development
are well described (56), the precise roles of these pathways in
neuroblastoma pathogenesis remain unclear. The tumor stroma,
composed primarily of Schwann cells, can suppress tumor growth
by reactivating developmental differentiation pathways. Previ-
ous experiments using Schwann cell coculture or conditioned
media (5, 57-60), as well as studies of neuroblastoma xenografts
implanted in the mouse nerve sheath (6), demonstrate that
Schwann cells release soluble differentiating and antiangiogenic
factors to suppress neuroblast proliferation and tumor growth.
Here, we identify HSPGs, their ligand FGF2, and FGFR/ERK
signaling as critical to stroma-induced neuroblast differentia-
tion (Figures 1-5). SDC3 (N- or neuronal syndecan) was initially
cloned from rat Schwann cells and has been implicated in nervous
system development and neuronal FGF2 signaling (13-15). While
both GPC1 and SDC3 promote neurite outgrowth (16, 17), they
have not been implicated in neuroblastoma pathogenesis. Here,
we demonstrated that expression of GPC1 and SDC3 was high
in stromal cells and low in neuroblasts and that high expression
of these HSPGs was associated with improved patient progno-
sis (Figure 1). These studies suggest that HSPGs and their ligand
FGF2 may be important in neuronal development.

The central mechanism we have identified for the differentiating
effects of heparin and HSPGs involves binding FGF2 and FGFR1,
leading to increased ERK phosphorylation and upregulation of
ID1 (Figures 4-6). These data add to previous work from our
laboratory and others suggesting a critical role for this signaling
pathway in neuroblast differentiation (12, 49, 61-65). These stud-
ies urge caution in the clinical use of nonspecific tyrosine kinase
inhibitors, which may inhibit this important differentiation path-
way and lead to disease recurrence.

The increase we observed in serum FGF2 above control levels in
a patient subset with improved prognosis suggests that the stroma
in these tumors can release ligand to alter systemic levels (Figure 5).
Serum FGF2 levels could be used as a prognostic biomarker, as well
as a therapeutic biomarker, to select patients for ODSH therapy.

While some HSPGs, including sTRRIII and nonspecific sHSPG,
can suppress neuroblast proliferation rapidly within 24 hours,
others such as sSDC3 and sSDC4 take longer to have antiprolif-
erative effects (Figure 7 and Supplemental Figure 8). We observed
a similar discrepancy with ODSH and heparin: both were potent
differentiating agents over a time course of several days and could
suppress xenograft growth, but demonstrated different kinetics
Volume 124 3027
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in short-term proliferation assays (Figure 6-9 and Supplemental
Figure 8). Saccharide length and variable sulfation may contribute
to the observed differences, and future studies will investigate the
mechanism of delayed effects in some HSPGs and heparin deriva-
tives. sHSPGs did not promote differentiation or suppress prolif-
eration as strongly as did heparin or all-trans retinoic acid (ATRA),
suggesting a weaker effect that requires longer treatment (Figure 7
and Supplemental Figures 7 and 8). The consistency we observed
between differentiation and proliferation assays supports our
conclusion that heparin growth suppression was due to its differ-
entiating effects. During differentiation, neurite outgrowth and
Western blot markers increased with distinct kinetics, likely due
to differences in the sensitivity of our measurements for these sep-
arate biologic processes.

We began our xenograft studies using 1 mg/mouse/day of hep-
arin, in line with previous reports in healthy mice (52, 66, 67).
After several instances of fatal anticoagulation in a pilot trial of
tumor-bearing mice, we lowered the treatment dose to 0.25 mg/
mouse/day. The enhanced sensitivity to heparin anticoagulation
in mice bearing orthotopic neuroblastoma xenografts could be
due to aberrant tumor vasculature or suppressed drug clear-
ance. These challenges in heparin dosing emphasize the need
for development of differentiating strategies that avoid antico-
agulation. Indeed, ODSH was well tolerated at the original dose
of 1 mg/mouse/day.

In conclusion, we have identified novel roles for HSPGs in neu-
roblastoma pathogenesis and stroma biology, which led to the
discovery of heparin derivatives as differentiating agents with
potential clinical utility.

Methods

Microarray dataset analysis. Our microarray meta-dataset was generated as
described previously (12). We then queried our meta-dataset using the gene
probes listed in Supplemental Table 3. Data for syndecan 4 (SDC4) are
from the 3 U133 Plus datasets only, as the Human Exon 1.0 ST Arrays
lacked a SDC4 probe. Stromal expression analysis was carried out using the
publicly available Albino (31) dataset (GSE7529). This dataset was RMA
preprocessed, and all data were log, transformed. Survival analysis was
conducted using the oncogenomics website (http://home.ccr.cancer.gov/
oncology/oncogenomics/), specifically the Oberthuer (34), neuroblastoma
prognosis (35), and Seeger (68) datasets. These datasets are denoted herein
with roman numerals I, II, and III, respectively. For a list of nonstandard
abbreviations and pharmaceuticals, see Supplemental Table 4.

TBRIIL glypican, syndecan, and FGF2 IHC, immunofluorescence, and serum
ELISA. Neuroblastoma tissue and serum samples were obtained from the
Children’s Oncology Group Biorepository with approval from the Neuro-
blastoma Biology Subcommittee. Remnant pediatric serum samples used
as controls were purchased from Bioreclamation LLC. We included S con-
trol samples from patients under the age of 1 year and 5 samples from
patients aged 5 to 11 years. TRRIII, syndecan, and FGF2 IHC was con-
ducted according to the manufacturer’s instructions using a previously
described biotin-free protocol from BioCare Medical (12). TBRIII was
detected using a custom-made rabbit antibody against the cytoplasmic
domain and a purified pre-bleed rabbit control, as described previously
(12, 69). SDC3 (9496) and SDC4 (15350) antibodies were purchased
from Santa Cruz Biotechnology Inc. FGF2 was detected with an antibody
(106245) from Abcam. TPRRIIL, syndecan, and FGF2 IHC was quantified
using the Image]J plugin RGB Measure. Integrated density from the red
channel (red stain for the protein of interest) was divided by integrated
density from the green channel (methyl green nuclear stain) for early- and
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late-stage tumor images. This ratio was also determined for a control
image (pre-bleed rabbit control stain) of the same stage of neuroblastoma
and subtracted from the initial ratio. Early-stage images were compared
with late-stage images and are displayed as a percentage (Figure 1B, Fig-
ure SA, and Supplemental Figure 1B). Glypican IHC was performed using
heat-induced epitope retrieval (microwaved for 20 minutes in sodium cit-
rate at pH 6.0) and an avidin-biotin-based protocol (69) with antibodies
from Sigma-Aldrich (GPC1, no. HPA030571 and GPC3, no. HPA006316),
used according to the manufacturer’s instructions.

Tissue immunofluorescence was performed as described previously (70,
71) using the IHC antibodies referenced above and the S100 Schwann cell
marker antibody (4066) from Abcam.

Multiplex ELISA assays for FGF2 were performed in a 96-well format
according to the SearchLight manufacturer’s protocol (model 85-5023;
Aushon BioSystems). Briefly, diluted samples and standards were incu-
bated at room temperature for 1 hour while shaking using a Labline Titer
Plate Shaker (model 4625; Labline Instruments). Plates were washed 3
times using an automated plate washer (ELx405; BioTek Instruments), the
biotinylated secondary antibody was added, and the plates were incubated
for an additional 30 minutes. After 3 more washes, streptavidin-HRP was
added to the plates, and the plates were incubated for 30 minutes, washed
again, and SuperSignal substrate was added. Images of the plates were
taken within 10 minutes, followed by image analysis using SearchLight
Array Analyst software, version 2.1. Analyte concentrations were calculated
based on a standard curve derived by performing 4 serial dilutions of the
corresponding protein standard on each plate. Patient samples were tested
in duplicate, and the mean value was used for analysis.

For the TPRIII ELISA assays, capture antibody (AF-242-PB; R&D Sys-
tems) was immobilized onto a Meso Scale Discovery (MSD) MULTI-
ARRAY 96-well plate (L15XA-3) overnight at 4°C. The plates were washed,
samples were loaded, and the plates were incubated at room temperature
for 2 hours while shaking. Detection antibody (BAF-242; R&D Systems)
coincubated with streptavidin-SULFO-TAG (R32AD-1; MSD) secondary
antibody was applied, and the plates were incubated for 2 hours while
shaking and then washed, followed by the addition of MSD Read Buffer
T (R92TC-3). Images of the plates were taken within 10 minutes using the
MSD Sector Imager 2400, followed by image analysis using MSD Sector
Imager software, version 3.0. Analyte concentrations were calculated based
on a standard curve derived by performing 6 serial dilutions of the corre-
sponding protein standard on each plate. Patient samples were tested in
duplicate, and the mean value was used for analysis.

For the Syndecan-3 ELISA assays, Syndecan-3 DuoSet ELISA capture
antibody (DY3539; R&D Systems) was immobilized onto an MSD MULTI-
ARRAY 96-well plate (L15XA-3) overnight at 4°C. The plates were
washed, samples were loaded, and the plates were incubated at room
temperature for 2 hours while shaking. Syndecan-3 DuoSet ELISA detec-
tion antibody (DY3539; R&D Systems) coincubated with streptavidin-
SULFO-TAG (R32AD-1; MSD) secondary antibody was applied, and the
plates were incubated for 2 hours while shaking and were then washed,
followed by the addition of MSD Read Buffer T (R92TC-3). Images of the
plates were taken within 10 minutes using the MSD Sector Imager 2400,
followed by image analysis using MSD Sector Imager software, version
3.0. Analyte concentrations were calculated based on a standard curve
derived by performing 6 serial dilutions of the corresponding protein
standard on each plate. Patient samples were tested in duplicate, and the
mean value was used for analysis.

Commercial ELISA kits were used to measure Human Glypican-1
(MBS920206; MyBioSource) according to the manufacturer’s instruc-
tions. Sample processing prior to analysis was identical to multiplex
sample processing.
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Cell culture and reagents. SK-N-SH-SYSY (5Y; CRL-2266), SK-N-BE (2)
(BE2; CRL-2271), SK-N-AS (SK-N-AS; ATCC CRL-2137), DMS53 (CRL-
2062), and S16 (ATCC CRL-2941) cells were purchased from ATCC. 5Y
and BE2 were grown in a 1:1 mixture of MEM and Ham’s F12 with 10%
FBS. SK-N-SH-SHEP (SHEP; gift of M.A. Armstrong, Duke University),
SK-N-AS, and S16 were grown in DMEM with 10% FBS. DMSS53 were
grown in Waymouth’s MB752/1 with 10% FBS. A549, 293T, COS7,
MCF10A, and MDA-MB-231 were sourced and grown as described previ-
ously (69, 72, 73). All cells were grown at 37°C in 5% CO,. Human basic
fibroblast growth factor (no. 8910) and the MEK1/2 inhibitor UO126
(no. 9903) were purchased from Cell Signaling Technology. The MEK1/2
inhibitor CI-1040 (no. S1020) was purchased from Selleck Chemicals.
The FGFR inhibitor SU5402 (no. 204308) was purchased from Santa
Cruz Biotechnology Inc. The FGFR inhibitor PD-173074 (no. P2499)
was purchased from Sigma-Aldrich. The neutralizing FGF2 antibody
(no. 05-117) was purchased from Millipore and used at a concentration
of 5 ug/ml according to the manufacturer’s instructions. TAPI2 was
purchased from Millipore (no. 579052). Recombinant soluble human
TPBRIII (no. 242-R3), GPC1 (no. 4519-GP), GPC3 (no. 2119-GP), SDC3
(no. 3539-SD), and SDC4 (no. 2918-SD) were purchased from R&D
Systems. HSPG isolated from the basement membrane of Engelbreth-
Holm-Swarm mouse sarcoma cells (H4777), retinoic acid p-hydroxy-
anilide (4-HPR, fenretinide H7779), ATRA (no. R2625), and heparin
sodium salt from porcine intestinal mucosa (no. H3149) were purchased
from Sigma-Aldrich. The following selectively desulfated heparins were
purchased from Iduron Ltd: 2DES (DSH001/2), 6DES (DSH002/6),
and NDES (DSH003/N). ODSH was provided by Cantex Pharmaceuti-
cals (formerly ParinGenix Inc.). Coculture experiments used restrictive
0.4 uM Transwells in 12-well dishes (Corning Inc.).

DNA constructs, shRNA/siRNA. All TRRIII and TRRII shRNA constructs
used in this study have been described previously (12). TRRIII-AGAG
consists of TBRIII-HA with serine-to-alanine point mutations at amino
acids 534 and 545 to prevent GAG attachment (12, 47). sTRRIII consists
of TRRIII-HA with a truncation at amino acid 781 at the junction with
the cytoplasmic domain. sTBRIII S534A was generated using site-directed
mutagenesis (Agilent Technologies) of sSTRRIII and the same primers as
those used to make the 534 serine-to-alanine point mutation in TPRIII-
AGAG (47). Adenovirus was prepared as described previously (47) and used
at an MOI of 10 particles per cell. TBRIII adenoviral shRNA constructs
were used at an MOI of 50 particles per cell. Lentiviral vectors consisted
of the same construct as those used in adenoviral vectors cloned into a
pSMPUW-Neo backbone (TPRIII constructs) or a pLKO.1-puro backbone
(TPRIII shRNA construct and nontargeted control). The DNA constructs
for GPC3 and sGPC3 (lacking the GPI membrane anchor) were gifts of
Jorge Filmus (University of Toronto, Toronto, Ontario, Canada) (74). Tran-
sient DNA transfections were performed using Lipofectamine (Invitrogen)
according to the manufacturer’s instructions.

SDC3 shRNA (no. 41047) and control shRNA (no. 108080) were pur-
chased from Santa Cruz Biotechnology Inc. and used according to
the manufacturer’s instructions. FGF2 (no. 0000003329) and FGFR1
(no. 0000121102) shRNA knockdown constructs (Mission TRC1;
Sigma-Aldrich) were purchased from the Duke University RNAI core facil-
ity. pWZL Neo Myr Flag FGFR1 (Addgene plasmid no. 20486) was a gift
of Jean Zhao and William Hahn (Dana-Farber Cancer Institute, Boston,
Massachusetts, USA) (75). The dominant negative FGFR1 plasmid with a
GFP reporter (pCCALL2 dominant negative FGFR1 IRES EGFP) was a gift
of Margaret Kirby and Harriett Stadt (Duke University) (76). GPC1 overex-
pression and shRNA-knockdown adenovirus constructs in the pAd vector
were a gift of Andreas Friedl (University of Wisconsin, Madison, Wiscon-
sin, USA) (77). Adenoviruses were generated as described previously (47)
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and used at an MOI of 10 particles per cell for GPC1 overexpression and
25 particles per cell for GPC1 shRNA knockdown.

Neurite outgrowth analysis. Neurites were measured from phase-contrast
images taken with a Nikon inverted microscope at x10 magnification
using the Image] plugin Neuron] (78). Three images were taken of each
condition at each time point, and all visible neurites (thin shafts extending
outward from the cell body) were measured (70-150 neurites/field).

Western blot analysis. Western blotting was performed as described pre-
viously using standard techniques (12). Each experiment was conducted
at least 3 times. The following antibodies for differentiation and signal-
ing markers were purchased from Cell Signaling Technology: NF160
(no. 2838), B3-tubulin (no. 5568), TH (no. 2792), NSE (no. 9536), phos-
pho-ERK1/2 (p-ERK1/2) T202/Y204 (no. 9101), ERK1/2 (p-ERK, no. 4695),
p21 (no. 2946), p-p38 (no. 4511), p38 (no. 9212), p-AKT (no. 4058), AKT
(no. 4691), p-STAT3 (no. 9145), STAT3 (9139), p-SMAD1 (Ser463/465)/
SMADS (Ser463/465)/SMADS (Ser426/428) (no. 9511), SMAD1 (no. 9743),
p-SMAD3 (Ser423/425; no. 9520), SMAD3 (no. 9523), and FGFR1 (no.
3471). The B-actin (no. 47778), ID1 (no. sc488), GPC3 (no. 65443), SDC3
(no. 9496), and SDC4 (no. 15350) Western antibodies were purchased from
Santa Cruz Biotechnology Inc. The FGF2 (no. 106245) and p-FGFR1 (Y654;
no. 9194) Western antibodies were purchased from Abcam.

Iodinated TGF-B1 (NEX2670; PerkinElmer) binding and crosslinking
were conducted with TRRIII pulldown using a goat antibody against the
extracellular domain (AF-242-PB; R&D Systems) in order to identify func-
tional surface receptor expression, as described previously (69).

Proliferation assays. Tritiated thymidine incorporation was used to assess
cell proliferation as described previously (12). Proliferation indices (nor-
malized to control = 1.0) were calculated and averaged for each of 3 individ-
ual experiments. Cells were plated in a 96-well plate at a concentration of
5,000 cells per well or 3,000 cells per well (A5S49, DMS53). Each condition
was plated in triplicate overnight prior to a 4-hour [3H|thymidine pulse
(1 uCi; Amersham Biosciences, GE Healthcare). Cells were washed with
PBS and 5% trichloroacetic acid prior to lysis with 0.1 N NaOH. Incorpora-
tion of [3H]thymidine was determined by scintillation counting.

Orthotopic xenograft. The pcDH CMV luciferase EFI Puro vector was a gift
of Christine Eyler (Brigham and Women’s Hospital, Boston, Massachusetts,
USA) (79). After lentiviral transduction and puromycin selection, lucifer-
ase expression was confirmed using the IVIS 100 imaging system (Caliper
Life Sciences, PerkinElmer). BE2 and SK-N-AS luciferase cell lines were
implanted orthotopically (2 million cells/mouse in 15 ul of DMEM) in the
left adrenal capsule of 5-week-old female Beige/SCID mice (Charles River
Laboratories) as described previously (12). Mice were housed under patho-
gen-free conditions on a 12-hour light/12-hour dark cycle. Animals were
monitored closely for tumor growth and signs of illness and sacrificed at
humane endpoints. Heparin (0.25 mg/mouse; H3149; Sigma-Aldrich) and
ODSH (1 mg/mouse, Cantex Pharmaceuticals) were delivered in 100 ul PBS
via daily i.p. injection as described previously (52, 66, 67). Fenretinide was
delivered at 20 ug/kg/day diluted in 100 ul PBS via i.p. injection as described
previously in an orthotopic model of neuroblastoma using BE2 cells (54).
Firefly D-luciferin potassium salt was purchased from Gold Biotechnology
(LUCK-1G) and injected i.p. at a concentration of 150 mg luciferin/kg body
weight 5 minutes prior to imaging, according to the manufacturer’s instruc-
tions. Mice were imaged for 2 minutes, and bioluminescence was calculated
using Livinglmage software (Caliper Life Sciences) and defined as photon
flux (photons/s/cm?/steradian) over a standard-sized oval region of interest
encompassing the body of the mouse. Six-micron xenograft tissue sections
were processed using H&E (Richard Allen Hematoxylin no. 72711 and
Surgipath Eosin no. 01600) or Ki67 (M7240; Dako) staining according to
the manufacturer’s instructions. Ki67 stain intensity was quantified using
ImmunoRatio software as described previously (80).
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Statistics. All clinical and xenograft data were analyzed using nonparamet-
ric statistics (Kruskal-Wallis global test with Mann-Whitney U post-hoc
tests) and presented as median, upper, and lower quartiles. Survival curves
were analyzed with log-rank statistics. In vitro experiments were analyzed
using parametric statistics (ANOVA global test with Bonferroni-corrected
2-tailed Student’s ¢ tests as post-hoc tests) and presented as the mean *
SEM. In cases in which data were normalized to control, a 1-sample Stu-
dent’s ¢ test was used with an expected value of 1 or 100% in order to
decrease the likelihood of a type I error. For all experiments, significance
was set at P < 0.05. Linear regression was performed on selected microarray
data, with the slope and P value for the line of best fit reported as well as
the R? value for the relationship. All of the above statistical analyses were
conducted with GraphPad Prism software, version 6.0a (GraphPad Soft-
ware). Multivariate linear regression was performed on selected microarray
data using STATA version 11.2, with the P value for the line of best fit
reported as well as the R? and adjusted R? values for the relationship.

Study approval. All patient samples were deidentified, and the project was
exempted by the Duke University Health System Institutional Review Board
(protocol 00034541). All animal procedures were approved by the Institutional
Animal Care and Use Committee of Duke University (protocol A278-11-11).
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