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Extracellular sulfatase-2 is overexpressed in rheumatoid arthritis
and mediates the TNF-α-induced inflammatory activation of
synovial fibroblasts
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Extracellular sulfatase-2 (Sulf-2) influences receptor–ligand binding and subsequent signaling by chemokines and growth factors,
yet Sulf-2 remains unexplored in inflammatory cytokine signaling in the context of rheumatoid arthritis (RA). In the present study,
we characterized Sulf-2 expression in RA and investigated its potential role in TNF-α-induced synovial inflammation using primary
human RA synovial fibroblasts (RASFs). Sulf-2 expression was significantly higher in serum and synovial tissues from patients with
RA and in synovium and serum from hTNFtg mice. RNA sequencing analysis of TNF-α-stimulated RASFs showed that Sulf-2 siRNA
modulated ~2500 genes compared to scrambled siRNA. Ingenuity Pathway Analysis of RNA sequencing data identified Sulf-2 as a
primary target in fibroblasts and macrophages in RA. Western blot, ELISA, and qRT‒PCR analyses confirmed that Sulf-2 knockdown
reduced the TNF-α-induced expression of ICAM1, VCAM1, CAD11, PDPN, CCL5, CX3CL1, CXCL10, and CXCL11. Signaling studies
identified the protein kinase C-delta (PKCδ) and c-Jun N-terminal kinase (JNK) pathways as key in the TNF-α-mediated induction of
proteins related to cellular adhesion and invasion. Knockdown of Sulf-2 abrogated TNF-α-induced RASF proliferation. Sulf-2
knockdown with siRNA and inhibition by OKN-007 suppressed the TNF-α-induced phosphorylation of PKCδ and JNK, thereby
suppressing the nuclear translocation and DNA binding activity of the transcription factors AP-1 and NF-κBp65 in human RASFs.
Interestingly, Sulf-2 expression positively correlated with the expression of TNF receptor 1, and coimmunoprecipitation assays
demonstrated the binding of these two proteins, suggesting they exhibit crosstalk in TNF-α signaling. This study identified a novel
role of Sulf-2 in TNF-α signaling and the activation of RA synoviocytes, providing the rationale for evaluating the therapeutic
targeting of Sulf-2 in preclinical models of RA.
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INTRODUCTION
Tumor necrosis factor-alpha (TNF-α) is a crucial proinflammatory
cytokine produced in response to infection and injury that is also
involved in the maintenance of tissue homeostasis [1, 2]. However,
dysregulated TNF-α signaling drives the pathogenesis of auto-
immune inflammatory conditions, including rheumatoid arthritis
(RA) [1]. While RA joint pathogenesis is influenced by infiltrating
immune cells, TNF-α-activated RA synovial fibroblasts (RASFs) are
key aggressors [3]. TNF-α binding to TNFR1 initiates canonical
nuclear factor-κB (NF-κB) signaling [4]. By signaling through TNFR1
and NF-κB, TNF-α induces the production of other cytokines,
including IL-1β and IL-6, and chemokines involved in the
recruitment and activation of leukocytes [5]. In RA, TNF-α

promotes hyperplasia of synovial tissue, leading to the progressive
destruction of articular cartilage and bone [6]. Anti-TNF therapies
have significantly improved the management of autoimmune
rheumatic diseases [7], but their long-term use carries the risk of
serious infection, immunogenicity, and malignancy [8]. Thus, there
is a need to identify alternative approaches for regulating TNF-α
signaling to limit its role in RA pathogenesis.
The extracellular sulfatases sulfatase-1 (Sulf-1) and sulfatase-2

(Sulf-2) regulate the receptor–ligand binding of various growth
factors, chemokines, and cytokines to significantly modulate
downstream signaling [9, 10]. Sulf-2 activity has been shown to
mobilize growth factors and chemokines, including VEGF, FGF-1,
and SDF-1, from their binding sites [11]. In liver, pancreas and lung
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tumors, overexpression of the SULF2 gene correlates with
increased tumorigenicity, and Sulf-2 has been identified as a
novel therapeutic target in cancer [10]. The small-molecule Sulf-2
inhibitor OKN-007 (also known as NZY-059) [12] is currently in
clinical trials with temozolomide adjuvant therapy for glioblas-
toma, aiming to demonstrate that the pharmacologic inhibition of
Sulf-2 is safe and effective [13].
A recent review compiled existing evidence supporting the

likely roles of extracellular sulfatases in inflammation [14];
however, the potential involvement of Sulf-1 and Sulf-2 in
TNF-α signaling and RA remains unexplored. Given the
considerable presence of extracellular sulfatases in musculoske-
letal tissue, the logical hypothesis is that Sulf-2 plays a role in
synovial pathogenesis in RA. Otsuki et al. detected an age-
dependent increase in Sulf-1 and Sulf-2 expression in mouse
cartilage and in human OA cartilage compared to normal
cartilage [15]. In another study, Ratzka et al. determined that
Sulf-1 and Sulf-2 are expressed in overlapping patterns during
embryonic bone formation, and double knockouts of these
two proteins showed skeletal abnormalities, including shorter
bones and vertebral fusion [16] Similarly, Zaman et al.
found higher Sulf-2 expression during both bone development
and fracture healing [17]. While these studies provide data
on the differential expression of extracellular sulfatases
in musculoskeletal tissue disease states, our study deciphered
the previously undescribed pathological relevance of Sulf-2 in
TNF-α-induced signaling, activation and proliferation of RASFs,
which are a major component of the invasive synovial
pannus in RA.
The present study aimed to characterize the expression of

sulfatases in RA patient samples and to determine their potential
role in TNF-α-mediated inflammatory signaling in human RASFs.

MATERIALS AND METHODS
Detailed information about reagents, antibodies, mice, IHC and RNA
sequencing are provided in the SI Materials and Methods.

Detection of extracellular sulfatases in human synovial tissues
and serum
Deidentified synovial tissues from nondiseased deceased individuals and
from RA patients who had undergone total joint replacement surgery or
synovectomy were obtained from the Cooperative Human Tissue Network
(Columbus, OH) or National Disease Research Interchange (Philadelphia,
PA) under a protocol approved by the Washington State University
Institutional Review Board (IRB) (approval no. 17249). Beyond the
specification of “synovial membrane”, no description of the location within
the synovium was provided by the vendors. RA patients had not been
treated with biologics. Table S1 shows the demographics of the
participants whose tissues or cells were studied. The IRB of Washington
State University determined these experiments to be exempt from the
requirement for informed consent, as deidentified human materials that
were not collected specifically for the purpose of this research were
utilized, and there was no mechanism to link the samples or their
associated data to living individuals.
To determine gene and protein expression in human synovial tissues,

total RNA was extracted from six RA and six nondiseased frozen tissues
using an RNeasy mini kit (Qiagen, Hilden, Germany), and the expression of
SULF1, SULF2, TNFRSF1A and TNFRSF1B was measured by quantitative real-
time PCR (qRT‒PCR). Sulf-1, Sulf-2, TNFR1 and TNFR2 protein levels were
determined by Western blotting.
Human serum samples were purchased from commercial vendors

(Discovery Life Sciences, Newtown, PA; Innovative Research, Novi, MI; or
Sanguine Biosciences, Los Angeles, CA) or generously shared by Dr.
Cynthia Crowson (Mayo Clinic, Rochester, MN). Table S2 shows a
demographic summary of the human serum donors. Sera from RA patients
(n= 48), multiple sclerosis (MS) patients (n= 8) and nondiseased
individuals (n= 50) were tested using Sulf-2 (XPEH0934) and Sulf-1
(XPEH15391) ELISAs from XpressBio (Ballenger Creek, MD).

Extracellular sulfatases in wild-type (WT) and human TNF-α-
transgenic (hTNFtg) mice
Formalin-fixed, paraffin-embedded ankle sections were prepared in Dr.
Edward M. Schwartz’s laboratory as previously described [18, 19]. Specimens
from littermate WT C57BL/6 mice were provided as controls. The expression
of Sulf-1 and Sulf-2 was determined in ankle joint sections frommale WT and
hTNFtg mice by fluorescence immunohistochemistry (IHC). Serum samples
from male and female WT or hTNFtg mice were tested using ELISA kits for
murine Sulf-1 (MBS2890096) and Sulf-2 (MBS2706314) from MyBioSource
(San Diego, CA). Please see the SI Materials and Methods for details regarding
the mice (Table S4) and IHC protocol.

Culture and treatment of human RASFs
Primary human RASFs were isolated from deidentified synovial tissues as
previously described [20]. RASFs were cultured in RPMI 1640 with 2mM
L-glutamine and 10% heat-inactivated fetal bovine serum in a humidified
incubator at 37 °C with 5% CO2. Experiments were performed using RASFs
between passages 4 and 10. Human RASFs were grown to 80% confluence
and serum-starved overnight prior to stimulation.
Signaling pathways related to the TNF-α-mediated induction of

adhesion/migration molecules were evaluated by pretreating RASFs
with chemical inhibitors for 2 h, followed by stimulation with TNF-α
(20 ng/ml) for 24 h. The inhibitors included 200 μM PDTC (NF-κB), 10 μM
SP600125 (JNK), 10 μM SB203980 (p38), 10 μM PD98059 (ERK1/2), 25 μM
TC-ASK10 (ASK1), 10 μM AG490 (JAK2/3, STAT3), 10 μM rottlerin (PKCδ),
and 20 μM LY294002 (PI3K, Akt). Confirmatory testing with the specific
PKCδ inhibitor NP627 was performed by pretreating RASF2 of
2 h with 5, 10 or 20 nM NP627, followed by stimulation with TNF-α
(20 ng/ml) for 24 h. To test the effects of a small-molecule Sulf-2 inhibitor
on TNF-α-induced proteins, RASFs were pretreated with OKN-007
(0–1000 µM) for 12 h, followed by TNF-α (20 ng/ml) stimulation for
24 h. Nonstimulated (NS) and TNF-α-stimulated RASFs without inhibitor
served as controls. Adhesion molecules were measured by Western
blotting, and chemokines in conditioned media were quantified
by ELISA.

Experiments investigating the release of soluble Sulf-2 from
TNF-α-stimulated RASFs
To compare the levels of soluble Sulf-2 released from NS and TNF-α-
stimulated primary human RASFs in culture, RASFs from four patients were
serum-starved overnight, followed by the addition of fresh serum-free
medium. RASFs treated with TNF-α (20 ng/ml) were compared to NS
controls.
To determine the effects of a broad-spectrum matrix metalloproteinase

(MMP) inhibitor on the solubilization of Sulf-2, RASFs from three patients
were serum-starved overnight and then exposed to fresh serum-free
medium. Cells were exposed to the following treatments for 72 h: control
(NS), GM6001 (20 µM; MMP inhibitor), TNF-α (20 ng/ml), or GM6001+ TNF-α.
To ascertain the effect of signaling inhibitors on the TNF-α-induced

release of soluble Sulf-2, RASFs from three patients were serum-starved
overnight and then exposed to fresh serum-free medium. Cells were
exposed to the following treatments for 72 h: control (NS), TNF-α (20 ng/
ml), NP627 (20 nM; PKCδi)+ TNF-α, PDTC (200 µM; NF-κBi)+ TNF-α, and
SP600125 (10 µM JNKi)+ TNF-α. Soluble Sulf-2 levels in the conditioned
medium were quantitated by a Sulf-2 ELISA kit (XPEH0934) from XpressBio
(Ballenger Creek, MD).

Transient transfection of siRNA
Human RASFs were transfected with small interfering RNA (siRNA) using
Lipofectamine® 2000 (Invitrogen, Waltham, MA) to deliver 130 pmol siRNA
targeting Sulf-1, Sulf-2, or scrambled sequence (negative control, NC) in a
6-well format. After 48 h, RASFs were serum-starved overnight and then
treated with TNF-α (20 ng/ml). TNF-α-stimulated RASFs transfected with NC
siRNA served as a positive control; NS RASFs transfected with NC siRNA
served as a negative control. After TNF-α stimulation for 8 h, total RNA was
isolated, and qRT‒PCR was performed to determine the effects on target
gene expression. Cells stimulated with TNF-α for 30 min were evaluated by
Western blotting of phosphorylated MAPK and PKCδ intermediates and
used to prepare cytoplasmic and nuclear extracts. Cells stimulated with
TNF-α for 24 h were used to evaluate the siRNA-mediated changes in TNF-
α-induced proteins.
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RNA library preparation and sequencing
Details of the treatment, RNA preparation and sequencing are provided in
the SI Materials and Methods. Expression values for each target gene were
determined as reads per million (RPM) mapped reads for each sample as
described previously [21].

Bioinformatics analysis of differentially expressed genes
(DEGs)
Statistical analysis was performed using R version 4.1.0, and differential
gene expression analysis was conducted with the edgeR package version
3.34.0 [22]. Genes with low expression were filtered out using the
filterByExpr() function with the minimum count needed for a portion of the
samples set to 10. Normalization was performed with the calcNormFac-
tors() function using a trimmed mean of M-values approach [23]. Counts
were fit to a negative binomial linear model, and statistical testing was
performed using a paired design between treatment groups. p values were
adjusted using the Benjamin–Hochberg correction, and significant
differentially expressed genes (DEGs) were defined as those with a false
discovery rate (FDR) <0.05.
Volcano plots of the top 2500 significant DEGs in RASFs when

comparing NS/NCsi vs. TNF/NCsi and TNF/NCsi vs. TNF/Sulf-2si were
generated using GraphPad Prism (GraphPad Software Corporation, San
Diego, CA). Preliminary gene ontology (GO) analysis was conducted using
Ingenuity Pathway Analysis (IPA®; Qiagen, Hilden, Germany). We
performed detailed GO-based identification of enriched biological
processes, interaction clusters and transcription factors using Metascape
[24]. Heatmaps were created using www.heatmapper.ca [25].

Quantitative reverse transcription PCR analyses
Total RNA was reverse transcribed using the SuperScript™ First Strand
Synthesis kit (Life Technologies, Carlsbad, CA). Relative mRNA expression
was determined by qRT‒PCR using SYBR® Green PCR master mix (Life
Technologies) and quantitated by the ΔΔCt method with GAPDH as the
endogenous control. Supplementary Table S3 shows the custom primer
sequences.

Chemokine quantification by ELISA
ENA-78/CXCL5, RANTES/CCL5, fractalkine/CX3CL1, IP-10/CXCL10, and I-
TAC/CXCL11 were quantified in conditioned media using DuoSet ELISA kits
(R&D Systems, Minneapolis, MN).

Western blotting
Whole-cell lysates were prepared, and protein was quantitated using a DC
Protein Assay (Bio-Rad, Hercules, CA). Western blot analysis of the cell
lysates (30 µg) was performed as described in our earlier study [21]. Sulf-2
is translated as a 125 kD preproprotein, from which two subunits are
proteolytically processed and bound by disulfide bonds to form the
mature heterodimer [26]. To measure cellular Sulf-2 levels for the
determination of siRNA knockdown or changes in response to TNF-α,
densitometry was performed on the 125 kD Sulf-2 proprotein band. The
band corresponding to the 75 kD subunit of mature heterodimeric Sulf-2
was found to bind TNFR1 in the coimmunoprecipitation assay. Densito-
metry was performed using Image Lab 6.0 software to measure expression
values (adjusted volume intensity), and data are presented as the
mean ± standard error of the mean (SEM).

Cell proliferation assay
A CyQUANT®Direct Cell Proliferation Assay Kit (C35011) was used to evaluate
the effect of Sulf-2 siRNA on the TNF-α-induced proliferation of RASFs. After
8 h of transfection with Sulf-2 or NC siRNA, 1 × 104 cells in 100 μl of complete
medium were seeded in 96-well plates. After 48 h, the cells were serum-
starved for 2 h and then treated with 20 ng/ml TNF-α for 24 h. Next, 100 μl of
CyQUANT GR dye/lysis buffer (prepared per the manufacturer’s instructions)
was added to each sample well, and the plates were incubated at 37 °C for
60min. The fluorescence was measured at 485/535 nm.

Transwell invasion assay
Invasion through a Matrigel layer was measured to compare the invasiveness
of TNF-α-stimulated RASFs transfected with scrambled control (NC) siRNA or
Sulf-2 siRNA. Cell invasion was evaluated using the Transwell method
(Corning, Corning, NY, USA). After 8 h of transfection with Sulf-2 or NC siRNA,
1 × 105 cells in 100 μl of complete medium were seeded directly into the

wells of Transwell® chambers (8.0 µm Transparent PET Membrane, Corning,
Cat. No. 353097) coated with Matrigel™ (Corning, Cat. No. CB-40234). The
lower chamber was filled with 600 μl of complete growth medium (RPMI-
1640 with 10% FBS). The cells were incubated at 37 °C and 5% CO2 for a total
of 48 h of transfection. The cells were starved in serum-free RPMI for 2 h. After
starvation, the cells were treated with TNF-α (20 ng/ml) for 48 h or left
unstimulated (controls). Noninvading cells on the upper membrane were
removed with a cotton swab. Invading cells on the lower surface of the
membrane were stained using 0.1% crystal violet and counted in three
random fields using ImageJ software, and the mean was calculated.

Coimmunoprecipitation assay
RASFs from three patients were grown to 80% confluency in 150mm dishes
and then serum-starved overnight. For cells from each patient, one plate was
not stimulated (NS), and one plate was stimulated with TNF-α (20 ng/ml) for
30min. Cells were washed twice with ice-cold PBS, followed by collection
and lysis in 500 μl of RIPA buffer. Lysates were then utilized for
immunoprecipitation assays as described in the SI Materials and Methods.

Preparation of nuclear extracts and DNA binding assay
RASFs were transfected with NC or Sulf-2 siRNA for 48 h and then treated
with TNF-α (20 ng/ml) for 30min. NS RASFs transfected with NC siRNA
served as a control. Nuclear fractions were prepared as described
previously [27] and evaluated for phosphorylated signaling kinase
expression using Western blotting. Five micrograms of total protein per
sample was tested in DNA binding activity assays for NF-κBp65 (Cayman
Chemicals, Ann Arbor, MI) and c-Jun (Ray Biotech, Peachtree Corners, GA)
according to the manufacturers’ instructions.

Statistical analysis
The results are expressed as the mean ± SEM. The Pearson correlation was
calculated in GraphPad Prism (GraphPad Software Corporation, San Diego,
CA) to investigate the coexpression of SULF1 or SULF2 with TNFRSF1A.
Comparisons of two groups were performed using two-tailed Student’s t
test. Multigroup comparisons were performed using one-way analysis of
variance followed by Dunnett’s post hoc test to compare treatments to a
control value. p < 0.05 was the threshold for statistical significance.

RESULTS
The expression of Sulf-2 is significantly increased in RA
patient synovial tissues and serum and is induced by TNF-α
stimulation of human RASFs
In the published literature, extracellular sulfatases have remained
largely uncharacterized in the context of inflammation and RA. We
quantified the gene expression of SULF1 and SULF2 in homo-
genized normal synovial tissues (NLSTs) and RA synovial tissues
(RASTs) by qRT–PCR (Fig. 1A). RASTs were derived from patients
with at least 2 years of clinically established RA who were not
treated with biologics. Sulf-1 mRNA levels were 1.9-fold higher
(p < 0.05) and Sulf-2 mRNA levels were 3.0-fold higher (p < 0.001)
in RASTs than in NLSTs. We also compared the gene and protein
expression of TNFRSF1A/TNFR1 and TNFRSF1B/TNFR2 in NLSTs and
RASTs (Fig. S1A). Interestingly, Pearson correlation analysis of the
qRT‒PCR results from the 12 synovial tissues tested showed a
positive linear association between the expression of SULF2 and
TNFRSF1A (r= 0.67, p < 0.05) (Fig. 1A). No association was found
for SULF1 and TNFRSF1A (data not shown).
Protein levels of the extracellular sulfatases were also signifi-

cantly elevated in RA patient synovial tissues. Densitometric
analysis of the Western blots showed ~1.5-fold higher Sulf-1
protein levels (p= 0.06) and five-fold higher Sulf-2 protein levels
in RASTs than in NLSTs (p < 0.01) (Fig. 1B).
Sulf-1 and Sulf-2 can be released in enzymatically active soluble

forms from cell membranes into the conditioned medium of
cultured cells and in human bodily fluids in certain disease states
[10]. We tested human serum samples from healthy donors and
RA and MS patients for soluble Sulf-1 and Sulf-2. Osteoarthritis
patient serum samples were not utilized as controls since elevated
expression of Sulf-1 and Sulf-2 has been reported in OA cartilage,
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which could have introduced a confounding factor in our study
[15]. MS patient sera were included for comparison, as MS is an
autoimmune disease without joint synovial pathogenesis. Sulf-1
was undetectable in normal and RA serum samples (data not
shown). In contrast, soluble Sulf-2 levels were significantly higher
(p < 0.001) in sera of RA patients (31.0 ± 4 ng/ml) than in those of
normal controls (13.6 ± 1.4 ng/ml) or patients with MS
(17.0 ± 1.0 ng/ml) (Fig. 1C). Sulf-2 levels were slightly higher in
males than females, although this difference was not statistically
significant.
In cultured human RASFs, we observed a transient and time-

dependent increase in Sulf-1 and Sulf-2 upon TNF-α stimulation
(Figs. 1D and S1B). The observed increase in Sulf-1 was detected in
cell lysates up to 24–48 h after the initiation of TNF-α treatment.
We detected a rapid, slight increase in Sulf-2 protein levels as early
as 2–6 h after the initiation of TNF-α stimulation, but these levels
decreased to those in the NS group by 12–24 h. In a separate
experiment, we detected an increase in soluble Sulf-2 in the
conditioned medium after TNF-α stimulation for 72 h (Fig. 1D).
A broad-spectrum MMP inhibitor was associated with a 20%

average reduction in soluble Sulf-2 release from TNF-α-stimulated
RASFs compared to TNF-α alone (n= 3), although the difference
did not reach statistical significance (Fig. S1C). We investigated
whether TNF-α regulates Sulf-2 expression via the same key
signaling pathways identified in our experiments. We addressed
this question by measuring Sulf-2 levels in RASF lysates and
soluble Sulf-2 levels in conditioned medium of RASFs from three
patients at 6 and 72 h, respectively, after exposure to TNF-α alone
or to TNF-α and key signaling inhibitors. Signaling inhibitors had
no effect on Sulf-2 levels in RASF lysates (data not shown). ELISA
analysis of the conditioned medium confirmed the ~1.5-fold
increase in soluble Sulf-2 from TNF-α-stimulated RASFs, as we
observed in the earlier experiments shown in Fig. 1E. NP627

(20 nM), a PKCδ inhibitor, had no effect. Interestingly, the NF-κB
inhibitor PDTC (200 µM) and the JNK inhibitor SP600125 were
associated with an additional 1.5-fold increase and 3-fold increase,
respectively, in the release of soluble Sulf-2 over TNF-α stimulation
alone (p < 0.05 and p < 0.001, respectively). These data are
included in Fig. S1D within the Supplementary Materials. While
we do not have a clear explanation for this observation, one
hypothesis is that TNF-α-induced proteases, MMPs, and disintegrin
and metalloproteinase domain-containing protein 10 (ADAM-10)
or ADAM-17 may be involved in the process independent of these
signaling proteins.

Expression of Sulf-1 and Sulf-2 is elevated in TNF-transgenic
mice
We determined the expression of Sulf-1 and Sulf-2 in tissue
sections and serum samples from a recently concluded study on
WT C57BL/6 mice and hTNFtg mice [18]. Fluorescence IHC showed
qualitatively higher Sulf-1 and Sulf-2 levels in the inflamed joint
tissues of hTNFtg mice than in those of WT mice (Fig. 2A). ELISA
analysis of mouse serum samples revealed elevated expression of
Sulf-1 and Sulf-2 in hTNFtg mice (Fig. 2B); the average Sulf-1 levels
were 2.75-fold higher in the sera of hTNFtg mice than in those of
WT mice (p < 0.05), with the highest concentration in female
hTNFtg mice. The average serum Sulf-2 levels in males and
females together were higher in hTNFtg mice than in WT mice,
although this difference was not statistically significant. Soluble
Sulf-2 levels were two-fold higher in female hTNFtg mice than in
female WT mice (p < 0.05).

RNA-seq shows global gene expression changes induced by
TNF-α in human RASFs
Despite the importance of TNF-α and fibroblasts in RA synovial
hyperplasia and joint destruction, there is a lack of information or

Fig. 1 Sulfatase-2 expression is significantly higher in human RA synovial tissues and serum, and SULF2 expression is transiently induced by
TNF-α stimulation of RASFs in vitro. A qRT‒PCR analysis revealed significantly higher SULF1 and SULF2 mRNA levels in human RASTs than in
NLSTs. Pearson correlation analysis revealed positive coexpression of TNFRSF1A and SULF2. B RASTs have significantly elevated Sulf-2 protein
levels compared to NLSTs, as determined by Western blotting followed by densitometry analysis. C Quantitative ELISAs revealed significantly
higher soluble Sulf-2 levels in serum from RA patients than in that from normal controls and MS patients. Soluble Sulf-1 was not detected.
D Primary human RA synovial fibroblasts stimulated with TNF-α (20 ng/ml) for 0–48 h in vitro showed a transient increase in Sulf-1 and Sulf-2
protein levels in cell lysates. E In a separate experiment, soluble Sulf-2 levels in conditioned medium were quantitated by ELISA. Data are
presented as the mean ± SEM. *p < 0.05; **p < 0.01; ***p < 0.001
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RNA-seq data documenting the DEGs in response to TNF-α in
human RASFs. TNF-α significantly modulated the expression of
3634 out of 20,803 genes on our RNA-seq array at a threshold of
FDR < 0.05. A volcano plot comparing TNF-α/NC siRNA and NS/NC
siRNA (Fig. 3A; upper panel) showed the dramatic induction of
inflammatory genes. Several TNF-α-induced genes labeled on the
volcano plot have known roles in RA pathogenesis, including the
chemokine genes CCL5, CX3CL1, CXCL11, CXCL9, and CXCL10; the
adhesion protein genes ICAM1 and VCAM1; the migration-
associated gene PDPN; and the TNFAIP3 gene, which encodes
A20, a negative regulator of NF-κB inflammatory signaling. The top
2500 DEGs ranked by statistical significance are shown in the
heatmap in Fig. 3B.
Separate GO analysis was performed for DEGs induced or

suppressed by ≥2-fold by TNF-α treatment in RASFs. TNF-α
upregulated 1127 genes in RASFs (≥2-fold, FDR < 0.05). GO
analysis revealed closely related clusters involved in inflammation
and immunity, including “cytokine signaling in the immune
system, response to virus, and response to interferon-gamma”
(Fig. S2A, B), and the top enriched transcriptional networks
(Fig. S2C). TNF-α downregulated the expression of 1038 genes in
RASFs (≥2-fold FDR < 0.05). GO analysis revealed diverse and
loosely interconnected processes (Fig. S2D, E), including “small
GTPase-mediated signal transduction, embryonic morphogenesis,
transmembrane receptor protein tyrosine kinase signaling”
(Fig. S2E), and a downregulated transcriptional network regulated
by TP53 (Fig. S2F).

RNA-seq shows the impact of Sulf-2 on TNF-α-induced
inflammatory activation in RASFs
We used a loss-of-function approach and RNA-seq analysis to
assess the role of Sulf-2 in TNF-α-stimulated RASFs. The qRT‒PCR
results demonstrated successful knockdown of Sulf-2 mRNA, with
>90% reduction in the Sulf-2 siRNA group compared to the NC
siRNA group (p < 0.05) (Fig. S2G). In TNF-α-stimulated RASFs, the

absence of Sulf-2 significantly modulated 2502 genes (FDR < 0.05)
compared to the NC siRNA condition. The volcano plot (Fig. 3A;
lower panel) shows a striking reduction in many inflammatory
genes compared to TNF-α alone. Notably, while the transcript
levels of the TNF-α-induced chemokines CCL5, CX3CL1, CXCL11,
CXCL9, CXCL10 and adhesion molecules ICAM1, VCAM1 and PDPN
decreased in the absence of Sulf-2, those of the protective factors
TNFAIP3 (anti-inflammatory A20) and TNFRSF11B (bone-protective
osteoprotegerin) increased beyond the level induced by TNF-α
alone. MMP1 and IL6 gene expression levels also further increased
after TNF-α stimulation in the context of Sulf-2 knockdown. The
changes in gene expression of 236 DEGs are shown in the
heatmap in Fig. 3B.
Preliminary GO comparisons using IPA® showed that the

absence of Sulf-2 modulated genes in the canonical pathway
“role of macrophages, fibroblasts, and endothelial cells in
rheumatoid arthritis” (p= 7.26E−8) (Fig. S2H). Separate GO
analysis was conducted for DEGs that were upregulated or
downregulated ≥2-fold by TNF-α/Sulf-2 siRNA compared to TNF-α/
NC siRNA. All RASFs in these comparisons were stimulated with
TNF-α, and the only variable was the absence of Sulf-2. The
expression of 414 genes was suppressed (≥2-fold, FDR < 0.05) by
Sulf-2 knockdown; these genes included TNF-α-induced inflam-
matory genes with important roles in RA pathogenesis. The GO-
enriched biological processes included cell division, PID Aurora B
pathway (cytokinesis in mitosis), NABA secreted factors (glyco-
proteins, collagens, and proteoglycans), cell growth, cytokine‒
cytokine receptor interaction, regulation of MAPK cascade, and
myeloid leukocyte activation (Figs. 3C and S2I).The top transcrip-
tion factors that regulate these genes included Kruppel-like factor
5 (which regulates cell proliferation), inflammatory interferon
regulatory factor 1 (IRF1), NF-κB p65 (RELA) and p50 (NFκB1)
(Fig. S2J). The expression of 315 genes increased (≥2-fold,
FDR < 0.05). GO analysis identified the enriched biological
processes, which included vasculature development and response

Fig. 2 Extracellular sulfatase levels are elevated in inflamed joint tissues and serum of a human TNF-transgenic mouse model of RA.
Extracellular sulfatase protein levels were compared in human TNF-transgenic mice of the 3647 line (hTNFtg) and littermate wild-type (WT)
C57BL/6 mice. A Murine Sulf-1 and Sulf-2 proteins were at qualitatively higher levels in ankle sections of hTNFtg mice as determined by
fluorescence IHC. Images are shown with isotype-matched controls on the same tissue and slide. H&E images illustrate synovial hyperplasia
and leukocyte infiltration, which are characteristic of hTNFtg mice. Bone (B) and synovial tissues (S) are labeled. B Murine Sulf-1 and Sulf-2
proteins in serum samples from hTNFtg and littermate WT mice were quantitated by ELISA. Data are presented as the mean ± SEM. *p < 0.05
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to peptide (Figs. 3D and S2K). The enriched transcriptional
networks are shown in Fig. S2L. The RNA-seq array findings were
validated by qRT‒PCR analysis of additional human RASFs; this
validation confirmed the significant decreases in the TNF-α-
induced levels of CCL5, CX3CL1, CXCL11, CXCL10, CAD11, ICAM1,
VCAM1 and PDPN mRNA after Sulf-2 knockdown compared to
TNF-α/NC (Fig. S2M, p < 0.05 for all). Taken together, these results
suggest that Sulf-2 plays an important but previously undescribed
role in TNF-α inflammatory signaling.

Knockdown of Sulf-2 inhibits the expression of TNF-α-induced
adhesion proteins and chemokines
Next, we confirmed our RNA-seq and qRT‒PCR findings at the
protein level. Significant time-dependent increases in cadherin-11,
ICAM-1, VCAM-1, and podoplanin in TNF-α-treated RASFs were
confirmed by Western blotting (Fig. S3A). We knocked down Sulf-2
and Sulf-1 before stimulating RASFs with TNF-α for 24 h and found
that Sulf-2 and Sulf-1 protein levels were reduced by >60%
(p < 0.05) (Fig. 4A). Compared to TNF-α/NC siRNA, TNF-α/ Sulf-2
siRNA led to a 52% reduction in ICAM-1 (p < 0.05), a 40% reduction
in VCAM-1 (p < 0.05), and a 39% reduction in Cadherin-11 (N.S.)
expression, while no significant reductions were observed with
TNF-α/Sulf-1 siRNA (Fig. 4A).
CXCL10 and CXCL11 were among the top TNF-α-induced genes

in RASFs identified in the RNA-seq array, and Sulf-2 knockdown
significantly impeded their induction. The qRT‒PCR results
confirmed that the absence of Sulf-2 decreased the TNF-α-
mediated induction of both chemokine genes by greater than
60%. To verify this finding at the protein level and to compare the
roles of Sulf-2 and Sulf-1, both sulfatases were knocked down by

siRNA, and the TNF-α-mediated induction of CXCL10/IP-10 and
CXCL11/I-TAC was determined by analyzing RASF conditioned
media (Fig. 4B). The results differed between Sulf-1 knockdown
and Sulf-2 knockdown; Sulf-1 siRNA evoked a significant 67%
reduction in CXCL10/IP-10 (p < 0.01) but a nonsignificant decrease
in CXCL11/I-TAC, whereas Sulf-2 siRNA resulted in a 74% reduction
in CXCL10/IP-10 (p < 0.001) and a 58% reduction in CXCL11/I-TAC
(p < 0.05).

The Sulf-2 inhibitor OKN-007 abrogates TNF-α-induced
adhesion protein expression and chemokine production
OKN-007 has been reported to inhibit Sulf-2 activity [12]. OKN-007
alone at a dose of 0–1000 µM did not significantly affect RASF
viability, but in combination with TNF-α, it modestly reduced RASF
viability at 500 and 1000 µM (p < 0.05) (Fig. S3B). We evaluated the
inhibition of Sulf-2 by OKN-007 in TNF-α-stimulated RASFs to
support our findings with siRNA-mediated Sulf-2 knockdown.
OKN-007 (500 and 1000 µM) decreased TNF-α-induced ICAM-1
expression by 20% and 36% and VCAM-1 expression by 23% and
35%, respectively (p < 0.05) (Fig. 4C), and inhibited CXCL5/ENA-78
(66–75%), CCL5/RANTES (~65%), CXCL10/IP-10 (80–95%), and
CXCL11/I-TAC (43–65%) (p < 0.05) production in human RASFs
(Fig. 4D).

Sulf-2 mediates TNF-α signaling primarily via the PKCδ and
JNK signaling pathways
We investigated the signaling pathways through which TNF-α
induces adhesion molecules in RASFs. Human RASFs were
preincubated for 2 h with a panel of signaling inhibitors, followed
by stimulation with TNF-α for 24 h. The protein levels of adhesion

Fig. 3 RNA-seq array reveals that the TNF-α-mediated induction of many inflammatory genes in human RASFs in vitro is dependent on Sulf-2.
A (Upper volcano plot): Gene expression profiles of TNF-α-stimulated and NS RASFs are compared in a volcano plot. Genes of interest in this
study are labeled, including TNF-α-induced inflammatory genes that were highly significant (up) and highly upregulated (right). (Lower
volcano plot): TNF-α-stimulated RASFs with or without Sulf-2 are compared in a volcano plot. For GO analysis, DEGs were identified by |
log2FC| > 1 and FDR < 0.05. B The upper heatmap shows the relative gene expression of the top 236 DEGs by FDR in the comparison between
unstimulated and TNF-α-stimulated RASFs. Modulation of TNF-α-induced gene expression can be seen in RASFs with Sulf-2 knockdown. The
lower heatmap shows the relative expression of selected gene targets that are relevant to RA pathogenesis. Blue represents lower expression,
and red represents higher expression. C–D Diagrams depict networks of enriched GO terms for the 414 downregulated genes (panel C) and
315 upregulated genes (panel D) in TNF-α-stimulated RASFs with Sulf-2 knockdown in vitro; node size represents the number of input genes
included in a specific term, colors indicate a shared cluster ID, and line thickness represents the GO similarity score
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molecules were measured by Western blotting (Fig. 5A). For
cadherin-11, a significant reduction of ~50% was observed with
NF-κB, JNK, ASK1, JAK2, and PI3K inhibitors (p < 0.05), and a 67%
reduction was observed with the PKCδ inhibitor (p < 0.01). For
ICAM-1 and VCAM-1, inhibition of PKCδ led to 94% and 97%
reductions, respectively; TNF-α-induced VCAM-1 levels were also
reduced to ~50% by the ASK1, JAK2, and PI3K inhibitors
(p < 0.01). Podoplanin levels were reduced by 40% in the
presence of a JNK inhibitor and by 60% in the presence of
rottlerin, an inhibitor of PKCδ (p < 0.05). The PKCδ pathway
appeared to be the most significant common pathway, so we
confirmed these results using the newly developed small-
molecule PKCδ inhibitor NP627 (Fig. 5B). NP627 (20 nM) reduced
the TNF-α-induced expression of cadherin-11 by 43% (p < 0.05),
VCAM-1 by 52% (p < 0.01) and ICAM-1 by 53% (p < 0.05). NP627
did not exhibit cytotoxicity at this concentration in an MTT assay
(Fig. S4). These results indicate that PKCδ and JNK are critical
pathways in the TNF-α-mediated induction of adhesion mole-
cules in RASFs. Furthermore, silencing of Sulf-2 reduced the TNF-
α-induced phosphorylation of PKCδ by 52% and of JNK by 36%
(p < 0.05) (Fig. 6A), with no change in the phosphorylation of p38
or ERK, suggesting that Sulf-2 regulates the TNF-α-mediated
expression of adhesion and migration molecules in RASFs
through the PKCδ and JNK pathways.

Knockdown of Sulf-2 inhibits TNF-α-induced RASF
proliferation and invasion
The results of the proliferation assay (Fig. 6B) showed a two-fold
increase in RASF proliferation in response to 24 h of TNF-α
stimulation, and this increase was markedly inhibited by Sulf-2
siRNA, almost to basal levels. In addition, the Transwell invasion
assay results showed a trend toward a reduction (25%) in TNF-α-
induced RASF invasion upon exposure to Sulf-2 siRNA (p < 0.07)
(Fig. 6C).

Immunoprecipitation assay reveals Sulf-2 and TNF receptor 1
binding
The results of our coimmunoprecipitation assay showed that Sulf-
2 associates with TNFR1 in TNF-α-stimulated RASFs but not in
unstimulated controls (Fig. 7A). TNF-α was previously shown to
induce the release of its own receptor TNFR1 in the full 55 kD
form, and soluble TNFR1 was reported to exert anti-inflammatory
effects by acting as a sink for soluble TNF-α [28–31]. In accordance
with previous reports, our immunoprecipitation assay showed a
decrease in TNFR1 within RASF lysates after only 30 min of TNF-α
stimulation. We confirmed the solubilization of TNFR1 by Western
blot analysis of concentrated supernatants of TNF-α-stimulated
RASFs from three patients (Fig. S1E).

Sulf-2 knockdown inhibits the TNF-α-induced nuclear
translocation and DNA binding activity of inflammatory
transcription factors
Cytoplasmic and nuclear fractionation of RASFs stimulated for
30min with TNF-α with or without Sulf-2 revealed that Sulf-2
knockdown inhibited the nuclear translocation of the activated
transcription factors NF-κBp65 and c-Jun (Fig. 7B). To quantify the
potential transcriptional repression of inflammatory factors, we
performed specific DNA binding assays for NF-κB and c-Jun. The
absence of Sulf-2 reduced NF-κBp65 and c-Jun DNA binding
activity by 32% (p < 0.05) and 33% (p < 0.01), respectively (Fig. 7C),
suggesting that Sulf-2 contributes to TNF-α signaling through NF-
κB and AP-1. A schematic diagram provides an understanding of
the signaling pathways altered by Sulf-2 knockdown (Fig. 6C).

DISCUSSION
This is the first study to characterize the expression and potential
roles of extracellular sulfatases in TNF-α signaling and RA synovial
pathogenesis. We found that elevated levels of Sulf-2 in the serum

Fig. 4 Knockdown of Sulf-2 or pretreatment of human RASFs with the Sulf-2 inhibitor OKN-007 inhibits the TNF-α-mediated induction of
adhesion proteins and chemokines. Human RASFs were transfected with scrambled (NC), Sulf-2 or Sulf-1 siRNA (130 pmol) for 48 h, followed
by serum starvation and stimulation with TNF-α (20 ng/ml) for 24 h. Knockdown of Sulf-2 significantly inhibited the TNF-α-mediated induction
of ICAM-1 and VCAM-1 (A) and of IP-10/CXCL10, and I-TAC/CXCL11 (B). Pretreatment of RASFs for 12 h with the Sulf-2 inhibitor OKN-007
(0–1mM) followed by TNF-α (20 ng/ml) stimulation for 24 h resulted in the dose-dependent inhibition of the TNF-α-mediated induction of
ICAM-1 and VCAM-1 (C) and RANTES/CCL5, ENA-78/CXCL5, IP-10/CXCL10 and I-TAC/CXCL11 (D)
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and synovial tissues strongly correlated with the presence of RA in
patients and hTNFtg mice compared to nondiseased counterparts.
Our RNA-seq array dataset identified the global transcriptional
effects of TNF-α stimulation of human RASFs in vitro and
demonstrated the significant impact of Sulf-2 knockdown on
these effects. Bioinformatics analysis of DEGs and GO enrichment
analysis revealed that Sulf-2 is important for the TNF-α-mediated
induction of adhesion proteins and chemokines in RASFs.
Signaling studies in RASFs revealed that Sulf-2 knockdown
inhibited the TNF-α-induced activation of the PKCδ and JNK
pathways, as well as the nuclear translocation and DNA binding
activity of inflammatory transcription factors. Our co-IP experi-
ment provided mechanistic insights by demonstrating the binding
of TNFR1 receptor and Sulf-2 in TNF-α-stimulated RASFs. Knock-
down of Sulf-2 abrogated TNF-α-induced RASF proliferation,
suggesting that inhibition of Sulf-2 could mitigate synovial
hyperplasia in RA. Together, our results provide the rationale for
interventional studies to test the therapeutic potential of
inhibiting Sulf-2 in preclinical models of RA.
TNF inhibitors have improved the therapeutic management of

autoimmune diseases and beyond [8, 32]. However, the current
limitations of anti-TNF therapy highlight the need for alternate
approaches that limit the inflammatory effects of TNF-α without
full systemic inhibition. Expression and ligation of TNFR1 is critical
for inflammatory signaling. The importance of TNFR1 is illustrated
by the fact that over 90 mutations in the TNFRSF1A gene, which
encodes TNFR1, cause excessive receptor activation, defective
receptor shedding and aberrantly elevated NF-κBp65 or c-Rel
transcription factor activity in TNF receptor-associated periodic
syndrome [33]. In a previous study, pathway network analysis of
human synovial tissues identified TNFRSF1A as a seed gene with
disrupted functional connectivity in expression specific to RA [34].
Pearson correlation analysis of our qRT‒PCR results in normal and

RASTs revealed a significant positive association between
TNFRSF1A and SULF2, suggesting shared transcriptional regulation
and/or mutual involvement in RA pathogenesis. The pathology in
the hTNFtg mouse model is mediated through TNFR1 because
human TNF-α shows species-specific binding to murine TNFR1 and
not TNFR2 [19]. Our observation of enhanced expression of Sulf-1
and Sulf-2 in the synovium and serum of hTNFtg mice compared to
WT mice supports our findings in human RASTs and serum.
Having noted a positive correlation between the gene

expression of SULF2 and TNFRSF1A, we hypothesized that an
interaction between the encoded proteins may be the potential
mechanism by which Sulf-2 promotes TNF-α signaling. We
performed a coimmunoprecipitation assay, which showed that
Sulf-2 associates with TNFR1 in TNF-α-stimulated RASFs but not in
unstimulated controls. This is the first time a noncanonical cell
surface partner has been identified for TNFR1, and this result
warrants further in-depth mutational and computational analysis
to identify potential interaction sites between these two extra-
cellular proteins and their relevance to TNF-α signaling in RASFs
and potentially other cell types.
Sulf-2 can stabilize TNFR1 on the cell membrane by participat-

ing in coreceptor assembly with TNFR1 and heparan sulfate
proteoglycans (HSPGs). Furthermore, by binding to soluble TNFR1,
Sulf-2 could potentially interfere with the anti-inflammatory
effects of the soluble receptor. Further studies are warranted to
investigate the possible regulatory or functional association
between Sulf-2 and TNFR1 in inflammation.
Through their enzymatic activity, Sulf-1 and Sulf-2 cleave 6-O-

sulfate groups from heparan sulfate (HS) chains on HSPGs on the
cell surface [9, 35]. Regions of dense sulfation on the 6th carbon of
glucosamine in HS are known binding sites for inflammatory
chemokines, including platelet factor-4/CXCL4, RANTES/CCL5, IL-8/
CXCL8 and stromal cell-derived factor 1/CXCL12 [14]. Sulf-2 is

Fig. 5 TNF-α induces adhesion proteins in human RASFs via the PKCδ (JNK and NF-κB) signaling pathway. Knockdown of Sulf-2 inhibits the
TNF-α-induced phosphorylation of PKCδ and JNK. A Human RASFs were preincubated for 2 h with a panel of signaling inhibitors, followed by
stimulation with TNF-α for 24 h. Western blots were probed for ICAM-1, VCAM-1, cadherin-11 and podoplanin. Inhibitors of NF-κB, JNK and,
most prominently, PKCδ led to significant reductions in TNF-α-induced adhesion proteins, revealing the importance of these pathways. B The
central role of PKCδ was confirmed by the dose-dependent decrease in ICAM-1, VCAM-1 and cadherin-11 levels in RASFs after treatment with
the PKCδI-specific small-molecule inhibitor NP627
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Fig. 7 Sulf-2 binds TNF receptor 1, and knockdown of Sulf-2 reduces the TNF-α-induced nuclear translocation and DNA binding activity of
inflammatory transcription factors. A Immunoprecipitation of TNF receptor 1 revealed binding with the 75 kD subunit of the mature Sulf-2
heterodimeric protein in TNF-α-stimulated human RASFs. B Knockdown of Sulf-2 in RASFs inhibited the TNF-α-induced nuclear translocation
of c-Jun and NF-κBp65. C Knockdown of Sulf-2 significantly reduced the TNF-α-induced DNA binding activity of NF-κBp65 and c-Jun. Data are
presented as the mean ± SEM. *p < 0.05; **p < 0.01. D Schematic diagram illustrating the effects of Sulf-2 knockdown on TNF-α inflammatory
signaling in human RASFs

Fig. 6 Knockdown of Sulf-2 inhibits the TNF-α-induced phosphorylation of PKCδ and JNK and TNF-α-induced RASF proliferation and invasion.
A siRNA-mediated knockdown of Sulf-2 in human RASFs significantly inhibited the TNF-α-induced phosphorylation of PKCδ and JNK. Data are
presented as the mean ± SEM. *p < 0.05. B Knockdown of Sulf-2 inhibited the TNF-α-induced proliferation of RASFs to almost basal levels.
C The Transwell invasion assay showed a trend in decreased (25%) TNF-α-induced RASF invasion in the presence of Sulf-2 siRNA (p < 0.07)
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known to promote Wnt signaling and inhibit fibroblast growth
factor-2 signaling [10]. However, the specific effects of extra-
cellular sulfatase activity on the signaling of many growth factors,
chemokines and cytokines have not been elucidated. Treatment
of primary human umbilical vein endothelial cells with TNF-α for
24 h led to decreased 6-O-sulfation of membrane HSPGs [36],
suggesting an increase in Sulf-1/Sulf-2 activity. Extracellular
sulfatases respond to inflammatory cytokines in certain contexts.
Increased Sulf-1 expression was observed in human lung
fibroblast cells stimulated with TNF-α [37]. Similarly, in vitro
stimulation with transforming growth factor β induced the
expression of Sulf-2 in renal epithelial cells [38] and of both Sulf-
1 and Sulf-2 in lung fibroblasts [39]. In a recent study, Kim et al.
reported increased Sulf-1 and Sulf-2 expression in CD68+

macrophages in response to inflammation [40]. Our findings build
on this foundation by providing molecular insights into the role of
Sulf-2 in RA pathogenesis.
Although Sulf-2 has not been studied in arthritis, it is being

investigated as a cancer drug target [10, 12]. In head and neck
squamous cell carcinoma (HNSCC), elevated mRNA and protein
levels of Sulf-2 correlate with tumor progression and poor overall
survival [41]. Flowers et al. reported significant overexpression of
Sulf-2 in 57% of HNSCC tumors and in the saliva of patients
compared to healthy controls, leading to the proposal of Sulf-2 as
a biomarker [42]. Although no link with Sulf-2 has been reported,
aberrantly elevated NF-κB activation is a well-established feature
and pathogenic mechanism in HNSCC [43]. It would be intriguing
to determine if these independent observations stem from
increased TNF-α signaling due to the overexpression of Sulf-2.
TNF inhibitors have radically changed the treatment of patients

with refractory RA, but they are expensive, immunosuppressive,
and sometimes unsuitable for long-term use. Existing RA therapies
are directed at B cells, T cells, and cytokines. No existing
medication for RA targets RASFs despite a body of molecular
and clinical evidence for their active role in RA pathogenesis [3].
Our results suggest that targeting Sulf-2 as an adjunct therapeutic
approach to limit TNF-α-induced synovial hyperplasia and tissue
destruction may represent a unique opportunity to suppress
synovial inflammation (but not systemic host defenses) and
improve conventional RA therapy.
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