Biochemical Pharmacology 162 (2019) 237–249

Contents lists available at ScienceDirect

Biochemical Pharmacology
journal homepage: www.elsevier.com/locate/biochempharm

Anti-tumor effect of sulfasalazine in neuroblastoma
Marie R. Mooney
a
b
c

a,1

b

a,c

, Dirk Geerts , Eric J. Kort , André S. Bachmann

a,⁎

T

Department of Pediatrics and Human Development, College of Human Medicine, Michigan State University, 400 Monroe Ave NW, Grand Rapids, MI 49503, USA
Department of Medical Biology, Amsterdam University Medical Center, University of Amsterdam, Meibergdreef 9, 1105 AZ Amsterdam, The Netherlands
DeVos Cardiovascular Research Program, Spectrum Health and Van Andel Institute, 100 Michigan Ave. NE, Grand Rapids, MI, USA

ARTICLE INFO

ABSTRACT

Keywords:
Neuroblastoma
SPR
Sulfasalazine
Novel target
DFMO

Neuroblastoma (NB) is a tumor arising from the sympathetic nervous system during infancy and early childhood.
High-risk patients who relapse often fail to respond to further therapy, which results in 5-year survival rate for
this patient group below 5%. Therefore, there continues to be an urgent need for innovative treatments.
Recently, we found that sulfasalazine (SSZ), an FDA-approved drug for the treatment of rheumatoid arthritis and
ulcerative colitis induces anti-proliferative effects in NB tumor cells. SSZ was recently shown to inhibit sepiapterin reductase (SPR), a key enzyme that produces tetrahydrobiopterin (BH4) in the nitric oxide (NO)
pathway. Here we tested SSZ against purified SPR in vitro, measured the anti-proliferative effect of SSZ on a
panel of MYCN amplified and MYCN non-amplified NB cell lines, and assessed the anti-tumor effect of SSZ in NB
tumor-xenografted mice. We found that the expression of both SPR mRNA and SPR protein was significantly
higher in cell lines without MYCN amplification. SSZ inhibited SPR enzyme activity in vitro and exhibits antiproliferative activity in a large number of NB cell lines derived from high-risk tumors. Importantly, oral/intraperitoneal (i.p.) SSZ co-administration resulted in measureable anti-tumor effects in vivo. The FDA-approved
drug SSZ, a well-tolerated drug in clinical use, could be repositioned to inhibit tumor growth in NB.

1. Introduction
Neuroblastoma (NB) is a tumor arising from the sympathetic nervous system during infancy and early childhood [1]. Genetic biomarkers, most notable MYCN amplification, are used to stratify patients
into risk categories, with low to moderate risk patients having positive
outcomes exceeding 80% survival and high-risk patients facing a 50%
survival rate despite aggressive, multimodal treatment [2,3]. Although
treatments specific for NB, like ch14.18 antibody immunotherapy, are
successful, no gene-targeting therapies, e.g. against MYCN, yet exist [4].
Patients with high-risk disease often relapse, at which point no curative
therapy remains, resulting in a 5-year survival below 5%. The majority
of high-risk and relapsed patients that do survive suffer late treatment
effects resulting in severe challenges to their quality of life [5].
Therefore, these patients desperately need new therapeutic options,
with higher efficiency, improved specificity, and lower toxicity. The
most recent clinical advances consist of stem cell transplantation to
prevent relapse and maintenance therapies administered after chemotherapy. Current maintenance therapy options include retinoic acid

differentiation therapy and immunotherapy using either tumor-directed
monoclonal antibodies or native immune system stimulators like cytokines and colony stimulating factors [3]. Our group has been instrumental in developing a forthcoming new maintenance therapy with αdifluoromethylornithine (DFMO) that arrests NB tumor cell proliferation and prevents tumor expansion [6–14]. Here we advance the understanding of another potential drug with this effect in NB in vivo:
Sulfasalazine (SSZ).
SSZ is an FDA-approved drug used to treat rheumatoid arthritis and
ulcerative colitis [15,16]. It is a rationally designed prodrug with an
antimicrobial sulfonamide (sulfapyridine; SP) and an anti-inflammatory
salicylic acid moiety (5-aminosalicylic acid; 5-ASA), linked by an azo
bond [17]. Recently, the sulfonamide group in SSZ and related sulfa
compounds was demonstrated to also function as an inhibitor of the
enzyme sepiapterin reductase (SPR) [18]. SPR is an NADPH-dependent
enzyme that metabolizes sepiapterin to tetrahydrobiopterin (BH4). BH4
is a critical cofactor for neuronal metabolism, required for both neurotransmitter anabolism and nitric oxide (NO) cell signaling. This vital
role has been highlighted in patients with SPR deficiency, where SPR
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loss-of-function mutations in the central nervous system (CNS) result in
Parkinson-like symptoms and cognitive impairments due to low BH4
levels and subsequently suppressed neurotransmitter production. In
contrast, elevated BH4 levels have been implicated in NO-dependent
processes supporting cellular proliferation or survival in endothelial
cells, and in cancer cells including NB [19–23]. Since NO signaling acts
as a rheostat, it produces pleiotropic effects on cells, variably inducing
oncogenic proliferation and survival, or halting cell proliferation or
inducing apoptosis, depending on its specific localization [24–26].
In this context, SSZ presents an interesting therapeutic option for
NB, as it directly suppresses the SPR enzyme activity that supports
BH4/NO production, resulting in lower cellular proliferation.
Furthermore, the ability to modulate BH4 and NO production also influences NOS coupling and oxidative stress; in low BH4 conditions NOS
enzymes (nNOS, iNOS, and eNOS, encoded by the NOS1-3 genes, respectively) produce reactive oxygen species (ROS) rather than NO, and
can induce cell death through either apoptosis or ferroptosis [27,28]. In
addition, even though SSZ can cross the blood-brain barrier, as evidenced by anti-tumor and anti-depressive effects in brain cancer
[29,30], it has already been used safely in humans for decades without
producing symptoms of cognitive deficiency [15]. SPR inhibitors also
successfully reduce neuropathic pain in peripheral nervous system
(PNS) rodent models [31]. Considering the neuropathic pain NB patients often experience after chemotherapy [4], SSZ might also have a
favorable profile for amelioration of treatment side-effects.
To investigate SPR inhibition as a potential NB therapy, our group
has shown that reducing SPR enzyme levels in NB cells through siRNA
knockdown [32] or SSZ treatment [33] suppressed cell proliferation in
vitro. In the current work we show that a large number of NB cell lines
derived from high-risk tumors are susceptible to SSZ treatment in vitro,
and that oral/intraperitoneal (i.p.) SSZ co-administration exhibits
measureable anti-tumor effects in vivo. While SSZ has previously been
eschewed for the treatment of solid tumors due to its poor bioavailability, our results suggest that SSZ could be effectively repurposed for
use in susceptible solid tumors like high-risk NB.

temperature. Cells were then stained with 100 μl 0.4% SRB in 1% acetic
acid for 20 min at room temperature, rinsed five times with 1% acetic
acid and allowed to dry at room temperature. One hundred μl of 10 mM
Tris-HCl pH 7.0 was added to each well, shaken for 10 min at room
temperature and read at 540 nm using a Biotek Synergy microplate
reader. For cell viability during metabolite administrations, 100 mM
stocks of SSZ, 5-ASA, and SP were made in 0.1 M hydroxide buffer and
diluted in complete media for the drug exposure (0, 75, 150, 300, 400,
500, 600, 700, 800, or 1000 μM).
2.3. Western blot
For strongly adherent NB cell lines (CHP212, KELLY, MYCN2,
SHEP21N, SKNAS, SKNBE, SKNFI, SKNSH), the culture medium was
aspirated and the cells were washed 3 times with ice-cold phosphate
buffered saline (PBS) prior to lysis with cold radioimmunoprecipitation
assay (RIPA) buffer (20 mM Tris-HCl pH 7.5, 0.1% sodium lauryl sulfate, 0.5% sodium deoxycholate, 135 mM NaCl, 1% Triton X-100, 10%
glycerol, 2 mM EDTA), supplemented with protease inhibitor cocktail
(Roche, Basel, Switzerland). For loosely adherent NB cell lines
(CHP134, IMR32, LAN1, LAN5, SMSKAN, SMSKANR, SMSKCN,
SMSKCNR), the culture medium was collected, the remaining cells were
gently washed with PBS and added to the collected medium, then the
medium was centrifuged to form a cell pellet. The medium was aspirated, the pellet was washed with PBS, and again centrifuged prior to
RIPA lysis. The adherent cells remaining on the plate were lysed in
RIPA buffer with protease inhibitor. The lysates from plate and pellet
were combined for protein analysis. Protein content was quantified
with BCA reagent (BioRad, Hercules, CA, USA) on a Synergy H1 Biotek
plate reader. Samples were diluted to equal protein concentration, and
equal volumes were mixed with 4× Laemmli loading buffer (VWR,
Radnor, PA, USA) and boiled for at least 5 min prior to loading on TrisGlycine gels. The gels were transferred in 3-cyclohexylamino propanesulfonic acid (CAPS) buffer, pH 11.0 with 10% methanol, onto 0.4 μm
PVDF membrane and blocked in 5% (w/v) milk powder in Tris-buffered
saline with 0.1% Tween 20 (TBST) for 1 h at room temperature.
Primary antibodies were diluted in 5% (w/v) BSA and applied overnight at 4 °C on an orbital shaker as follows: 1:500 SPR (ab157194,
Abcam, Cambridge, MA, USA); 1:500 MYCN (sc-53993, Santa Cruz,
Dallas, TX, USA); 1:1,000 GAPDH (4300, Ambion by Fisher Scientific).
Targets were detected with Licor secondary antibodies at 1:10,000 dilution in 5% (w/v) milk powder in TBST on an Odyssey imager (Licor,
Lincoln, NE, USA).

2. Materials and methods
2.1. Cell culture
Authenticated human NB cell lines were recently obtained from
certified suppliers: LAN5 (Fisher Scientific, Waltham, MA, USA);
KELLY, LAN1, SKNSH (Sigma, St. Louis, MO, USA); CHP134, CHP212,
IMR32, SKNAS, SKNBE (ATCC, Manassas, VA, USA); SKNFI, SMSKAN,
SMSKANR, SMSKCN, SMSKCNR (Children’s Oncology Group, Lubbock,
TX, USA). For SKNBE, the SKNBe(2)c clone (ATCC CRL-2268) was used.
The cell lines MYCN2 and SHEP21N were provided by their inventors,
Dr. Jason Shohet (Texas Children's Cancer Center, Baylor College of
Medicine, Houston, TX) [34], and Dr. Manfred Schwab (German Cancer
Research Center DKFZ, Heidelberg, Germany) [35], respectively. Cell
lines were maintained in RPMI (Corning, Corning, NY, USA) containing
10% heat-inactivated fetal bovine serum (Hyclone by Fisher Scientific),
penicillin (100 IU/ml), and streptomycin (100 μg/ml) in a humidified
incubator at 5% CO2 and 37 °C. Sulfasalazine (SSZ) was stored at
100 mM stock concentration in dimethyl sulfoxide (DMSO). Control
cells were treated with 1% DMSO in culture medium, equivalent to the
maximum amount of DMSO present at the highest doses of SSZ.

2.4. SPR enzyme purification
The SPR construct was a gift from Nicola Burgess-Brown (plasmid
#39161, Addgene, Watertown, MA, USA). Using a PCR cloning approach, flanking BamHI and XhoI sites were added to the construct,
which was then inserted into a pET24 expression vector containing GST
fusion tag and HRV3C cleavage site immediately preceding the multiple
cloning site. The construct assembly was confirmed by Sanger sequencing. For protein expression, LB with selective antibiotic was inoculated with bacteria containing the validated construct and incubated
with shaking at 37 °C until the O.D. was 0.8. IPTG was added to 400 μM
final concentration, and the culture was incubated overnight at 16 °C.
Culture was then pelleted at 5000 g for 20 min, and resuspended with
Cell Lytic B lysis buffer (Sigma) supplemented with protease inhibitors
(cOmplete mini, EDTA free, Roche) and lysozyme (0.2 mg/ml). The
lysate was incubated at room temperature for 15 min with shaking, and
briefly sonicated to reduce viscosity. The lysate was cleared at 8000 g
for 30 min. Cleared lysate was incubated with washed glutathione resin
for 4 h at 4 °C with rotation. The resin was then washed three times with
PBS, and once with HRV 3C buffer from the HRV 3C protease kit (Fisher
Scientific). The resin was resuspended in HRV 3C buffer and HRV3C
enzyme was added (60 U/ml). Cleavage was allowed to proceed

2.2. Cell viability
The sulforhodamine B (SRB) colorimetric assay (Sigma) was used to
determine cell viability following SSZ treatment. Briefly, NB cells were
plated in transparent flat 96-well plates and allowed to attach overnight. After exposure to SSZ (0, 75, 150, 300, 400, 500, 600, 700, 800,
or 1000 μM), cells were fixed with 10% trichloroacetic acid (TCA) at 4˚C
overnight, washed with deionized water, and dried at room
238
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overnight at 4 °C with rotation. The resin was pelleted and cleaved SPR
protein was transferred to a new tube and stored at −20 °C as a 50%
glycerol suspension.

Table 1
NB cell line sensitivity to SSZ.

2.5. SPR activity assay
The SPR activity assay was performed as previously reported [36].
Briefly, 200 μl reactions were carried out in a 96-well plate with the
standard reaction mixture (100 mM potassium phosphate buffer pH 6.2,
50 μM L-sepiapterin) and 2 μg of purified human SPR enzyme, with or
without 1 mM SSZ or 1 mM DMSO vehicle control. The reaction was
started by adding NADPH (100 μM final concentration) and measured by
absorbance decrease at 420 nM. Readings were normalized to the appropriate control; the standard reaction mixture without the SPR enzyme and
with or without SSZ. SSZ interferes with the absorbance reading at 420 nM
and thus requires a separate control. Enzyme activity was determined from
the linear part of the reaction curve using the coefficient of extinction for
sepiapterin (ɛ = 10.4 mM−1 cm−1). With cell lysates, cells were pretreated with drug (200 μM SSZ) for either 2 h or overnight prior to lysate
collection. Total protein was equalized to 25 µg/ml for use in the assay.

Cell Line

MYCN status

SSZ IC-50
(µM)

95% confidence interval
(µM)

SHEP21N
MYCN2
SKNAS
SKNFI
SKNSH
IMR32
KELLY
CHP134
CHP212
LAN1
LAN5
SKNBE
SMSKAN
SMSKANR
SMSKCN
SMSKCNR

Tet-off
Tet-on
−
−
−
+
+
+
+
+
+
+
+
+
+
+

∼154
375
537
> 1000
> 1000
400
523
322
> 1000
> 1000
> 1000
378
350
289
436
233

Very wide
270–522
344–838
Not reached
Not reached
353–453
342–801
293–353
Not reached
Not reached
Not reached
270–420
322–389
220–381
299–637
177–306

Cell viability determined by the SRB assay in response to SSZ administration in
16 cell lines. IC-50 values are determined on triplicate independent experiments
(n = 3) from each cell line and a non-linear regression fit with four parameters,
except for the cell lines CHP212, LAN1, LAN5, SKNAS, SKNFI, and SKNSH
where a three parameter fit was applied because the treatment did not maximally inhibit cell viability at the highest doses. SHEP21N and MYCN2 are NB
cell lines that contain MYCN under control of tetracycline-regulated promoters.
SHEP21N has a tet-repressible (“Tet-off”) promoter, MYCN2 contains a tet-inducible (“Tet-on”) promoter. Addition of tetracycline/doxycycline leads to
MYCN repression or MYCN expression in SHEP21N or MYCN2, respectively. All
cell lines were grown under typical culture conditions without tetracycline/
doxycycline.

2.6. Nitric oxide determination
Release of nitric oxide (NO) from cells was determined with the
Griess assay. SKNBE cells were plated at 32,000 cells per well in a 96well plate and allowed to adhere overnight, then pretreated for 2 h with
1 mM SSZ. NO was induced with 10 ng/ml IL-6 for 24 h, then 100 µl
medium was collected into a new plate with equal volume of GriessIlosvay's nitrite reagent (109023, Millipore, Burlington, MA, USA).
After 30 min, absorbance increase at 520 nm was recorded as measure
of NO presence.

Table 2
SPR-NOS mRNA expression correlations in NB tumors.

2.7. Semi-quantitative polymerase chain reaction (PCR)
PCR was carried out using the manufacturer protocol for 2× Mean
Green master mix (Empirical Biosciences, Grand Rapids, MI, USA) with
the primers (5′– > 3′): MYCN-F CAGTCGGCGGGAGTGTTG; MYCN-R
CTCGAGGTCTGGGTTCTTGC; SPR-F TATCAACAACGCGGGCTCT; SPRR GAAGTCAGGCAGAGCATGGA; SDHA-F ACTGTTGCAGCACAGCTA
GAA; SDHA-R GCCCTTTCCAAACTTGAGGC. SDHA was chosen as a
loading control instead of GAPDH, considering the known transcriptional co-regulation between MYCN and GAPDH in NB [37].

Gene combination

Correlation

P value

SPR-NOS1
SPR-NOS2
SPR-NOS3

0.139
0.165
0.129

1.90·10−3
2.20·10−4
3.90·10−3

SPR mRNA expression correlations with the three NOS genes in NB tumors. The
SEQC-498 RNASeq dataset was queried for SPR and NOS gene mRNA expression, and correlation significance was determined using a 2logPearson correlation test. Shown are correlations for the predominant mRNA splice variants
for each NOS gene: NOS1 (NM_000620.4, isoform 1), NOS2 (NM_000625.4),
NOS3 (NM_000603.4, isoform 1). For details on dataset analysis see Materials
and Methods.

2.8. In vivo tumor xenograft studies
The animal study was performed at the Van Andel Research
Institute (VARI, Grand Rapids, MI, USA) and approved by the VARI
Institutional Animal Care and Use Committee (IACUC). The MYCNamplified NB cell line SKNBE was xenografted into the right flank of
male athymic nu/nu mice (available at VARI). Cells were suspended in
a 50% PBS, 50% Culturex BD matrigel solution and implanted at a
concentration of 50,000 cells in 100 μl per animal. Up to four individual
mice were housed per cage and supplied with Medidrop sucralose liquid
gel (ClearH20, Westbrook, ME, USA) instead of water in red translucent
bottles. Animal weight and fluid intake were monitored three times per
week. Cages of tumor-bearing animals were assigned to control and
treatment arms in the following way to control for initiating treatment
on asynchronously developing tumors within a cage: once an individual
tumor became measurable by digital calipers (> 50 mm3), the cage was
assigned to the control group if any additional mice in the cage did not
have palpable tumors, whereas the cage was assigned to whichever arm
had fewer individuals assigned if all of the additional mice housed in
that cage did have palpable tumors. Control animals continued to receive Medidrop water with 0.5% carboxymethylcellulose (CMC) added
as a vehicle. Treatment animals were initially provided with Medidrop
solution containing 0.5% CMC and 36 mg/ml SSZ. Due to a reduction in

fluid intake at this concentration, the bottles were replaced with
3.6 mg/ml SSZ on day 2–3 of treatment, and this dose was maintained
for the rest of the study. Animals also received a daily intraperitoneal
(i.p.) injection of 150 mg/kg SSZ, 6 h into the vivarium light cycle when
animal activity and fluid intake was low. This dose was approximately
equivalent to the maximum expected ingested dose from a single
drinking session, assuming a maximum of 6 ml water ingested per animal per day in at minimum 8 drinking sessions. The SSZ for i.p. injections was made fresh weekly and stored away from light in the refrigerator. Tumors were measured by digital calipers three times a week
during the study. Once tumor size exceeded 1500 mm3, animals were
euthanized and tumor tissue collected.
2.9. Histologic analysis
Fixed tissues were paraffin embedded, sectioned, and mounted on
slides for hematoxylin-eosin (H&E) staining and immunohistochemistry
(IHC); antibodies used were SPR (ab157194, Abcam) at 1:300 dilution
and uNOS (E3932, detects all three NOS proteins, Spring Biosciences,
San Jose, CA, USA) at 1:75 dilution.
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Biochemical Pharmacology 162 (2019) 237–249

M.R. Mooney et al.

Fig. 1. Model of SSZ effects on SPR. (A) Superimposed crystal structures of SPR either with its ligand sepiapterin, derived from the mouse SPR structure PDB SEP1
(mSPR), or with SSZ, derived from the human SPR structure PDB 4J7X (hSPR). Sepiapterin binding to hSPR and SSZ binding to mSPR are modeled with Swiss Dock.
(B) Schematic of SPR metabolic pathway production of the BH4 cofactor required for several downstream enzymes. (C) SPR in vitro activity using purified enzyme,
with and without SSZ.

2.10. NB public mRNA expression dataset analysis

operating software (MAS5.0 and GCOS1.0, from Affymetrix, Santa
Clara, CA, USA), and samples scaled to an average intensity of the
middle 96% probe-set signals to 100 for every sample, to enable comparisons between samples. SEQC-498 dataset mRNA expression levels
were determined by sequence alignment to human RefSeqs using the R2
TranscriptView tool and transcript counting. All details for the datasets
used is available using the GSE identifiers on the NCBI GEO website. All
analysis of human material and data complied with the “Declaration of
Helsinki for Medical Research involving Human Subjects” (http://
www.wma.net/en/30publications/10policies/b3/index.html) and was
with approval from the Amsterdam University Medical Center research

Expression data from the public human NB cell line mRNA expression dataset Versteeg-24 (GSE28019) and the human NB tumor mRNA
expression dataset SEQC-498 (GSE62654, the largest public NB tumor
RNA sequencing dataset) were retrieved from the NCBI GEO website
(http://www.ncbi.nlm.nih.gov/geo/) and analyzed using the R2 genomics analysis and visualization platform (developer Jan Koster,
Department of Oncogenomics, Amsterdam University Medical Center,
The Netherlands) at (http://r2.amc.nl). Versteeg-24 data were analyzed
as in [38]: gene transcript levels were determined using GeneChip
240
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MYCN

250

250

SPR mRNA expression

SPR mRNA expression

300

200
150

100
050
300

200
150
100
050
300

UHGNP
TR14
SMSKCNR
SKNBE
SJNB10
SJNB8
SJNB6
NMB
NGP
LAN1
LAN5
KELLY
IMR32
CHP134
AMC106

SKNSH
SKNFI
SKNAS
SJNB1
SHSY5Y
SHEP2
GIMEN

SHEP21N

Cell line name

*

Fig. 2. SPR is expressed in NB cell lines and inversely correlates with MYCN expression. (A) SPR mRNA expression values from the Versteeg-24 public dataset in R2,
with significantly higher expression in cell lines without MYCN amplification than in cell lines with MYCN amplification (ANOVA, p < 0.05). (B) SPR mRNA
expression as determined by testing (an overlapping) series of NB cell lines by semi-quantitative PCR. (C) SPR protein expression levels as determined by Western blot
with SPR protein significantly higher expressed in cell lines without MYCN amplification (Mann-Whitney rank sum, **p < 0.01).

and ethics committee “Medisch Ethische Commissie (MEC)”. Expression
data (CEL files) R2 TranscriptView was used to verify that probe-sets
had a unique anti-sense position in a late coding exon or the 3’ UTR of
the gene. The probe-sets selected for this study all meet these criteria.

Table 1), tumor size regression analysis (Fig. 6B), and Kaplan-Meier
plots (Fig. 6C) were generated in GraphPad Prism (version 5.04,
GraphPad). The IC-50 was determined from a non-linear regression fit
with four parameters, except for the cell lines CHP212, LAN1, LAN5,
SKNAS, SKNFI, and SKNSH where a three parameter fit was applied
because the treatment did not maximally inhibit cell viability at the
highest doses. For in vivo studies, day zero represents the day when
tumors were first measureable for each animal, resulting in asynchronous measurement intervals for the tumor size, so the tumor volumes
are represented with the last-observation-carried-forward until the
tumor size exceeded euthanasia threshold at 1500 mm3. Once a tumor
exceeded euthanasia criteria, the animal was censored from the group,
and once either group no longer comprised three uncensored animals,
the tumor growth rates were estimated by a linear regression fit, and an

2.11. Statistical analyses
Statistical analysis on the SPR expression data in Versteeg-24
(Fig. 2A) was performed using an ANOVA test in R2. Densitometry for
Western blots (Fig. 2C) was performed using GelAnalyzer to calculate
the intensity area under the curve with rolling ball background correction set to 35. We applied the Mann-Whitney rank sum test between
MYCN non-amplified and MYCN amplified cell lines using the ratio of
SPR to GAPDH for each cell line in triplicate. IC-50 plots (Fig. 3 and
241
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Fig. 3. High-risk, MYCN amplified NB cell lines are sensitive to SSZ. Optimal cell plating densities for each cell line were determined empirically. Cells were plated at
optimal density and treated the next day with SSZ (0, 75, 150, 300, 400, 500, 600, 700, 800, or 1000 μM) for 72 h. The cells were then fixed with a final concentration
of 10% TCA for the SRB cell viability assay. Data are represented as percent (%) inhibition compared to untreated cells from three independent replicates
(n = 3) ± standard error (S.E.).

F-statistic was used to determine whether the mean tumor growth rate
was different between the control and treatment arms. Differences in
mouse survival were determined with a Kaplan-Meier Log-Rank analysis, using the tumor size threshold as the endpoint. SPR-NOS gene
mRNA expression correlations (Table 2) were calculated with a 2log
Pearson test. The significance of a correlation is determined by t = R/
sqrt((1 − r^2)/(n − 2)), where R is the correlation value and n is the
number of samples. Distribution measure is approximately as t with
n − 2 degrees of freedom. Gene tumor mRNA expression correlation
with survival probability (Fig. 8B) was evaluated by Kaplan–Meier
analysis using the log-rank test as described [39]. To determine the
optimal value of gene expression to set as cutoff value, all tumor
samples were first sorted according to gene mRNA expression and
subsequently divided into two groups. For each group separation

(higher or lower than the current expression, minimum group size
n = 8), the log-rank significance was calculated. The best P-value obtained was used to represent the final gene expression cutoff value. To
correct for multiple testing, the resulting P-value was divided by the
number of tests performed (n − 16, Bonferroni correction). This procedure was called Kaplan Scan. In addition, analyses were performed on
groups separated by median or average tumor mRNA expression values.
For all tests, a value of P < 0.05 was considered statistically significant.
2.12. Structure modeling
The human structure of a dimeric SPR complex is represented in
gray. One subunit is superimposed with the human SPR structure (blue)
242
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mouse structure loaded with NADPH and the natural ligand biopterin
(all dark green; PDB SEP1 [42]) to guide the choice of docking position
for sepiapterin in the human structure.
3. Results
3.1. Model for SSZ anti-tumor effects through interaction with SPR
Elevated SPR and BH4 levels contribute to tumor growth and survival [32,33,43]. To understand how SSZ inhibits SPR activity, we superimposed the crystal structure of SPR with its natural ligand (PDB
SEP1) [42] or with SSZ (PDB 4J7X)[40] and concluded that SSZ likely
competes with the ligand for the active site, thus reducing BH4 availability for neurotransmitter anabolism and NO production (Fig. 1A, B).
We had previously proposed that SSZ would bind with SPR at its NADP
+ -binding site and thus might potentially affect NADP+-dependent
proteins [33]. The unpublished human crystal structure (PDB 4J7X)
used in this model shows SSZ binding adjacent to NADP+, where ligand binding is predicted instead, potentially limiting the number of
SSZ-affected proteins. SSZ and other sulfamide-containing compounds
have previously been reported to inhibit SPR enzyme activity [18]. For
verification, we performed a SSZ inhibition study with purified SPR and
confirmed that SSZ inhibits SPR activity in our experimental settings
(Fig. 1C).
3.2. SPR is expressed in NB tumor cell lines
To determine the presence of SPR as a target in a variety of NB cell
lines, we examined SPR expression using public and empirical data. At
the mRNA expression level, R2 public microarray profiling data from
the Versteeg-24 NB cell line dataset suggests moderate, but widespread
mRNA expression for all cell lines investigated (Fig. 2A). SPR mRNA
expression was significantly higher in cell lines without MYCN amplification than in cell lines with MYCN amplification. We tested a substantial number of these cell lines by semi-quantitative PCR and found
similar results (Fig. 2B). We also analyzed SPR protein expression in
this latter NB cell line series (total of 16 cell lines) by Western blot
(Fig. 2C). Indeed, SPR protein was also widely expressed in the NB cell
lines. Protein expression levels appeared to show higher variability than
mRNA expression (data not shown). Similar to SPR mRNA, SPR protein
expression is significantly higher in cell lines without MYCN amplification (Mann-Whitney Rank Sum, p < 0.01). The results confirm that
SPR is expressed in NB cell lines and that these lines are suitable to test
the effect of SSZ.
3.3. NB tumor cell lines are sensitive to SSZ
To assess the anti-proliferative effect of SSZ against a variety of NB
cell lines, we calculated the IC-50 response to SSZ for 16 cell lines. We
had previously tested the MYCN amplified NB cell lines LAN5 and
SKNBE for SSZ sensitivity [33]. Here, we extend that analysis to a larger
panel of MYCN amplified cell lines, as well as to cell lines without
MYCN amplification. We show that 10 of 16 cell lines tested demonstrate a similar sensitivity to SSZ, with an IC-50 value averaging
∼400 µM SSZ across the sensitive cell lines (Fig. 3). The IC-50 values
for each cell line with their 95% confidence intervals are summarized in
Table 1. While 400 µM is generally a very high concentration for most
anticancer compounds, we note that the safe clinical use of SSZ in
humans ranges from a typical dose of 1–4 g daily, with a maximal
tolerated dose of 12 g daily for non-cancerous conditions [44]. Sensitivity to SSZ did not necessarily correlate with SPR mRNA or protein
expression, but cell lines without MYCN amplification (SKNAS, SKNSH,
and SKNFI), though limited in number, were generally more resistant to
SSZ treatment.
In anticipation of testing SSZ in vivo, we measured drug-associated
downstream responses in cell lines. NO production in cell lines that

Fig. 4. Cellular responses to stimuli, SSZ, and SSZ metabolites. (A) NO production in SKNBE cells pretreated with 1 mM SSZ for 2 h and then induced by
10 ng/ml IL-6 over 24 h. (B) Induced NO inhibition. *p < 0.05, single-tail ttest, for combination compared to single agent. The unstimulated and SSZ alone
experiments were conducted independently of the other conditions (which
appear with other cell lines in panel A), and have been scaled to the average
value of the control condition for panel A. (C) Inhibition of SPR enzyme activity
by SSZ (200 μM) in lysates of SKNBE cells. D) Sensitivity to SSZ metabolites.
SRB cell viability assay normalized to solvent control (100× drug stock in
0.1 M hydroxide). SSZ in DMSO (from Fig. 3) is included for comparison.

loaded with NADPH (cyan) and SSZ (red) from PDB 4J7X [40]. As the
natural ligand for the human structure has not been co-crystallized, we
approached structure definition by docking sepiapterin (yellow) with
the human structure using Swiss Dock (conformation #20, http://www.
swissdock.ch/) [41]. The second human SPR unit is aligned with the
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Fig. 5. Maximum tolerated dose of SSZ in drinking
water in mice. (A) Average weight (g) of mice and (B)
average fluid intake (mL/mouse/day) of SSZ
Medidrop solution during treatment. Previous reports
suggested that SSZ could be supplied in drinking
water at concentrations up to 150 mg/mL [50]. In
order to keep the animals hydrated and drinking
normal amounts of fluid without weight loss, we
supplemented animals with DietGel and reduced the
SSZ concentration until intake returned to normal.
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were pretreated with SSZ and then induced by IL-6 showed a tendency
toward NO inhibition which was strongest in SKNBE and less pronounced in MYCN non-amplified and SSZ insensitive cell lines
(p = 0.055, Fig. 4A, B). In addition, we confirmed that SSZ inhibits SPR
enzyme activity also in lysates of SKNBE cells (Fig. 4C). Furthermore,
the SSZ metabolites 5-ASA and SP did not illicit a reduction in cell
viability in SKNBE cells (Fig. 4D). Collectively, these results suggest that
SKNBE cells are sensitive to SSZ and suitable for in vivo NB tumor xenograft mouse studies.

treatment arms once tumors became measureable and SSZ was administered at a maximal dose of 3.6 mg/ml in the drinking water to
maintain drug exposure over time. Drug ingestion and animal weight
measures were recorded (Fig. 5). In addition, we also administered a
daily i.p. injection of 150 mg/kg SSZ 6 h into the vivarium light cycle,
when the mice are less active and do not ingest as much drug via the
drinking water. Control animals experienced aggressive tumor growth,
whereas tumor growth inhibition occurred in SSZ-treated animals
(Fig. 6A). The growth rates were compared from a linear regression fit
of the data, showing a much lower growth rate in the SSZ-treated group
(***p < 0.001, Fig. 6B) that coincided with a doubling of the animal
survival time until the tumor burden exceeded the threshold for euthanasia (**p < 0.01, Fig. 6C).

3.4. SSZ reduces the growth rate of NB tumor xenografts in nude mice and
improves survival
To test SSZ efficacy in an in vivo NB model, we established a protocol using the SSZ-sensitive NB cell line SKNBE, which also demonstrated SPR inhibition and trended toward NO responsiveness in vitro
(Fig. 4). SSZ has a well-established pharmacokinetic and pharmacodynamics profile in mice and humans [45,46], demonstrating that high
doses of the drug can be administered safely. However, SSZ also has
poor tissue adsorption and a short half-life, requiring that the maximum
tolerated dose be administered. For these reasons, SSZ use in a clinical
cancer setting prioritizes accessible tumor types of the gastrointestinal
tract [47,48], and SSZ has only recently been considered for pre-clinical
testing in some less accessible solid tumors (prostate cancer [49],
pancreatic cancer [50,51], breast cancer [52], hepatocellular carcinoma [53], and glioma [54,55]). The results from those studies have
been mixed, but since we have previously observed a similar drug
profile with DFMO that nonetheless inhibited NB growth, we moved
forward with testing SSZ drug effects in mice harboring subcutaneous
SKNBE xenografts.
Tumor-bearing mice were randomly assigned to control and

3.5. SPR and NOS mRNA are expressed in vivo and correlate with poor
clinical prognosis
To further examine the in vivo anti-proliferative effects of SSZ, we
performed tissue staining on our xenograft tumors. The tissues did not
reveal any difference in ki67 or cleaved caspase staining (Fig. 7), both
of which have been observed before in other applications of SSZ and
have been attributed to cells delaying cell cycle progression rather than
undergoing senescence [54,56], and undergoing ferroptotic rather than
apoptotic cell death [57], respectively. However, we did observe strong
IHC expression of SPR and NOS in the tumor tissues (Fig. 8A). This
strong expression is consistent with mRNA expression and survival data
from the SEQC-498 dataset, the largest publicly available RNA sequencing set on NB patient tumors to date. Using Kaplan-Meier analysis, we found that both SPR and NOS1 (nNOS) are widely expressed
also in NB tumors, and that their expression is significantly correlated
with patient survival: high mRNA expression for either gene is
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prognostic for poor outcome (Fig. 8B). The NOS2 (iNOS) and NOS3
(eNOS) genes did not show significant correlations between mRNA
tumor expression and patient outcome (not shown). Interestingly, SPR
and NOS1/2/3 mRNA expression are positively correlated with statistical significance (Table 2), suggesting a functional link between SPR
and NOS gene mRNA expression. Collectively, these data suggest that
SPR inhibition and reduced NO production are plausible and clinically
relevant targets for SSZ treatment in the context of NB.
4. Discussion
In the current study, we provided first evidence that SSZ inhibits NB
tumor growth in vivo. The tumor response we observe whereby tumor
growth initially decreases upon SSZ treatment, but then recovers later,
is similar to the response observed in other cancer models for pancreatic [50] and breast cancer [52]. In addition, we noted some of the
NB tumors respond exceptionally well to SSZ treatment, while others do
not respond at all and approach control tumor growth, similar to observations in SSZ-treated glioblastoma models [55]. We reiterate that
while our observed in vitro IC-50 values (∼400 µM) would be considered high for most anticancer compounds, the safe clinical use of SSZ
in humans ranges from typical daily doses of 1–2 g to a maximal tolerated dose of 12 g for non-cancerous conditions [44]. Maintaining a
high dose of SSZ consistently throughout the day appears to be a critical
factor in the success of all of the models where SSZ exerts a tumor
inhibitory effect in vivo; in both our own studies in NB and in a hepatocellular carcinoma model where SSZ was administered only once a
day, and no growth inhibition occurred [53]. This appears to be consistent with our in vitro studies. In our SKNBE cell lysates, SPR is inhibited with a 2-hour pretreatment, but we did not observe the inhibition with overnight treatment (Fig. 4C). In vivo, an additional
limitation to our design is the measure of fluid intake per cage (Fig. 5),
averaged for the number of animals in the cage, which means we do not
know if the responders also drank more intervention than non-responders, or if the ingested dose correlated with other individual signs
of toxicity. Despite difficulty achieving sustained tumor growth control
with SSZ as a single agent, the studies in pancreatic and hepatocellular
carcinoma present promising results when using SSZ as a combination
agent with either a cytotoxic compound like etoposide [50] or in conjunction with radiation [53], respectively. Since we have previously
observed synergies with SSZ in NB in vitro [33], we are optimistic that
combination therapy is a promising approach for SSZ in future NB
therapy.
SSZ has several known cellular effects that could contribute to our
results. We recently identified its target, SPR, and SPR’s role in supporting tumor viability in our models of NB [32,33]. We present a
model of this new NB vulnerability pathway in Fig. 9, along with some
potential effectors. Although SSZ has been observed to suppress NO
production by SPR inhibition and lowers cellular proliferation [43], we
noted only a weak response in our cell lines. Alternatively, SSZ could
increase oxidative stress through suppression of BH4 [58,59] or exacerbate it through inhibition of an additional target: the glutamatecystine transporter xCT [60,61]. Metabolic depletion of BH4 and cystine uptake and subsequent ROS production contributes to ferroptosis
[62,63]. SSZ has been proposed to modulate sensitivity to ferroptosis
[64], which would be consistent with our observed tumor suppression
despite a lack of caspase cleavage/apoptosis and ki67 proliferation
between treated and untreated tumors (Fig. 7). SSZ has also been observed to suppress NF-kB signaling directly by inactivating the IKKα
and IKKβ subunits of the NF-kB signaling complex [65], and indirectly
through inhibition of upstream inflammatory signaling through the
TNFα receptor [66].
While SSZ has been tested in several oncology studies, and was
shown to delay tumor progression, its mechanism of action remains
controversial. Since SSZ is a pro-drug that is metabolized into two active small molecules (5-ASA and SP), the putative drug activities are

Fig. 6. SSZ reduces the growth rate of NB tumors and improves survival in vivo.
Xenograft tumors of the NB cell line SKNBE grown subcutaneously in male
athymic nu/nu mice. Once palpable tumors became measureable, boxes were
assigned to the SSZ treatment (n = 12) or control (n = 8) groups. (A) Tumor
sizes were measured three times a week until the 1500 mm3 threshold for tumor
size was surpassed, and animals were euthanized. Last measures were carried
forward and average tumor volume ± SEM is displayed. (B) Linear regression
fit for tumor sizes within the groups is shown. The mean tumor growth rate was
significantly lower in the SSZ treatment group (F = 35.7, ***p < 0.001). (C)
Kaplan-Meier survival analysis shows a significant delay in mortality due to
tumor size in the SSZ-treated group (**p < 0.01).
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Fig. 7. SSZ does not alter ki67 expression or caspase 3 activation in vivo. Tissue sections from treated and untreated tumors were harvested when they reached a
threshold size of 1500 mm3 and stained for ki67 and cleaved caspase 3 to assess whether a reduction in tumor growth rate could be attributed to a lower proliferative
index or to cell death. Automatic detection of stained nuclei with Aperio ImageScope software performed on whole tumor regions in 4 tumors from each treatment
group did not reveal differences in these markers, consistent with previous reports that SSZ inhibits proliferation without altering ki67 staining [54,56] and affects
cell death through non-apoptotic mechanisms [57,64].
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Fig. 8. SPR and NOS are expressed in NB in vivo, and high expression correlates with poor patient prognosis. A) Representative IHC pictures of SPR and NOS protein
expression in xenograft tumors. (B) RNA expression and survival data from the public SEQC-498 NB dataset; high SPR and NOS1 NB mRNA levels are significantly
predictive for poor patient outcome in Kaplan-Meier analysis using median mRNA tumor expression groupings (see Materials and Methods). The results shown are for
overall patient survival.
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Polyamines

Fig. 9. Model of anti-tumor effects of SSZ through
SPR. SPR in NB contributes to tumor growth and
survival through pleiotropic cellular effects that
supply amino acid metabolism through the production of the enzymatic cofactor tetrahydrobiopterin
(BH4). In the model, SSZ inhibits SPR activity to
normalize cell metabolism. Circles represent enzymes, boxes represent small molecules, and double
boxes are α-amino acids. Enzymes act on the small
molecules in the boxes or connected to the lines they
touch. Black, physiologic metabolism; green, pathologic SPR in NB; red, small molecule inhibitor.
Sulfasalazine, SSZ; Sepiapterin Reductase, SPR; NO,
Nitric Oxide.
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of the metabolites, and have been discussed more widely as potential
mechanisms for SSZ’s anti-cancer effects [65,70]. While the role of NFkB in cancer is complex, it is usually tumor-protective by suppressing
apoptosis, including in NB [71]. While SSZ has been shown to inhibit
NF-kB in pancreatic xenografts [50], the effect was not replicated in
other cancer types like gliomas, where SSZ exerts NF-kB-independent
effects on xenografts [72]. In this glioma study, as well as in a later
pancreatic cancer study, inhibition of the xCT transporter system has
been considered instead. However, both NF-kB and xCT inhibition appear to rely on an intact SSZ compound, only 10–25% of which is absorbed in the small intestine [45,46]. Another new target for SSZ is SPR
inhibition, which can be mediated either by the un-metabolized SSZ
compound or by the SP metabolite [18], the latter of which is absorbed
nearly completely from the colon. In this study we present further
evidence that SPR is well expressed in NB and is a significant predictor
for poor outcome, that SSZ inhibits SPR and trends toward suppression
of NO, and that SSZ administration as a single agent reduces NB tumor
growth rates. The relative impacts of SSZ on the NF-kB, xCT, and SPR
molecular pathways await further study.
Although we were unable to show significant suppression of induced NO production by SPR inhibition, the mechanism is most probably active in NB cells; mRNA expression analysis of the SEQC-498
dataset showed that the constitutive NOS1 and NOS3 genes are higher
expressed than the inducible NOS2 gene (Fig. 10), and could drown the
SSZ effect on NOS2 in SKNBE cells.
In summary, SPR is a target of the FDA-approved drug SSZ. SPR is
well expressed in NB, and NB cells are sensitive to SSZ both in vitro and
in vivo, where we observe anti-proliferative effects. SSZ could be repositioned to inhibit NB tumor growth and represent an opportune
compound either for use in a combination therapy or as a subject for the
generation of chemical analogs or re-formulations to achieve more
potency. Similar to DFMO, the use of SSZ in the chemoprevention

Fig. 10. Nitric oxide synthase gene mRNA expression in NB tumors. The SEQC498 RNASeq NB tumor dataset was queried for nitric oxide synthase (NOS) gene
expression. The graph shows average expression (in reads per million) for the
predominant mRNA splice variants for each gene: NOS1 (NM_000620.4, isoform 1), NOS2 (NM_000625.4), NOS3 (NM_000603.4, isoform 1). NOS1 and
NOS3 are the highest expressed NOS genes in NB. For details on dataset analysis
see Materials and Methods. Error bars indicate standard deviation.

diverse, and include immune suppression, anti-inflammatory effects,
lipo- and cyclo-oxygenase inhibition, NF-kB inhibition, inhibition of the
glutamate transporter xCT, and, most recently, inhibition of the enzyme
SPR. Immune suppression [67], the anti-inflammatory effects [68], and
lipo- and cyclo-oxygenase inhibition [69], are the best known effects of
SSZ and are produced by the 5-ASA moiety, which is not absorbed
through the intestinal tract [45,46], and are not typically the activities
examined in an oncogenic context. Instead, inhibition of both NF-kB
and xCT putatively rely on an intact SSZ compound, rather than either
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setting may also be considered given its moderate toxicity profile and
its well-established long-term use for patients with ulcerative colitis.
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