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Abstract: The enzyme N-acetylgalactosamine-4-sulfatase (Arylsulfatase B; ARSB) was originally iden-
tified as a lysosomal enzyme which was deficient in Mucopolysaccharidosis VI (MPS VI; Maroteaux-
Lamy Syndrome). The newly directed attention to the impact of ARSB in human pathobiology
indicates a broader, more pervasive effect, encompassing roles as a tumor suppressor, transcriptional
mediator, redox switch, and regulator of intracellular and extracellular-cell signaling. By controlling
the degradation of chondroitin 4-sulfate and dermatan sulfate by removal or failure to remove the
4-sulfate residue at the non-reducing end of the sulfated glycosaminoglycan chain, ARSB modifies the
binding or release of critical molecules into the cell milieu. These molecules, such as galectin-3 and
SHP-2, in turn, influence crucial cellular processes and events which determine cell fate. Identification
of ARSB at the cell membrane and in the nucleus expands perception of the potential impact of
decline in ARSB activity. The regulation of availability of sulfate from chondroitin 4-sulfate and
dermatan sulfate may also affect sulfate assimilation and production of vital molecules, including
glutathione and cysteine. Increased attention to ARSB in mammalian cells may help to integrate and
deepen our understanding of diverse biological phenomenon and to approach human diseases with
new insights.

Keywords: N-acetylgalactosamine-4-sulfatase; Arylsulfatase B; chondroitin 4-sulfate; dermatan sul-
fate; sulfated glycosaminoglycans; mucopolysaccharidosis; cystic fibrosis; malignancy; proteoglycans;
Warburg effect

1. Introduction

N-acetylgalactosamine-4-sulfatase or Arylsulfatase B (ARSB; EC 3.1.6.12) is the sul-
fohydrolase which specifically removes the 4-sulfate group from N-acetylgalactosamine
4-sulfate residues, such as those at the non-reducing end of the sulfated glycosaminoglycan
(GAG) chains of chondroitin 4-sulfate (C4S) and dermatan sulfate (DS). This enzyme is
required for the degradation of these GAGs [1–5]. The purpose of this review is to provide
a summary of the known associations of decline in ARSB with human diseases and to
consider the underlying biochemical mechanisms which lead to the pathobiology. Since
the effect of ARSB is limited to modifications of N-acetylgalactosamine 4-sulfate residues,
the manifestations of decline in ARSB evolve from failure to remove the 4-sulfate group
and from the accumulation of the undegraded substrates. This specificity permits focus on
distinct pathways and interactions which have the potential to lead to new insights into
how a broad range of biological effects may originate.

Inherited mutations of ARSB are the cause of Mucopolysaccharidosis (MPS) VI
(Maroteaux-Lamy-Syndrome; phenotype MIM number is 253200) [6–11], which is charac-
terized by the accumulation of dermatan sulfate and chondroitin 4-sulfate (C4S) throughout
the body. Manifestations of include short stature, skeletal deformities, hepatomegaly, res-
piratory failure, corneal opacities, dental anomalies, reduced life expectancy, and normal
intellect [10]. Pathophysiology attributable to decline in ARSB extends beyond MPS VI
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and is associated with other human diseases, including multiple sulfatase deficiency, cystic
fibrosis, malignancies and neurologic, cardiac, and respiratory disorders, as presented
in Section 14. These effects are generally attributable to the accumulation of excessive,
undegradable sulfated GAGs and the resulting impact on cell signaling, transcription,
differentiation, and metabolism, as detailed in Sections 5–13.

Human ARSB transcript variant 1 (NM_000046; NP_000037; OMIM 611542) is com-
posed of 533 amino acids, and transcript variant 2 (NM_198709; NP_942002) is 413 amino
acids and is truncated at the 3′ end. Signal peptide is amino acids 1–36, and cysteine 91
is the crucial residue for the post-translational modification and activation of ARSB [12].
N-acetylgalactosamine-4-sulfate residues, specifically those of chondroitin 4-sulfate (C4S)
and dermatan sulfate (DS), are the endogenous substrates of ARSB. C4S is composed of re-
peating disaccharides of D-glucuronate linked β-1,3 to D-N-acetylgalactosamine-4-sulfate.
Dermatan sulfate (DS) is composed of repeating disaccharides of D-iduronate linked β-1,3
to D-N-aceylgalactosamine-4-sulfate. The disaccharides are joined by β-1,4 linkages. These
sulfated glycosaminoglycans are abundant in mammalian tissues, present at concentrations
of up to hundreds of micrograms per g wet weight of tissue [13,14].

The ARSB crystal structure was reported in 1997, revealing the active site cysteine C91
as the 3-oxoalanine [also designated as C-formylglycine (FGly)] derivative [15]. The sulfate
in the crystallized structure is bound to calcium, and resemblance to alkaline phosphatase
was evident at the active site and by the resemblance of the calcium binding site to the zinc
binding site in alkaline phosphatase [15]. Earlier work had well-characterized structural
features of ARSB [16–18]. The structure is complex, with multiple alpha helices, beta sheets,
glycosylation sites, and disulfide bonds; molecular weight is 59,687 Da. Production of
antibodies for measurements of ARSB facilitated identification of ARSB in tissues and
urine [17]. Mutations of the C91 residue of ARSB showed loss of activity, al-though
with retained polypeptide content [18]. The ARSB gene was located at 5q14.1, and a
2.2 kilobase cDNA clone for the human ARSB transcript was isolated [19,20]. Genomic
coordinates (GRCh38) from NCBI are: 5:78,777,209–78,985,958. Promoter activity is in a
398 bp 5′-flanking region.

The activation of ARSB, similar to other sulfatase enzymes, requires post-translational
modification by the formylglycine modifying enzyme (FGE) [21,22], the product of the
SUMF (sulfatase-modifying factor) gene [23,24]. The formylglycine modification of the
critical cysteine residue (cysteine 91) of ARSB by the FGE requires molecular oxygen [25].
Crystallization of the FGE and ARSB have enabled clarification of the specific requirements
for their interaction [22,25], including identification of sequence determinants required for
conversion of cysteine91 to formylglycine [26].

When removal by ARSB of the 4-sulfate group at the non-reducing end of C4S is
impaired, altered binding of critical, signaling molecules to chondroitin 4-sulfate (C4S)
results. (Similar effects may occur with dermatan sulfate, but our studies presented in this
report have focused on C4S, due to availability of materials.) Important, specific changes
include the reduced binding of the galactoside-binding protein galectin-3 (LGALS3) [27]
and the increased binding of SHP2 (PTPN11), the ubiquitous, non-receptor tyrosine phos-
phatase, to C4S when ARSB activity is lower and chondroitin 4-sulfation is increased [14,28].
Other reported effects of changes in ARSB on binding of vital molecules with C4S include
increased binding of Interleukin (IL)-8 [29] when ARSB is reduced; increased binding of
bone morphogenetic protein (BMP)-4 [30] when ARSB is reduced; and reduced binding
of high molecular weight kininogen (HMWK) [31] to the less highly sulfated C4S present
when ARSB activity is overexpressed. The increased chondroitin 4-sulfation affects the
phosphorylation of vital signaling molecules and the regulation of transcriptional events, as
detailed in this review [14,27–38]. These events profoundly impact intra- and extra-cellular
signaling, influencing cell proliferation, differentiation, signaling, transcription, and trans-
formation, as indicated in Sections 5–13. The impact of ARSB and the resulting changes in
chondroitin 4-sulfation on human disease and the underlying molecular mechanisms, so
far as currently elucidated, are discussed in detail in this review.
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2. Extra-lysosomal Localization of ARSB

Although originally considered only a lysosomal enzyme, immunohistochemistry,
immunofluorescence, and activity studies localized ARSB at the cell membrane of human
bronchial epithelial cells [29,39], hepatocytes, sinusoidal endothelial cells, and Kupffer cells
in the mammalian liver [40], apical membranes of normal and malignant human colonic and
prostatic epithelial cells [34,41–43], and human cerebrovascular cells [44]. Representative
images show staining of normal and malignant prostate tissues (Figure 1A–D), human
colonic epithelial cells (Figure 2A,B), and human cerebrovascular cells (Figure 3A,B).

Figure 1. Representative images of normal and malignant prostate cancers, immunostained for ARSB.
(A–E). Declines in intensity and in membrane immunostaining are evident, as Gleason score increases
from 6 to 9 [42].
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Figure 2. ARSB immunostaining of malignant and non-malignant human colonic epithelial cell lines.
The malignant T84 cells (A) have markedly lower immunohistochemical intensity than the NCM460
cells (B). Cell membrane immunostaining is prominent in the non-malignant cells [34].

Figure 3. Fluorescent immunostaining of ARSB in human cerebrovascular cells. (A,B). Confocal
microscopy demonstrates cell surface localization of ARSB in untreated cerebrovascular cells, as well
as cytoplasmic and nuclear localization and presence of ARSB in cell projections. ARSB is stained red,
and β-actin is stained green [44].

Other reported extra-lysosomal sites of ARSB include alpha-granules of platelets [45],
mitochondria of rat kidney proximal convoluted tubule epithelial cells [46], surface mem-
branes of cartilage [47], and rat brain membranes [48–50]. Arylsulfatase B is very widely
distributed in most human tissues, with high expression reported in kidney, cervix, and
heart [51]. Our initial studies demonstrated higher measured ARSB enzyme activity in cell
membrane preparations from human bronchial epithelial cells than in the cytosol [39]. Pres-
ence of ARSB activity in the cell membrane suggests that ARSB may act in close proximity
to chondroitin 4-sulfate or dermatan sulfate in the extracellular matrix or at the membrane.
ARSB activity was also detected in nuclei and mitochondria [39,52]. The sorting mechanism
whereby ARSB is directed to lysosomes, or to the cell membrane, or to other sites, such as
mitochondria, is unknown.

ARSB immunostaining in a human colonic microarray showed differences in dis-
tribution, intensity, and pattern of ARSB staining among normal colon, adenomas, and
adenocarcinomas [41]. Distinctive, intense luminal membrane staining was present in the
normal epithelial cells with a prominent pattern of intense positivity at the luminal surface
and reduced staining deeper in the crypts. Prominent immunostaining of ARSB was also
detected in human lung tissue, both in the cytoplasm and along the cell periphery [29].
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Confocal microscopy of cerebrovascular cells also demonstrated prominent membrane,
cytosolic and nuclear ARSB staining, as shown in Figure 3A,B [44].

When Mitsunaga-Nakatsubo and co-workers examined hepatic localization of ARSB
in the liver using light and electron microscopy, they found ARSB on the cell surface of
sinusoidal endothelial cells, hepatocytes, and sinusoidal macrophages (Kupffer cells), as
well as in the lysosome [40]. ARSB colocalized with proteoglycan, and they concluded that
ARSB functioned in the cell surface of mammals.

3. Measurement of ARSB Activity

Assays for measurement of ARSB activity were initially developed using the synthetic
substrate, p-nitrocatechol sulfate (NCS), and subsequently with 4-methylumbelliferyl
sulfate (MUS) [53,54]. The fluorometric assay with 4-MUS requires smaller volumes of
cells and is detailed in Table 1. Other assays have used the endogenous chondroitin
4-sulfate substrate or other exogenous sulfated substrates in commercial ELISAs [55,56].
Many commercial ARSB antibodies are now available, but the antibodies may or may not
distinguish between functional vs. non-functional ARSB. In large-scale screening assays,
ARSB has been detected in dried blood spots [57,58]. Disaccharide analysis provides precise
information about the impact of ARSB activity on production of unsulfated vs. 4-sulfated
disaccharides in cell or tissue samples [29,38,44].

Table 1. The fluorometric plate assay for ARSB uses cell homogenate, not cell lysate. Units are
expressed as nmol/mg protein/h [39,54].

Method for Measurement of ARSB Activity by Fluorometric Microplate Assay with 4-Methylumbelliferyl Sulfate

1 The substrate is 5 mM of 4-methylumbelliferyl sulfate (4-MUS) in assay buffer, made fresh.

2 The assay buffer is 0.05 M Na acetate with 20 mM barium acetate, pH 5.6, at 37 ◦C.

3 Cell homogenate is prepared in ddH2O on ice, by sonication with metal tip, three times for 10 s.

4 20 µL cell homogenate is combined with 80 µL assay buffer and 100 µL substrate in wells of a microplate.

5 The microplate is incubated for 30 min at 37 ◦C.

6 The reaction is stopped by 150 µL of stop buffer (glycine 350 mM–carbonate 440 mM, pH 10.7).

7 Fluorescence is measured at 360 nm (excitation) and 465 nm (emission).

8 Enzymatic activity is expressed as nmol/mg protein/h using the protein content of the cell extract and a
standard curve of 4-methylumbelliferone (MU) of known concentration.

Reagents

4-Methylumbelliferyl sulfate potassium salt (4-MUS; MW 294.32; C10H7KO6S);
Na-acetate (MW 82.03; CH3COONa);
Glycine (MW 75.07; NH2CH2COOH);
Carbonate (MW 124.00; Na2CO3);
Barium acetate [MW 255.42; (CH3COO)2Ba]

Assay Buffer Na-acetate buffer 0.05 M with barium acetate 20 mM; pH 5.6

Substrate 5 mM 4-MUS substrate in Na-acetate/barium acetate buffer (fresh)

Glycine-carbonate
stop buffer Glycine 350 mM/Carbonate 440 mM; pH 10.7

Distinguishing between effects of ARSB and Arylsulfatase A (ARSA; cerebroside
sulfatase) has been challenging for investigators. ARSB was distinguished from ARSA by
differences in effectiveness of hydrolysis of tyrosine sulfates, since ARSB was only 5% as
effective as ARSA [59]. Refinement of the assay for ARSB vs. ARSA required using specific
inhibitors of ARSA, such as barium sulfate or silver nitrate [60–62].
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4. Inhibition of ARSB Activity by Ions, Metals, Hormones, Chemicals, and Hypoxia

In the literature, several inhibitors of ARSB activity are reported, including chloride,
phosphate, sulfate, sulfite, and ascorbic acid [54,62–70]. Table 2 lists inhibitors of ARSB, as
presented in this section.

Table 2. Inhibitors of Arylsulfatase B are presented in Section 4. Effects of other metals have been
tested, revealing that barium had no impact on ARSB, but inhibited ARSA [65].

Inhibitors of Arylsulfatase B

Substance by Category Text Section Reference

Ions: 4.1
Chloride [64–66,70]
Phosphate [39,63,67,68]
Sulfate [64,67,68]
Sulfite [64,67,68]

Metals: 4.2
Vanadium [15]

Hormones: 4.3
Estradiol [71,72]
Estrone [72]
Estradiol sulfate [72]
Estrone 3-sulfate [72]
Dihydrotestosterone [37]

Chemicals: 4.4
Ascorbic Acid [69]
Carrageenan [73,74]
Chloroquine [44]
Ethanol [75]

Other: 4.5
Hypoxia [35]

4.1. Inhibition by Chloride, Phosphate, Sulfate, and Sulfite Ions

Chloride exposure was reported to inhibit ARSB activity in early reports [64–66].
Increase in exposure to exogenous chloride (NaCl) produced significant declines in the
ARSB activity of normal rat kidney epithelial cells (NRK-E52, ATCC), from 158.0 ± 8.5 to
122.2 ± 4.3 nmol/mg protein/h with 75 mM chloride and to 79.2 ± 4.6 nmol/mg protein/h
with 100 mM chloride) [70]. In contrast, exposure to varying concentrations of Na-acetate
(from 0 to 100 mmol/L) had no effect on the ARSB activity. In addition, ARSB activity in
the renal tissue of salt-sensitive rats exposed to a high salt (NaCl) diet was significantly less
than in rats following a low salt-diet [31].

Phosphate was reported to inhibit activity of ARSB [63,67,68], and addition of phosphate-
buffered saline (PBS) reduced the measured ARSB activity in bronchial epithelial cells [39].
When PBS was substituted for Na-acetate, a PBS concentration of 0.125 M reduced ARSB
activity by more than 95%. However, the impact of cellular phosphate on modulation of
ARSB activity in vivo is unknown. The combination of pyrophosphate and 1 M NaCl was also
reported to inhibit ARSB [68]. Sulfate and sulfite have also been reported to inhibit activity of
ARSB [64,67,68].

4.2. Effects of Metals

The inhibitory effect of metallic ions on the activity of ARSB was considered and
used to distinguish activity of ARSB vs. ARSA [60–62,64]. Lead had no inhibitory effect
on human ARSA and enhanced ARSB activity. Barium ion inhibited ARSA, with no
apparent effect on ARSB. Silver ion negligibly affected ARSB in dialyzed human serum,
but completely inhibited the activity of dialyzed human urinary ARSA. Vanadium has also
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been identified as an inhibitor of ARSB and was represented in the structural model of
ARSB [15].

4.3. Inhibition by Hormonal Exposures

The impact of hormonal exposures on ARSB activity was examined in studies of
ventral rat prostate development [69,71], human prostate epithelial cells [37], and human
mammary cell lines [70,72].

4.3.1. Estrogen Exposures

Baseline ARSB activity increased significantly between 5 and 30 days in ventral rat
prostate tissue [71]. Following estrogen exposure (estradiol benzoate 25 µg in 25 µL sesame
oil subcutaneously on days 1, 3, and 5), ARSB activity declined, and the baseline increase
on day 30 was inhibited. (In contrast, estrogen treatment did not block the increase in
GALNS activity between days 5 and 30.)

Effects of estrogen were also detected in studies of cultured human mammary cells [72].
In MCF-7, T47D, and MCF10A cell lines (from ATCC), and in primary human myoepithe-
lial cells, treatment with estrone (100 pg/mL), estradiol (200 pg/mL), estrone 3-sulfate
(1.5 ng/mL) or estradiol sulfate (3.0 ng/mL) for 2–6 days significantly reduced ARSB activ-
ity. No changes in ARSB were detected in normal, primary human epithelial cells or in the
HCC1037 mammary cell line.

4.3.2. Androgen Exposure

In cultured normal prostate epithelial cells (CRL-2850, ATCC), treatment with dihy-
drotestosterone (10 nM × 24 h) reduced ARSB gene expression due to increased ARSB
promoter methylation [37].

4.4. Chemical Inhibitors of ARSB: Ascorbate, Carrageenan, Chloroquine, and Ethanol

Ascorbate was reported to inhibit activity of ARSB, with progressive decline in activity
of cultured chondrocytes with increasing levels of ascorbic acid [69].

Exposure of cultured human colonic epithelial cells (primary and NCM460 cells, IN-
CELL, San Antonio, TX, USA) to the common food additive carrageenan, which is composed
of sulfated or unsulfated galactose residues in alternating beta-1,4 and alpha-1,3 bonds,
led to declines in ARSB activity [73,74]. This effect may be attributable to carrageenan’s
mimicry of the endogenous 4-sulfated glycosaminoglycans, dermatan sulfate and chon-
droitin 4-sulfate [73].

The treatment of human cerebrovascular cells, placental cells, and bronchial epithelial
cystic fibrosis cells, corrected or uncorrected for CFTR, by chloroquine (50 nM × 24 h),
significantly reduced the ARSB activity, protein, and mRNA [44]. This finding is relevant
to multiple studies which demonstrate that more highly sulfated chondroitin 4-sulfate
reduces infectivity by malarial parasites [76–79].

Ethanol was shown to inhibit ARSB activity in primary astrocytes prepared from rat
neocortex and from rat hippocampus in a dose-dependent manner [68,75]. Maximum
effect on activity occurred at 75 mM concentration, although ARSB mRNA expression was
unaffected.

4.5. Inhibition by Hypoxia

The activation of ARSB requires the formylglycine-generating enzyme (FGE) and
molecular oxygen [21,22]. In human bronchial epithelial cells (BEC) and colonic epithelial
cells following exposure to 10% oxygen, ARSB activity declined significantly by 0.25 h
and remained low for 24 h, in comparison to control cells under normoxic conditions [35].
Return to normoxia for 4 h after 4 h of 10% O2 restored the baseline ARSB activity. Hypoxia
produced no decline in sulfatase modifying factor (SUMF)-1, the gene for the FGE. Silencing
SUMF-1 by siRNA significantly reduced the ARSB activity, and maximum reduction in
ARSB activity was achieved by the combination of SUMF-1 silencing and hypoxia.
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Acquired deficiency of ARSB due to exposures, such as to ethanol, carrageenan,
chloroquine, hormones, or other factors, may lead to accumulation of C4S and DS. Effects of
decline in ARSB on the monosaccharide N-acetylgalactosamine 4-sulfate have not yet been
associated with any specific pathophysiology, but may contribute to cell-cell recognition
and signaling. Decline in ARSB may reduce the availability of sulfate, with potential impact
on cell metabolism, ion exchange, and cell signaling.

5. Arylsulfatase B and Chondroitin 4-Sulfation Regulate Signaling Mechanisms

The influence of Arylsulfatase B (ARSB) on cell signaling has been explored through
changes in chondroitin 4-sulfate when ARSB is silenced by siRNA in normal and ma-
lignant human cell lines and tissues and in tissues of the ARSB-null mouse. Two major
effects are due to altered binding with more highly sulfated chondroitin 4-sulfate present
when ARSB is reduced; galectin-3 binding is reduced [27,32–35] and SHP-2 binding is
enhanced [14,28,33,36–38]. Figure 4 schematically presents these pathways.

Figure 4. Mechanisms leading to impaired cell signaling and transcriptional events. Decline in
ARSB leads to accumulation of chondroitin 4-sulfate and dermatan sulfate. Decline in ARSB may
be due to congenital mutation, hypoxia, increased exposure to chloride or phosphate, estrogen,
ethanol, carrageenan, or other exposures, as indicated in Table 2 and Section 4. The signaling
pathways were explored with chondroitin 4-sulfate (C4S), since a C4S antibody which detected C4S
chains was available. Two major pathways are affected by increased C4S, as shown. Galectin-3
binds less to more highly sulfated C4S and becomes available for other interactions, including
increased binding with the insulin Receptor, leading to inhibition of insulin signaling [80–82] and
increased binding with transcription factors, enabling increased DNA binding and transcriptional
effects [27,32–35]. In contrast, SHP2 binds more with C4S when ARSB is silenced, leading to reduced
phosphatase activity [14,28,33,36–38] and sustained phosphorylation of critical signaling molecules,
including phospho-ERK1,2 [33,36,83], phospho-JNK [28], and phospho-p38 MAPK [14,38]. Due to
the complexity of the phospho-proteome, the manifestations of sustained phosphorylations impact
multiple signaling events. These include increased c-Myc activation of DNMTs and increased
methylation of DKK3, which when active acts as an inhibitor of Wnt signaling [36–38].
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5.1. Activation of Galectin-3 (LGALS3)

By frontal affinity chromatography, theβ-galactoside binding proteins galectins 3, 7, and 9
were shown to bind preferentially to desulphated galactosaminoglycans, rather than more
highly sulfated C4S or DS [84]. When ARSB was silenced and chondroitin 4-sulfation thereby
increased, galectin-3 binding with C4S declined and nuclear galectin-3 increased in human
prostate epithelial and stromal cells, human colonic cell lines, and control and ARSB-null
mouse colonic epithelium, and human bronchial epithelial cells [27,32]. In colonic epithelial
cells, galectin-3 translocated to the nucleus and facilitated the binding of transcription factor
Sp1 with the Wnt-9A promoter, leading to increased expression of Wnt-9A [32]. In experi-
ments in prostate stromal and epithelial cells, when ARSB was silenced, binding of galectin-3
with C4S declined, nuclear galectin-3 increased and facilitated the binding of transcription
factor AP-1 to the versican promoter [27]. Increased expression of CSPG4 (chondroitin sul-
fate proteoglycan 4) [33] and of PD-L1 [85] in human melanoma cells are also dependent on
galectin-3. Expression of HIF-1α in human bronchial epithelial cells and in the colonic epithelial
cell line NCM460 increased when ARSB was silenced and declined when ARSB was overex-
pressed [35]. When ARSB was silenced by siRNA or cells were exposed to hypoxic conditions
(10% O2 × 4 h), the galectin-3 co-immunoprecipitated with C4S antibody (4D1, SCBT; not an
antibody to C4S stubs) declined and nuclear galectin-3 increased [35].

5.2. Inhibition of SHP2 Activity

In addition to impact on galectin-3 and associated transcriptional effects, when ARSB
was silenced and chondroitin 4-sulfation thereby increased, binding to C4S of the non-
receptor, ubiquitous tyrosine phosphatase SHP2 (PTPN11) increased and SHP2 activity
declined in prostate cell lines (CRL-2854, CRL-2850, CRL-2887, ATCC) [14,28,33,36–38].
This effect was reduced in the presence of chondroitin 6-sulfate [28]. Notably, when
the SHP2 small molecule inhibitor PHPS1 (phenylhydrazonopyrazolone sulfonate) was
developed, the SHP2/PHPS1-binding model demonstrated that the phenyl sulfonate group
of PHPS1 acted as a phosphotyrosine mimetic [86] and the sulfonate group penetrated
into the substrate-binding pocket of SHP2. The sulfate group of GalNAc 4-sulfate at the
non-reducing end of C4S may also act as a phosphotyrosine mimetic and penetrate into the
substrate binding pocket of SHP2 in prostate epithelial and stem cells [28,36]. The amino
acids at the periphery of the cleft where the PHPS1 sulfate binds with SHP2 are Lys-280,
Asn-281, Arg-362, and His-426. These residues, which are distinct in SHP2, may act to
stabilize the anionic sulfate of C4S and maintain SHP2 in a bound, inactive conformation.
The 4-sulfate group at the non-reducing end of C4S may be a unique configuration; it
has previously been shown to be critically important in binding of malarial parasites in
the vasculature [76–79]. Thus, the retained 4-sulfate group at the non-reducing end of
C4S when ARSB is reduced may provide a niche for SHP2 interaction, leading to SHP2
inactivation, and sustained activation of ERK1/2 [33,36], JNK [28], and p38-MAPK [14,38]
and thereby impact on critical intracellular signaling pathways.

6. Impact on Transcriptional Events

Decline in ARSB modifies transcription events by several mechanisms, including
effects related to changes in galectin-3 and SHP2 activity, as described above. Specific
effects include: (1) enhanced methylation leading to activation of Wnt signaling [36];
(2) modification of histone acetylation due to effects on HDAC and HAT activity (unpub-
lished data); (3) altered DNA binding of transcription factors, including AP-1, Sp1, GATA-3,
MITF [12,14,27,28,38]; and (4) increased expression of transcription factors, including c-Myc,
Gli, cyclin D1, and TCF/LEF [36,37,84]. Figure 5 presents these transcriptional effects.
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Figure 5. Overall schematic of transcriptional effects following decline in ARSB. Decline in ARSB
leads to increase in chondroitin 4-sulfation, due to failure to remove the sulfate group at the non-
reducing end and inhibition of degradation, as occurs in the inherited disorder MPS VI. Increased
binding to C4S occurs for several vital molecules, including IL-8 [29] and BMP-4 [30]. Sequestration
of IL-8 in the cell membrane can lead to increased neutrophil chemotaxis and contribute to impaired
mucociliary clearance. BMP4 retention with C4S can alter Wnt-BMP interactions and reduce the Smad-
mediated expression of CHST11 [30], thereby impairing production of new C4S. Galectin-3 binds
less to more highly sulfated C4S, leading to availability for binding with the insulin receptor, and
thereby contributing to insulin resistance [80–82]. In addition, galectin-3 acts as a co-transcriptional
activator, combining with AP-1 and Sp1 for enhanced transcription of versican [37], CSGP4 [33],
HIF-1α [35], Wnt9A [32], and PD-L1 [85]. In contrast, SHP2 binds more with C4S when ARSB is
inhibited, leading to decline in phosphatase activity and sustained phosphorylation of important
mediators, including phospho-ERK [33,36,83], phospho-JNK [28], and phospho-P38 MAPK [14,38].
Through a network of signaling events, nuclear c-Myc [36] and MITF [14] and other transcription
factors act to increase expression of pro-MMP2 [33], MMP9 [33,83], GPNMB [14], EGFR [28], and
DNMT1 and 3a [36]. Hence, a broad range of vital cellular processes are regulated due to changes in
ARSB activity and chondroitin-4 sulfation.

6.1. Increased DNA Methylation and Disinhibition of Wnt/β-Catenin Signaling

The mechanism by which decline in ARSB activates Wnt/β-catenin signaling in
cultured prostate epithelial cells is due to increased expression and activity of DNA
methyltransferases (DNMT) [36,37] leading to reduced expression of DKK3 (Dickkopf
Wnt pathway signaling inhibitor 3) and the disinhibition of Wnt signaling. Following
ARSB silencing by siRNA in cultured human prostate epithelial cells and in malignant
prostate tissue, DNMT activity and expression of DNMT1 and DNMT3a increased, with
no change in DNMT3b expression. These increases followed decline in SHP2 activity,
increased ERK1/2 phosphorylation, and increased DNA binding of c-Myc/Max. Increased
methylation of the DKK3 promoter occurred, and reduced expression of DKK3 led to the
disinhibition of Wnt signaling following exposure to Wnt3a in prostate epithelial cells.
Inhibition of methylation by treatment with 5-azacytidine reversed the decline in DKK3
expression and activated Wnt signaling, as shown by increases in nuclear β-catenin and
TCF/LEF DNA binding. Interestingly, effects of ARSB silencing were similar to those of
GALNS overexpression, leading to decline in chondroitin 6-sulfation. This is consistent
with inhibition by chondroitin 6-sulfate of the binding of SHP2 with more sulfated C4S
following decline in ARSB.
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6.2. Effects on Histone Acetylation/Deacetylation Activity

Recent work (unpublished) in melanoma cell lines reveals inverse effects of ARSB
silencing and treatment by rhARSB on the activity of histone acetyltransferases (HAT)
and on histone deacetylases (HDAC). Clarification of the impact of these findings on
transcription is ongoing.

6.3. Increased Expression of Transcription Factors

In cultured human prostate stem cells, ARSB silencing, and overexpression signif-
icantly modified the expression of several transcription factors in a transcription factor
array [87]. Inverse changes between ARSB silencing vs. ARSB overexpression occurred
for TCF/LEF, c-Myc, and Gli. In human bronchial and colonic epithelial cells, ARSB si-
lencing, and overexpression also had inverse effects on expression of HIF1α [35]. When
human bronchial epithelial and intestinal epithelial cells were exposed to ambient oxygen
concentration of 10% or silencing of ARSB, expression of HIF-1α increased. Inversely, when
ARSB was overexpressed in these cells, HIF-1α expression declined. The combination of
hypoxia and ARSB silencing had similar effect as ARSB silencing alone. The transcription
factors GATA-3, cyclin D1, and TCF/LEF were increased in prostate, and MITF was in-
creased following ARSB silencing in HepG2 cells and in hepatic tissue from ARSB-null
mice [14,36,37].

6.4. Increased DNA Binding of Transcription Factors

Experiments demonstrated increased DNA binding of several transcription factors
(TF) following silencing of ARSB, including TCF/Lef [36,87], AP-1 (c-Jun/c-Fos) [27,28],
Sp1 [32], MITF [14], c-Myc/Max [36], HIF-1α [35], and GATA-3 [38]. These TFs were
associated with increased expression of cyclin D1, versican, Wnt9A, GPNMB, DNMT, and
CHST15.

7. Impact on Motility and Invasiveness

Increased expression of pro-MMP2 and MMP-9 occurred in melanoma cell lines follow-
ing ARSB silencing, and these increases were associated with increased invasiveness [33].
Treatment with rhARSB reduced the invasiveness of the cells, as detected in an invasiveness
assay. In human bronchial epithelial cells, expression of MMP-9 was increased when ARSB
was lower, as in uncorrected cystic fibrosis (CF) cells, or following ARSB silencing [83]. In
human colonic epithelial cells (T84, NCM460 and normal colonocytes), decline in ARSB
increased the expression of MMP-9, and expression was reduced by ARSB overexpression,
perhaps attributable to a RhoA-mediated mechanism [34]. Cell migration in response
to 10% FBS increased when ARSB was silenced, and, inversely, overexpression of ARSB
reduced the cell migration. In melanoma cells, decline in ARSB increased expression of
MMP-9 and pro-MMP2 due to inhibition of SHP2 and activation of phospho-ERK1/2. In
bronchial epithelial cells, ERK inhibition blocked the increase in MMP-9 which followed
interaction of GPNMB with β-1 integrin [83].

8. Impact of Decline in ARSB on Activation of Phospho-ERK1/2, Phospho-JNK and
Phospho-p38 MAPK

In human cell lines and tissues and in tissues of the ARSB-null mouse, decline in
ARSB is associated with increased chondroitin 4-sulfation leading to inhibition of SHP2
activity and sustained phosphorylation and activation of critical kinase signaling pathways
involving phospho-ERK1/2 [33,36,83], phospho-JNK [28], and phospho-38 MAPK [14,38].

In human melanoma cells, expression of pro-MMP2 and MMP-9 was increased fol-
lowing ARSB silencing and was mediated by decline in SHP2 activity and increase in
phospho-ERK1/2 [33]. In bronchial epithelial cells, MMP-9 expression increased when
phospho-ERK1/2 increased following interaction between GPNMB (transmembrane gly-
coprotein NMB) and β-1 integrin [83]. In prostate epithelial cells, decline in SHP2 when
ARSB was silenced led to increased phospho-ERK1/2 and enhanced c-Myc nuclear binding,
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DNMT activity and expression of DNMT1 and DNMT3a and reduced expression of DKK3,
leading to disinhibition of Wnt signaling [36].

In cultured prostate epithelial and stem cells, decline in ARSB increased the expression
of EGFR [28]. The pathway of this increase required increased phospho-JNK and nuclear
c-fos binding to the EGFR promoter, following decline in SHP2 activity due to increased
binding with C4S.

In HepG2 cells, silencing ARSB increased phospho-p38 MAPK and nuclear MITF,
leading to increased GPNMB expression [14]. These effects followed inhibition of SHP2
activity by increased C4S, and effects were reversed by ARSB overexpression. Phospho-p38
MAPK increased following exposure to Wnt3A in prostate epithelial cells, and this increase
was blocked by inhibition of Rac-1 GTPase [38]. In these cells, increased phospho-p38
MAPK led to nuclear translocation of GATA-3 and increased expression of CHST15.

9. Increased Expression of Proteins Vital to Inflammation, Inter-Cellular Signaling,
and the Immune Response

Decline in ARSB and the associated increase in chondroitin 4-sulfation and impact on
transcriptional events lead to increased expression of critical molecules, including proteins
involved with inflammation, immunogenicity, and cell-cell signaling.

9.1. Increased Interleukin-6 (IL-6)

In CF patients and asthmatic patients with lower ARSB in their circulating leukocytes,
serum IL-6 levels were markedly increased, consistent with the observed decline in leuko-
cyte ARSB [88]. In human bronchial epithelial cells, correction of CFTR by a potentiator
which normalized ARSB activity was associated with decline in IL-6 (Interleukin-6) secre-
tion [89]. IL-6 expression was increased in bronchial epithelial cells in a hypoxic gene array
when ARSB was silenced, or cells were exposed to 10% O2 for 4 h [35].

9.2. Increased GPNMB Expression

Experiments in HepG2 cells, melanoma cell lines, normal melanocytes, and hepatic
and prostate tissue of ARSB-deficient mice revealed that decline in ARSB was associated
with increase in expression of GPNMB (Glycoprotein Nonmetastatic Melanoma Protein B;
Glycoprotein (Transmembrane) Nmb; osteoactivin) [14]. Membrane-associated GPNMB
binds with extracellular β1 integrin and induced the phosphorylation of ERK1/2, leading
to other transcriptional events, including increased expression of MMP-9 [83]. GPNMB has
been shown to augment tumor growth and metastasis and to be overexpressed in cancers,
enhancing tumor cell proliferation, migration, and invasion [90,91].

9.3. Increased Expression of Wnt9A (Wnt14)

In human colonic epithelial cells, when ARSB was silenced or cells were treated with
carrageenan to reduce ARSB activity, the expression of Wnt9A increased [32]. Wnt9A has
been associated with colorectal, pancreatic, and gastric carcinomas [92,93].

9.4. Increased Programmed Death-Ligand 1 (PD-L1)

In human melanoma cell lines and melanoma tissue, decline in ARSB increased PD-L1
(programmed death ligand-1) expression [85]. Silencing ARSB by siRNA also increased
PD-L1 expression in human prostatic and hepatic cell lines. Treatment by rhARSB in
melanoma cell lines reduced the PD-L1 expression (unpublished data). In other experi-
ments, PD-L1 gene and protein expression declined in B16F10 melanomas in C57BL/6J
mice following treatment with recombinant ARSB (unpublished data). These findings
suggest that modification of ARSB may have profound effects on immune cell-epithelial
cell interactions.
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10. Regulation of Secretion of Critical Molecules due to More or Less Binding with
Chondroitin 4-Sulfate
10.1. High Molecular Weight Kininogen Binding with Chondroitin 4-Sulfate Is Reduced by
Increase in ARSB

When Dahl salt-sensitive (SS) rats were exposed to high and low salt diets, ARSB
activity was significantly less in the renal tissue of the high salt-fed rats than in the renal
tissue of the low salt-fed rats [70]. Correspondingly, chondroitin-4-sulfate and total sulfated
glycosaminoglycan content were significantly greater in the rats on high salt. Disaccharide
analysis confirmed marked increase in C4S disaccharides in the renal tissue of the high salt-
fed rats. In contrast, unsulfated, hyaluronan-derived disaccharides were increased in the
rats on the low salt diet. In the high salt-fed rats, with lower ARSB activity and higher chon-
droitin 4-sulfation, cell-bound, high-molecular weight kininogen was greater and urinary
bradykinin was lower. Experiments demonstrated a reduction in cell-bound high molec-
ular weight kininogen and increase in bradykinin secretion in normal rat kidney (NRK)
epithelial cells when chondroitin-4-sulfate content was reduced following overexpression
of ARSB [31].

10.2. Interleukin-8 Secretion Declined due to Increased Sequestration with C4S When ARSB Is
Lowered, Enhancing Neutrophil Chemotaxis

In experiments with the cystic fibrosis cell line IB3-1, the CFTR-corrected C38 bronchial
epithelial cell line, and the normal primary human bronchial epithelial cells, when ARSB
was silenced, IL-8 secretion declined following exposure to TNF-α [29]. C4S content
increased significantly, cell-bound IL-8 increased, and secreted IL-8 declined significantly.
Cell fractionation demonstrated that the IL-8 content associated with the cell membranes
was increased to twice that of the cytosolic fraction, and chemotaxis of neutrophils to the
bronchial epithelial cells increased when ARSB activity was lower. Although the expression
of IL-8 was not increased, the local inflammatory impact of IL-8 was increased due to
sequestration by membrane C4S.

10.3. BMP4 Membrane Sequestration Increased when ARSB Is Reduced

In human colonic epithelial cells, when ARSB was inhibited by siRNA, the attach-
ment of bone morphogenetic protein (BMP)-4 to the cell membrane increased and the
expression of BMP4 by the epithelial cells decreased [30]. Exogenous BMP4 activated the
phospho-Smad3 signaling pathway, leading to increased expression of CHST (carbohydrate
sulfotransferase) 11, which leads to increased chondroitin 4-sulfate.

11. Effects on Proteoglycans and Chondroitin Sulfotransferases

Modification of N-acetylgalactosamine 4-sulfation by ARSB affects cell-cell signaling
and cell-matrix interactions which are mediated by proteoglycans with C4S or dermatan
sulfate attachments. Decline and overexpression of ARSB have been shown to modify the
expression of protein components of proteoglycans linked with ARSB, as well as to modify
the expression of chondroitin sulfotransferases.

11.1. Increased Expression of Syndecan-1, Decorin, Versican, CSPG4, and Neurocan

Expression of the protein components of the proteoglycans syndecan-1 and decorin
was significantly up-regulated following overexpression of ARSB in mammary epithelial
cells [94]. Soluble syndecan-1 secretion increased following increase in ARSB activity and
decreased after silencing of ARSB activity by siRNA.

In prostate epithelial cells, decline in ARSB and the resulting increase in chondroitin 4-
sulfation were associated with increased expression of versican [27]. Versican is a high MW
proteoglycan with chondroitin sulfate and hyaluronan attachments and several EGF-like
attachments at its carboxy-terminus.

In the human melanoma cell lines, expression of CSPG4 (chondroitin sulfate proteo-
glycan 4, also known as melanoma specific proteoglycan) increased following silencing of
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ARSB [33]. The increase was facilitated by the increased availability of galectin-3, when
chondroitin 4-sulfation was increased. Galectin-3 silencing inhibited the ARSB siRNA-
induced increase in CSPG4.

Increased expression of neurocan followed ARSB silencing and the resulting increased
levels of sulfated GAG and C4S in cultured astrocytes from rat cortex and hippocampus [75].
Astrocyte-mediated neurite outgrowth was inhibited in co-cultures of rat hippocampal
astrocytes and neurons when ARSB was silenced, and neurite outgrowth was stimulated
by treatment with recombinant ARSB.

11.2. Reduced Carbohydrate Sulfotransferase (CHST)11 Expression

Decline in arylsulfatase B led to decline in CHST11 (carbohydrate sulfotransferase 11;
chondroitin-4-sulfotransferase; C4ST) mRNA expression in human colonic epithelial cells
and in colonic epithelium of ARSB-deficient mice [30]. The decline in CHST11 expression
following ARSB reduction was attributed to effects of ARSB on bone morphogenetic
protein (BMP) 4, since BMP4 expression and secretion declined when ARSB was silenced.
When chondroitin 4-sulfate (C4S) was more sulfated due to decline in ARSB, more BMP4
was sequestered by C4S in the cell membrane, signaling through phospho-Smad3 was
inhibited, and phospho-Smad3 binding to the CHST11 promoter was inhibited. This
pathway suggests a possible feedback inhibition in which more C4S is not produced when
BMP4 is sequestered with more highly sulfated C4S.

11.3. Increased Carbohydrate Sulfotransferase (CHST)15 Expression

In prostate stem cells, when ARSB was silenced, the expression of CHST15 (car-
bohydrate sulfotransferase 15; N-acetylgalactosamine 4-sulfate 6-O-sulfotransferase) in-
creased [38]. The pathway leading to increase involved Rac-1 GTPase activation, phospho-
p38 MAPK, and nuclear GATA-3. Increase in 4,6-disulfated chondroitin sulfate E disac-
charides was demonstrated in ARSB-null mouse hepatic tissue by disaccharide analysis,
consistent with an impact of ARSB decline on CHST15 expression.

12. Role in Prostate Development and Epithelial-Mesenchymal Identity/Transition

In cultured normal human prostate stromal and epithelial cells and in prostate stromal
and epithelial cells obtained by laser-capture microdissection from normal and malignant
human prostate tissues, ARSB expression was significantly greater in the stroma than in
the epithelium [37]. This is consistent with findings in the developing rat ventral prostate
tissue in which GALNS immunochemical intensity was greater in the epithelium than the
stroma and ARSB intensity was greater in the stroma [71]. In prostate malignancy, mRNA
expression of epithelial ARSB declined and expression of GALNS increased [37]. Markers
of stroma, including vimentin, and markers of epithelium, including E-cadherin, reflected
this distinction between epithelium and stroma.

When ARSB was silenced in cultured prostate epithelial cells, expression of CHST15
increased [38]. In association with increased GALNS of the malignant epithelium, the
increase in CHST15 can lead to increased C4S, since C4S can increase in the epithelial cells
by removal of 6-sulfate from chondroitin sulfate E (chondroitin-4,6-sulfate). Increase in
C4S indicates an increased mesenchymal phenotype, such as detected in cultured human
prostate stromal cells (~8.0 µg/mg protein), exceeding the value (~5.5 µg/mg protein) in
the prostate epithelial cells [27].

Experimental findings indicate distinct variation in expression and activity of sulfa-
tases, sulfated GAGs, C4S, and versican in the process of normal prostate development.
Interference by estrogen in normal prostate development may be attributable, at least in
part, to disruption of sulfatase activity. Immunohistochemistry of post-natal (days 1–30)
ventral rat prostate with specific ARSB and GALNS antibodies demonstrated distinct and
reciprocal localization of ARSB and GALNS [71]. ARSB immunostaining was predominant
in the stroma, and GALNS was predominant in the epithelium.
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13. Effect on Mitochondrial Metabolism and Mediation of Oxygen Signaling
13.1. Abnormal Mitochondria in MPS VI

Mitochondria in fibroblasts of MPS VI patients and in a rat model of MPS VI had re-
duced mitochondrial membrane potential and defective mitochondria [95]. These findings
were associated with impaired autophagy and increased polyubiquitination in visceral
organs of the MPS VI rats. ARSB had previously been detected in mitochondria of epithelial
cells of the proximal convoluted tubules of the rat kidney [46]. By electron microscopy, we
observed abnormalities of the mitochondria in the hepatic epithelium of ARSB-null mice,
consistent with the observations in MPS VI patients [52]. Notably, the mitochondria were
irregular with a central deposition of dark granules and the lamellae were irregular and
disrupted. Some mitochondria were elongated, and mitochondrial membrane integrity
was compromised. Autophagocytic vacuoles and lysosomal accumulation were evident
near the damaged mitochondrial membranes.

13.2. Enhanced Aerobic Glycolysis (the Warburg Effect) with Decline in Mitochondrial Membrane
Potential, Complex I Activity, and Oxygen Consumption Rate and with Increase in Extracellular
Acidification Rate when ARSB Is Silenced

Mitochondrial membrane potential in ARSB-silenced HepG2 cells and in primary
hepatocytes from ARSB-null mice was significantly decreased [52]. In the ARSB-null mice,
the Mitochondrial Complex I activity was 45% less than control. In HepG2 cells, Complex I
activity declined by 40% with respect to control when ARSB was silenced.

Mitochondrial function in the ARSB mice was studied by measurements of oxygen con-
sumption rate (OCR) and extracellular acidification rate (ECAR). In HepG2 cells, silencing
ARSB inhibited the OCR significantly within 30 min and OCR remained significantly re-
duced at 90 min. Treatment by FCCP, an uncoupler of oxidative phosphorylation, produced
a significantly higher ECAR when ARSB was silenced in the HepG2 cells. Serum lactate
concentration increased about 20% in ARSB-null mice, consistent with enhanced anaerobic
metabolism. Pyruvate concentration in the mitochondria of the ARSB-null mouse liver was
35% lower than control. These experimental results suggested increase in aerobic glycolysis,
i.e., the Warburg effect, when ARSB activity was diminished. We hypothesized that in
the absence of ARSB activity, sulfate could not undergo reduction and was unavailable to
interact with iron and the Fe-S clusters were disrupted. In the absence of ARSB activity, the
cells were unable to optimally utilize available oxygen and glycolysis was increased.

13.3. Silencing ARSB Replicates Effects of Hypoxia in Human Bronchial Epithelial and Colonic
Epithelial Cells

In studies of ARSB and hypoxia [35], the correlation r between the effects of ARSB
silencing and exposure to 10% oxygen for 4 h on Ct values for expression of 84 genes in a
hypoxia gene array was 0.994. Hypoxia reduced ARSB activity and increased total sulfated
glycosaminoglycans and chondroitin 4-sulfate, as measured by the 1,9-dimethylmethylene
blue Blyscan assay and specific chondroitin 4-sulfate antibody. ARSB silencing and overex-
pression had inverse effects on the expression of HIF-1α.

13.4. Impaired Production of Sulfhydryls and Reduced Glutathione

Total cellular and protein-associated sulfhydryls and GSH/GSSG (reduced
glutathione/glutathione disulfide) ratios were significantly (p < 0.001) lower in human
bronchial and intestinal epithelial cells following ARSB silencing or hypoxia, compared
to control-silenced or normoxia [35]. Similarly, the reduced glutathione to glutathione
disulfide ratio (GSH/GSSG) and the total cellular and protein-associated sulfhydryl con-
centrations were significantly less in ARSB-null mouse hepatic cells, compared to normal
control. These findings demonstrate marked declines in the capacity for sulfate reduction in
the ARSB-null mouse and following silencing of ARSB. However, overall reducing capacity
was increased with declines in the NAD+/NADH and NADP+/NADPH ratios, due to
increases in NADH and NADPH. Both NADH oxidase and NADPH oxidase activity were
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significantly reduced in the hepatic tissue of the ARSB-null mice, consistent with these
lower ratios.

14. Diseases with Deficiency of Arylsulfatase B

The pathophysiology of the diseases initially associated with decline in ARSB (MPS VI
and MSD) are attributed to the accumulation throughout tissues of the undegraded sulfated
polysaccharides. Hydrolysis of the 4-sulfate group at the non-reducing end of chondroitin
4-sulfate and dermatan sulfate is required for subsequent chondroitin degradation [1–5].
Pathophysiology occurs due to abundance of unmetabolizable sulfated GAG. Subsequent
investigation has extended recognition of molecular reactions activated or inhibited by
the excessive 4-sulfation and relative over-abundance of the associated sulfated GAGs in
human cells. Diseases associated with decline in ARSB are listed in Table 3.

Table 3. Diseases with known association with ARSB or with chondroitin 4-sulfate are presented.
Some reports present data about chondroitin 4-sulfate without ARSB data.

Diseases Associated with Decline in ARSB or with Increase in Chondroitin 4-Sulfate

Disease Mechanism/Etiology Text Section Reference

Mucopolysaccharidosis VI (MPS VI;
Maroteaux-Lamy Syndrome) Congenital mutations in ARSB 14.1 [6–11]

Multiple Sulfatase Deficiency (MSD) Congenital mutations of SUMF 14.2 [96]

Cystic Fibrosis Congenital mutations in CFTR 14.3 [39,58,83,88,89,97]
Malignancy Acquired decline in ARSB expression or activity 14.4

Colon Increased Wnt9A 14.4.1 [30,32,34,41,98]

Prostate Increased Wnt3A due to disinhibition of Wnt
signaling; inhibition of ARSB by hormones 14.4.2 [27,28,36–38,42,43,71,99–101]

Mammary Inhibition of ARSB by estrogen 14.4.3 [72,94]
Melanoma Inhibition of ARSB and decline in PD-L1 14.4.4 [33,85]
Liver Increased GPNMB and MITF 14.4.5 [14]

Thyroid SNP in ARSB intron;
GWAS study 14.4.6 [102]

Uterine Leiomyoma Increased ARSB in small; reduced ARSB in large 14.11 [103]

Neurological Disorders 14.5 [50,104–112]

Spinal Cord Injury Treatment with recombinant ARSB; identification
of increased C4S 14.5.1 [104,107]

Nerve injury Treatment with recombinant ARSB 14.5.2 [107]
Optic nerve injury Treatment with recombinant ARSB 14.5.2 [106,108]

Ethanol-induced nerve injury Inhibition of ARSB; treatment with recombinant
ARSB 14.5.2 [75]

Traumatic brain injury Inhibition of ARSB by hypoxia 14.5.3 [110]

Alzheimer’s disease
SNP in ARSB intron;

Higher ARSB expression in amyloid beta-peptide
resistant neurons

14.5.4 [111,112]

Sympathetic nerve regeneration
post myocardial infarction Treatment by recombinant ARSB 14.9.1 [113]

Infection 14.6 [76–79,114–116]

Malaria
Lower

ARSB, higher C4S associated with
resistance to infection

14.6.1 [76–79]

COVID-19 Lower ARSB and increased chondroitin sulfate by
imaging 14.6.2 [114]

Parasitic disease:
Filariasis
Schistosomiasis

ARSB reduced then increased in eosinophils
during and after treatment;

Increased hepatic ARSB
14.6.3 [115,116]

Bone and Cartilage Disease Characteristic of MPS VI with low ARSB 14.7 [6–11,117–119]

Osteoarthritis Higher ARSB intracellularly and secreted from
cultured chondrocytes of osteoarthritis 14.7 [120]

Kashin-Beck disease Higher ARSB immunostaining 14.7 [47]
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Table 3. Cont.

Diseases Associated with Decline in ARSB or with Increase in Chondroitin 4-Sulfate

Disease Mechanism/Etiology Text Section Reference

Pulmonary Disease Characteristic of MPS VI with low ARSB 14.8 [6–11,121]
Asthma Low ARSB in circulating leukocytes 14.8 [88]

COPD unresponsive to oxygen ARSB expression and ARSB-associated SNPs in
relation to response to oxygen 14.8 [122]

Cardiovascular Disease Characteristic of MPS VI with low ARSB 14.9 [6–11,123,124]
Heart Failure Treatment with recombinant ARSB in rat model 14.9.1 [125]

Angiotensin II-mediated Treatment with miR-154-5p to inhibit ARSB
expression in mouse model 14.9.1 [126]

Experimental Autoimmune
Myocarditis Inhibit CHST15 with siRNA 14.9.1 [127]

Hypertension Lower ARSB with high salt diet 14.9.2 [31,70]
Varicose veins and varicose
veins with thrombophlebitis ARSB increased 14.9.3 [128]

Carotid atherosclerosis more
likely to embolize ARSB expression increased 1.15 times 14.9.3 [129]

Diabetes Reduced
ARSB in leukocytes 14.10 [80–82]

14.1. Mucopolysaccharidosis VI

Clinical observations in the 1960’s identified the lysosomal storage disorder known
as Maroteaux-Lamy-Syndrome (MLS), which was characterized by specific findings, in-
cluding visceromegaly and corneal clouding due to accumulation of mucopolysaccha-
rides [6–11]. Chondroitin sulfates were identified in the urine, and impaired catabolism,
not over-production, became recognized as the cause of the accumulation of the mu-
copolysaccharides. Arylsulfatase B (ARSB) was first described in the mid-20th century
when it was identified in human liver [130] and subsequently associated with MLS or Mu-
copolysaccharidosis (MPS) VI, as summarized by McKusick [131]. It was distinguished as
a type II arylsulfatase with activity toward nitrocatechol sulphate (NCS) and distinct from
Arylsulfatases A and C. Early studies on sulfatases were also performed by Dzialoszynski
in 1947 and others [132–136].

Subsequently, deficiency of ARSB was detected in cultured fibroblasts of patients
with the Maroteaux-Lamy Syndrome (MLS) [137], and the relationship between inherited
deficiency of ARSB and MLS, subsequently identified as Mucopolysaccharidosis (MPS) VI,
was clarified in several studies in the 1970s [6–9,133,136]. MPS VI was recently reviewed in
detail [10], including information about the associated ARSB mutations identified world-
wide. MPS occurs at a frequency of about 1/250,000–1/600,000 per live births, al-though
incidence may be higher in some groups and the diagnosis may be missed [138]. Life ex-
pectancy is increasing with replacement therapy and varies based on age at diagnosis and
disease severity, but generally is to the second or third decade of life. In 103 patients who
received enzyme replacement therapy (ERT), mean age at death was 22.9 ± 11.4 years [139].
Specific mutations have been associated with varying degrees of disease severity, and
baseline (at the time of initiation of ERT) urinary glycosaminoglycan levels <200 µg/mg
creatinine are associated with better outcomes [10,139].

Many therapeutic efforts to correct ARSB deficiency have been initiated and have
been reviewed [10]. Efforts included bone marrow transplantation, umbilical cord blood
transplantation, enzyme replacement therapy, (Galsulfase, Naglazyme), and viral-mediated
gene transfer [140–143]. These initiatives have developed from the detailed animal models
of MPS VI [96,144–147].

14.2. Multiple Sulfatase Deficiency

The formylglycine modifying enzyme (FGE), converts the critical cysteine 91 residue
in ARSB to C-formylglycine (FGly; 3-oxoalanine) to enable binding and hydrolysis of
the 4-sulfate group of C4S and DS. Mutations of the sulfatase modifying factor (SUMF)-1
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gene result in the disorder multiple sulfatase deficiency (MSD), since the family of eukary-
otic sulfatase enzymes requires post-translational modification for activity [23,24,148–152].
The common mechanism whereby the FGE activates sulfatase has been detailed and
shows the requirement for stabilization of the active site by several well-situated cationic
residues [22,25]. Post-translational modification requires the conversion of cysteine 91
of ARSB located in the sequence PLCTPSRSQLLT to 3-oxoalanine (also known as C-
formylglycine, FGly) [26]. This post-translational modification is severely defective in
MSD, which includes metachromatic leukodystrophy, steroid sulfatase deficiency, X-linked
dominant chondrodysplasia punctata, and MPS II, IIIA, and VI [150]. MSD has also been
called Austin syndrome, or mucosulfatidosis. Manifestations predominantly involve brain,
skin, and skeleton, and may include ichthyosis, hepatosplenomegaly, and cognitive impair-
ment, and are classified as neonatal, late-infantile, and juvenile types, depending on age at
diagnosis. MSD is considered as an ultra-rare disease and predicted life expectancy was
reported as less than 2 years [153].

14.3. Cystic Fibrosis

Cystic fibrosis (CF) is an inborn genetic disorder caused by mutations in the cystic
fibrosis transmembrane conductance regulator (CFTR) gene, which impair its function to
regulate a chloride ion channel and fluid secretion across epithelial cell membranes [97].
The dominant clinical manifestation of CF is respiratory failure, due to accumulation of
viscous secretions and chronic infection. Prior to identification of defective CFTR as the
cause of CF, CF, also known as mucoviscoidosis, was considered among the lysosomal
storage diseases [154,155]. In an early report, ARSB activity was noted to be reduced in
lymphocytes from two CF patients [137]. Other studies showed oversulfation of glycocon-
jugates synthesized by CF epithelial cells of lung, pancreas, and other organs, increases
in the glycosaminoglycans dermatan sulfate and chondroitin sulfate in skin fibroblasts
of CF patients, and accumulation of sulfated polysaccharides in tissues and in urine of
CF patients, as summarized in a review [154]. Significant progress has been made in life
expectancy and quality of life with treatment directed at correction of CFTR [156]. Median
life expectancy is reported to be 44 years in the United States [157]; disease prevalence is
1/3900 live births in the United States [158].

In a 2007 report, ARSB activity was compared in three pairs of human airway epithe-
lial cells which had either functional CFTR or non-functional CFTR [39]. ARSB activity
increased by 40% in the CFTR-corrected cells, with corresponding declines in chondroitin
4-sulfate content. Italian data using a blood spot screening assay showed decline in ARSB
in 57 children with CF compared to 181 unaffected controls [58]. Clinical study of 16 CF
patients demonstrated that ARSB activity was significantly less in circulating neutrophils
and mononuclear cells than in similar cells from 31 control subjects [88]. In the plasma
of the CF patients, Interleukin (IL)-6 was significantly increased, and IL-8 was reduced,
compared to the normal controls.

Other in vitro studies showed that when CFTR was corrected by a small molecule
potentiator (VRT-532, Vertex), which normalized CFTR function at the cell membrane, ARSB
expression and activity increased to the level in the normal bronchial epithelial cells [89].
In contrast, ARSB expression and activity were unaffected by a CFTR corrector (VRT-534,
Vertex), which improved CFTR migration to the cell membrane. Concomitantly, with
treatment by the CFTR potentiator, total sulfated glycosaminoglycans and C4S declined,
secreted IL-8 increased, secreted IL-6 declined, and neutrophil chemotaxis to the spent
media obtained from the potentiator-treated CF cells increased. Other studies indicated that
IL-8 attachment to human bronchial epithelial cells increased when ARSB was silenced by
siRNA, due to increased binding of IL-8 with the more highly sulfated chondroitin 4-sulfate
present on the surface of the cultured cells [29]. Consequently, leukocyte chemotaxis to the
epithelial cells increased due to epithelial cell sequestration of IL-8. In addition, decline
in ARSB activity led to increased expression of GPNMB (glycoprotein transmembrane
nonmetastatic melanoma protein B) in hepatic tissue of ARSB-null mice and to increased



Int. J. Mol. Sci. 2022, 23, 13146 19 of 35

levels in plasma and in circulating leukocytes from CF patients and cultured CF bronchial
epithelial cells [83]. These effects indicate the impact of decline in ARSB and the resulting
increase in C4S on inflammatory processes which contribute to the pathophysiology of CF.
Publications have suggested that CF carrier advantage status may provide protection from
tuberculosis and malaria [159,160]. Decline in ARSB and change in chondroitin sulfation
have been considered in relationship to protection from these diseases [76–79,97].

14.4. Malignancy
14.4.1. Overall Impact on Molecular Pathways Contributing to Malignancy and Role as
Tumor Suppressor

ARSB was significantly lower in malignant tissue and malignant cell lines from colon,
prostate, mammary, and melanoma than control samples [33,34,41–43,72,94]. Multiple
mechanisms may contribute to the impact of decline in ARSB on propensity to malig-
nancy. These mechanisms are considered in relationship to malignancy in this section.
Transcriptional effects on genes involved in activation of Wnt signaling and in proteoglycan
expression are mediated through changes in binding of galectin-3 and SHP2 to chondroitin
4-sulfate when it is more or less sulfated, depending on ARSB activity. Decline in ARSB
leads to reduced binding of galectin-3 with C4S and increased availability of galectin-3
for nuclear translocation and cooperation with AP-1 and Sp1 in promoter activation, for
expression of genes such as Wnt9A in colonic epithelium [32], versican in prostate cells [27],
and CSPG4 in melanoma [33]. In contrast, SHP2 binds more tightly with more highly
sulfated C4S when ARSB is reduced, leading to sustained ERK1/2, JNK, or p38-MAPK
phosphorylation and increased expression of pro-MMP-2 in melanoma [33], EGFR in
prostate [28], CHST15 (carbohydrate sulfotransferase 15; N-acetylgalactosamine 4-sulfate
6-O-sulfotransferase) in prostate [38], MITF (melanocyte inducing transcription factor)
in liver [14], and enhanced promoter methylation with decline in expression of DKK3
(Dickkopf Wnt signaling pathway inhibitor) in prostate [36,37]. The impact of decline
in ARSB on mitochondrial disruption and potential for enhanced aerobic glycolysis was
presented and also considered in relation to replication of effects of hypoxia by decline in
ARSB [35,52].

The limited life expectancy of individuals with MPS VI or MSD and the low incidence
of these diseases make it unlikely that diseases prevalent at older ages, such as cancer,
cardiovascular disease, or diabetes would be detected at increased frequency in MPS VI or
MSD. Notably, CF patients, who are achieving longer survival, have increased incidence of
several malignancies, particularly of digestive organs [161–163].

14.4.2. Decline in ARSB in Colon Malignancy

Decades ago, early investigators of sulfatases examined sulfatases in colon malignan-
cies, but studies were limited due to limited investigative tools [132,164]. With improved
immunhistochemical techniques, antibodies, and tissue microarrays, recent studies have
shown that the intensity of ARSB immunostaining was reduced in higher grade colonic
adenocarcinomas [41]. The ARSB staining intensity and localization differed in malignant
colonic tissue from normal colonic epithelium, with distinctive, intense luminal membrane
staining reduced in the malignancies and less in the grade 3 than in the grade 1 adenocarci-
nomas. In malignant colonic tissue, the ARSB activity was significantly lower than in the
normal control tissue. In addition, in cultured metastatic colonic epithelial cells (T84 cells),
the ARSB activity was lower than in normal control cells, and the decline in ARSB was
associated with increased expression of MMP-9, RhoA activity, and enhanced cell migra-
tion [34]. These effects were reversed in the malignant cells by ARSB overexpression. In
the human colonic epithelial cells, when ARSB activity was reduced, expression of Wnt9A
increased, whereas expression of BMP4 and carbohydrate sulfotransferase (CHST)11 de-
clined [30,32]. The activation of Wnt-β-catenin pathway is recognized as a critical pathway
in colon carcinogenesis [165] and was enhanced when ARSB was reduced. Decline in
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circulating RNA of ARSB was reported in 45 consecutive patients with colorectal cancers,
compared to healthy controls [98].

14.4.3. Decline in ARSB in Prostate Malignancy

Increased C4S and increased abundance of the chondroitin sulfate proteoglycan ver-
sican were previously reported by other investigators as biomarkers of more aggressive
prostate cancer [99–101]. Subsequently, analysis of ARSB immunochemistry in prostate
cancer tissue microarrays including nearly 300 cases showed that lower ARSB intensity
scores were associated with higher Gleason scores and with increase in biochemical recur-
rences [42,43]. Decline in ARSB was associated with increased C4S and increased expression
of versican in prostate cells and tissue [27]. The mechanism of increased versican expression
was attributable to reduced binding of the galactoside-binding protein galectin-3 with more
highly sulfated chondroitin 4-sulfate present when ARSB is reduced. Reduced binding
leads to increased availability for circulating and nuclear translocation of galectin-3 and
interaction with nuclear AP-1 to activate the versican promoter in prostate cells. Inversely,
binding with C4S of the ubiquitous tyrosine phosphatase SHP2 (PTPN11) increased in
prostate cells when ARSB declined and chondroitin-4 sulfation was increased, leading
to enhanced expression of EGFR through effects on phospho-JNK [28]. Treatment with
exogenous EGF enhanced BrdU incorporation following silencing of ARSB, compared to
normal controls [28].

Activation of Wnt/β-catenin signaling occurred in prostate epithelial cells [36,37] due
to disinhibition of Wnt signaling when the expression of Dickkopf Wnt Signaling Path-
way Inhibitor (DKK)3, which normally inhibits binding of Wnt with the Frizzled/LRP5/6
receptor complex, declined. DKK3 expression declined following methylation of the
DKK3 promoter, when SHP2 was inhibited by increased chondroitin 4-sulfation, leading to
increased phospho-ERK mediated increases in c-Myc/Max DNA binding, DNA methyl-
transferase (DNMT) activity and expression of DNMT 1 and 3a in prostate cells. Other
experiments showed decline in DKK3 expression in tissue from prostate cancers and in
prostate stem cells following ARSB silencing. Exposure of human prostate epithelial cells
to dihydrotestosterone reduced ARSB and DKK3 expression, indicating androgen effect
on ARSB and Wnt signaling [37]. Reduction of ARSB induced the hypermethylation of
the DKK3 promoter and inhibited the DKK3 expression in prostate epithelial cells. Signal-
ing by Wnt3A expressed by prostate stromal cells was facilitated by decline in epithelial
DKK3, and expression of Wnt dependent genes, including c-Myc, GATA3, and Cyclin D1,
increased in the epithelial cells. These observations indicate how ARSB-mediated effects
contribute to Wnt signaling and prostate stem cell growth and malignant transformation.

In cultured human prostate stem and epithelial cells, inverse effects of ARSB and N-
acetylgalactosamine-6-sulfate sulfatase (GALNS) on activation of Wnt signaling occur [37].
GALNS is the enzyme that removes 6-sulfate groups from chondroitin 6-sulfate and is
required for the degradation of chondroitin 6-sulfate (C6S) and keratan sulfate. In vitro
experiments showed that C6S can inhibit the binding of SHP2 with C4S [28], and both
decline in ARSB and increase in GALNS activate Wnt signaling by increased methylation
of the DKK3 promoter in the prostate stem cells due to effects on availability of phospho-
SHP2 [36]. Experiments have also shown that expression of ARSB is greater in the normal
prostate stromal cells and that expression of GALNS is greater in the normal prostate epithe-
lial cells than in the stromal cells [27,37]. In the malignant prostate epithelial cells, GALNS
activity increased. Expression of carbohydrate sulfotransferase (CHST)15 also increased in
the malignant prostate epithelium and involved p38-MAPK pathway activation [38].

14.4.4. Decline in ARSB in Mammary Malignancy

In malignant mammary tissue, the ARSB activity was reduced compared to nor-
mal [94]. This was consistent with previous findings that ARSB activity was significantly
less in malignant mammary cell lines than in normal mammary epithelial and myoepithelial
cells [72].



Int. J. Mol. Sci. 2022, 23, 13146 21 of 35

14.4.5. Decline in ARSB in Malignant Melanoma

In human malignant melanoma cell lines, ARSB activity declined progressively with
increased invasiveness of the melanoma cell lines [33]. Correspondingly, the chondroitin
4-sulfate increased, as ARSB declined from normal melanocytes to metastatic melanoma
cells. These changes were associated with increased expression of CSPG4, the proteoglycan
known to be increased in melanoma, through a galectin-3/Sp1 transcriptional mechanism.
In addition, increased pro-MMP2 expression was mediated by increased binding of the non-
receptor tyrosine phosphatase SHP2 to C4S, leading to increased phospho-ERK1/2. The
combined effects of decline of ARSB and increase of C4S, CSPG4, and MMP2 significantly
increased the invasiveness of the melanoma cells. Treatment with rhARSB reversed the
observed increase in invasiveness.

Other studies have identified increase in programmed death ligand 1 (PD-L1) follow-
ing decline in ARSB by siRNA in the cultured melanoma cells and in melanoma tissue
with reduced ARSB [85]. Recent studies (unpublished) demonstrate that treatment with
rhARSB retards the growth of cutaneous B16F10 melanomas in the C57/BL/6J mouse
and reduces the expression of PD-L1. BrdU incorporation was inhibited when murine
malignant melanoma cells were treated with rhARSB (upublished).

14.4.6. Reduced ARSB Activity in Hepatic Carcinoma

In human hepatic carcinoma tissue and in the malignant hepatic cell line HepG2,
ARSB activity was reduced compared to normal control, and the expression of Glycoprotein
Nonmetastatic Melanoma Protein B (GPNMB) was increased in hepatic tissue of ARSB null
mice and ARSB silenced hepatic cells [14]. GPNMB expression is known to correlate very
highly with the invasive and metastatic characteristics of several malignant tissues and is
a therapeutic target [90,91]. GPNMB expression in the hepatic cells was regulated by the
transcription factor microphthalmia-associated transcription factor (MITF).

14.4.7. Association of Thyroid Cancer and ARSB

In a genome-wide association study (GWAS) of differentiated thyroid cancer in an
Italian population, an ARSB SNP was identified and associated with occurrence of thyroid
cancer [102]. The SNP rs13184587 was in the intronic region of ARSB on chromosome 5.
The effect was observed in two distinct Italian cohorts, with a total of 2075 cases and
1955 controls with a p-value of 8.54 × 10−6. However, this relationship was not confirmed
in two smaller test populations.

14.4.8. Other Findings

Some early studies from previous decades showed dissimilar results to the above
findings and did not report lower ARSB in association with malignancy. Discrepancies
may be attributable to non-specific antibodies or to assays that did not accurately detect
ARSB activity or distinguish between ARSB and ARSA [132,166]. Elevated Arylsulfatase
B activity was detected in 71% of 24-h urine samples from 243 patients with colorectal
cancer [164], but in studies of arylsulfatase in lung, liver, and kidney, the assay used did
not distinguish ARSB from ARSA or ARSC (steroid sulfatase) [167].

An acidic variant of ARSB (B1) which was phosphorylated on its protein and car-
bohydrate moieties, was identified from transplantable human lung cancer tissues [168].
This variant B1 and a cAMP-dependent protein kinase responsible for phosphorylation of
arylsulfatase B were identified in the lung tumor tissue. Type II isozyme activity was found
to be elevated and considered responsible for the over-phosphorylation of arylsulfatase
B and reduced ARSB activity. A recent review has included reports about sulfatases in
normal and malignant tissues [169].
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14.5. Neurological Disorders

Decline in ARSB and the resulting increase in chondroitin 4-sulfate have been investi-
gated in a wide range of neurological disorders, including spinal cord injury, peripheral
nerve injury, optic nerve injury, traumatic brain injury, and Alzheimer’s Disease.

14.5.1. Spinal Cord Injury

Treatment with recombinant ARSB improved recovery from spinal cord damage in a
mouse model of spinal cord injury [104]. Underlying pathology demonstrated the increased
accumulation of chondroitin sulfate at the site of injury. Recombinant human ARSB was
reported to improve functional recovery and eliminated the observed immunoreactivity
for chondroitin sulfates within five days. In other experiments, a hydrogel, which was an
imidazole-polyorganophosphazene-hydrogen complex with sustained release of ARSB,
significantly diminished fibrotic extracellular matrix components associated with spinal
cord injury and improved functional locomotor recovery with an increased number of
regenerating axons [105]. In contrast, chondroitin 6-sulfatase did not influence the extent of
axon regeneration.

14.5.2. Peripheral Nerve Injury

Other studies reported the effectiveness of rhARSB in repair of damaged nerves in
animal models [106,107]. The underlying pathophysiology demonstrated the buildup of
chondroitin 4-sufate at the site of the lesion and the interference with restoration of nerve
pathways. Recombinant ARSB was effective in reducing the inhibition by chondroitin
sulfate proteoglycans (CSPGs) in in vitro models of the glial scar and after crush nerve
injury in adult mice. The chondroitin 4-sulfation was recognized as the critically impor-
tant sulfation. Similar effects of CSPGs were detected after optic nerve injury in rodent
models [108].

Exogenous ARSB was observed to enhance neurite outgrowth following ethanol-
induced injury [75]. Astrocyte ARSB declined and C4S increased following ethanol expo-
sure which impaired neurite outgrowth. Expression and distribution of ARSB were associ-
ated with neuronal death in a superoxide dismutase (SOD)1 transgenic mouse model [109].

14.5.3. Traumatic Brain Injury (TBI)

Increases in chondroitin 4-sulfate (C4S) and chondroitin sulfate proteoglycans (CSPGs),
including neurocan, have been identified and recognized as major contributors to the
scar formation that follows traumatic brain injury [110]. Post-traumatic decline in ARSB
contributes to the accumulation of C4S in traumatic brain injury (TBI) due to inhibition
of C4S degradation. Studies of traumatized and control brain indicated that the overall
increase in C4S resulted from both decline in ARSB, leading to inhibition of C4S degradation,
and increased carbohydrate sulfotransferase (CHST)11 and sulfotransferase activity, leading
to increased synthesis of C4S.

In primary astrocyte culture, ASRB activity was decreased post injury induction by
scratch [110]. Initial studies of ARSB in human brain were performed decades ago [49,50].

14.5.4. Alzheimer’s Disease

A genome wide association study (GWAS) with 381 participants (172 cases, 209 controls)
in the Alzheimer’s Disease Neuroimaging Initiative identified 21 genes or chromosomal
areas with at least one Single Nucleotide Polymorphism (SNP) that was considered as a
potential new candidate for occurrence of sporadic AD [111]. ARSB (SNP rs337847, intron 3)
had a p-value of 6.71 × 10−6 in association with increased occurrence of AD.

Other data have shown an association between ARSB and survival of neurons in brains
affected by AD [112]. The abundance of amyloid beta peptide (A beta) and the selective
loss of neurons characteristic of Alzheimer’s disease were also characterized by survival
of subpopulations of brain cells. The gene expression profiles of the surviving neurons
were examined for characteristics enabling resistance to A beta toxicity. By a differential
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display technique used to compare profiles of gene expression in an amyloid beta peptide-
resistant cell line with its parental cells, increased expression of two components of the
endosomal-lysosomal system, ARSB and insulin growth factor II receptor/mannose-6-
phosphate receptor, was detected in the amyloid beta peptide-resistant population [112]. In
the cortex and hippocampus of ARSB null mice and control C57BL/6J mice, SSA protein
was increased five-fold in the ARSB-null mice (unpublished data).

14.6. Association of ARSB with Infections

Changes in ARSB activity and chondroitin 4-sulfation have been recognized as factors
affecting infectivity and disease progression.

14.6.1. Malaria

Multiple studies have reported that attachment of malarial parasites to endothelium is
less when chondroitin 4-sulfate is more sulfated [76–79,84]. This impact on binding affects
infectivity in multiple organs, including placenta, lung, and brain. Experiments showed
that chloroquine, an effective treatment for malaria, lowers ARSB activity and expression
in human placental and cerebrovascular cells [44]. This is consistent with a mechanism
in which decline in ARSB and the associated increase in chondroitin 4-sulfate inhibits
attachment of malarial parasites.

14.6.2. SARS-CoV-2

Recently, ARSB was shown by immunohistochemistry to be reduced in pulmonary
sections from autopsy tissue of patients with COVID-19 [114]. Subsequent studies demon-
strate that exposure of cultured human bronchial epithelial cells to the SARS-CoV-2 spike
protein binding domain leads to decline in ARSB expression and activity (unpublished
data).

14.6.3. Parasitic Infections

Changes in ARSB were evaluated during treatment of Bancroftian filariasis [115].
Findings showed sequential changes in the eosinophil content of ARSB during treatment.
The level of hepatic ARSB in schistosomiasis was reported to show changes in activity of
the enzyme during the course of the infection [116].

14.7. Bone and Cartilage Disease

Primary manifestations of ARSB deficiency were noted in bone and cartilage when
MPS VI was first described. Subsequent studies have further examined these manifes-
tations. ARSB has been reported to be involved with skeletal turnover and noted to be
increased [117]. Other experiments showed higher ARSB activity in cultured human
chondrocytes from osteoarthritis [120]. Studies in cartilage have included co-culture of
normal chondrocytes with chondrocytes from animal models of MPS VI [118,119]. Articular
chondrocytes from affected animals had a high rate of apoptosis and released nitric oxide
and inflammatory cytokines, suggesting a possible mechanism underlying chondrocyte
cell death and degenerative joint disease in the mucopolysaccharidoses. Changes in the
metabolism of chondroitin sulfate glycosaminoglycans in articular cartilage from patients
have been identified in Kashin-Beck disease, an osteochondropathy endemic to China and
nearby areas [47].

14.8. Pulmonary Disease

The effect of long-term oxygen therapy in patients with moderate COPD varied based
on ARSB expression and genotype [122]. Changes in ARSB gene expression involving
coding and non-coding regions were identified in patients with moderate COPD who were
refractory to oxygen therapy in the Long-term Oxygen Treatment Trial (LOTT). Investigators
found no benefit of long-term oxygen therapy in many patients with moderate chronic
obstructive lung disease (COPD). In 331 subjects, 97 single nucleotide polymorphisms
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(SNPs) showed evidence of interaction with oxygen therapy at p < 1× 10−5, including
7 SNPs near Arylsulfatase B (ARSB; p = 6 × 10−6). In microarray expression profiling on
51 whole blood samples from 37 individuals, at screening and/or at 12-month follow-
up, ARSB expression was associated with the primary outcome depending on oxygen
treatment.

In the study of ARSB activity in peripheral leukocytes of cystic fibrosis patients 854, the
subset of the controls with a diagnosis of asthma had reduced activity of neutrophil ARSB
activity, compared to non-diseased controls. The human MPS VI endothelial cell model
presented as a phenotype of pulmonary hypertension, which is present in human MPS VI
disease. Increasing concentrations of dermatan sulfate were associated with reduction of
eNOS expression and viability [121].

14.9. Cardiovascular Disease

Cardiac abnormalities are present in MPS VI patients and were noted in rodent models
of MPS VI [6–11,123,124].

14.9.1. Cardiac Disease

The microRNA, miR-154-5p, which acts to inhibit expression of ARSB, was identified
as a regulator of angiotensin II-mediated heart remodeling [126]. The use of rhARSB was
evaluated in heart failure in non-mucopolysaccharidosis failing hearts, but with increased
chondroitin sulfate [125]. Rat left ventricles and failing human hearts were studied. Treat-
ment with rhARSB in the transverse aortic constriction model of heart failure improved
recovery. CHST15 was reported to be increased in a model a heart failure, and treatment
with rhARSB was beneficial [127]. Sympathetic nerve regeneration was reported to be
regulated by chondroitin sulfation following myocardial infarction [113].

14.9.2. Hypertension

Investigation of sulfatase activity in salt-sensitive rats on high and low salt diets
demonstrated that ARSB activity was higher in renal epithelium from the rats on the
low salt diets than from rats on the high salt diet or from spontaneously hypertensive
rats [31,70]. These findings are consistent with identification of several QTLs associated
with ARSB in the rat genome database (Chromosome 2: 24067560-24228321) and linked
with blood pressure, increased kidney mass, and increased cardiac mass.

14.9.3. Vascular Disease

Increased ARSB was reported in varicose veins and varicose veins complicated by
thrombophlebitis [128]. One study reported upregulation of ARSB (1.15-fold) in symp-
tomatic patients with carotid atherosclerosis who had symptoms of cerebral emboliza-
tion [129].

14.10. Diabetes

In a carrageenan-induced mouse model of diabetes, mice showed abnormal glucose
tolerance after six days. Associated with increased fasting blood sugars, ARSB activity was
reduced in the hepatic tissue of the carrageenan-exposed mice [80]. Decline in ARSB was
associated with increase in circulating galectin-3 and increased binding of galectin-3 with
the insulin receptor of the hepatic cells. In mouse studies, galectin-3 bound with the insulin
receptor and inhibited downstream signaling from the insulin receptor [81]. Galectin-3
binding blocked the ability of the insulin receptor to combine with circulating insulin,
leading to impaired insulin signaling, insulin resistance and decline in phospho-Akt1. In
adult subjects with pre-diabetes, defined as hemoglobin A1c of 5.7–6.4%, ARSB activity
increased in the subjects on a no-carrageenan diet, compared to subjects on a carrageenan-
containing diet [82]. The lower ARSB levels in circulating leukocytes were associated with
higher circulating galectin-3 and with higher hemoglobin A1c levels.
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14.11. Other Pathologies Associated with ARSB

Other reports have identified pathophysiological effects of decline or increase in ARSB
activity in association with: uterine leiomyomas [increased ARSB in small (<10 g), de-
creased in large (>100 g) [103]; increased serum ARSB activity in bullous pemphigoid [170];
increased ARSB activity in Wharton’s jelly from pre-eclampsia samples [171]; increased
serum ARSB in nasal allergy, but reduced in severe obstruction [172]; reduced ARSB in
lymphocytes from chronic lymphocytic leukemia [173]; and increased ARSB and a phos-
phorylated form of ARSB in peripheral leukocytes in chronic myelogenous leukemia [174].

15. Conclusions and Application
15.1. Not just a Lysosomal Enzyme—Membrane Localization of ARSB

Arylsulfatase B was initially recognized as only a lysosomal enzyme, but recent
studies demonstrate extra-lysosomal distribution and activity [39–44]. Decrease in activity
increased the content of chondroitin 4-sulfate and total sulfated glycosaminoglycans. These
increases were shown by measurements using specific C4S antibody and sulfated GAG
assay and disaccharide analysis. The natural physiological substrate, chondroitin 4-sulfate,
was present intracellularly, including in the nucleus, and in the extracellular matrix. Figure 6
presents the overall predominant effects of decline in ARSB in mammalian cells.

Figure 6. Predominant effects of decline in Arylsulfatase B (ARSB) in mammalian cells. Decline
in ARSB leads to profound effects on vital cell processes in mammalian cells, as indicated in this
report. C4S = chondroitin 4-sulfate; DS = dermatan sulfate; EMT = epithelial-mesenchymal transition;
CHST = chondroitin sulfotransferase; ERK = extracellular-signal regulated kinase; MAPK = mitogen-
activated protein kinase; JNK = c-Jun N-terminal kinase; SHP2 = tyrosine-protein phosphatase
non-receptor type 11.

15.2. Impact of ARSB on Intracellular Signaling, Cell-Cell Signaling, and Transcription

The change in sulfation pattern of chondroitin 4-sulfate by inhibition or increase in
ARSB has provided new insight into intracellular signaling and interactions between cells
and with the extracellular matrix. Increased chondroitin 4-sulfation elicits signals to mod-
ulate vital cellular process, including transcriptional events. Effects include: (1) reduced
binding of galectin-3 and increased availability for interaction with transcription factors
and other mediators, including the insulin receptor [27,32,33,35,80–82]; (2) increased bind-
ing of SHP2 and inactivation of phosphatase activity [14,28,33,36–38]; (3) expression of
proliferative genes, including Wnt9A, c-Myc, EGFR, Cyclin D1, GATA-3 [28,32,35,37,38];
(4) activation and expression of matrix degradation genes, pro-MMP2 and MMP9 [33,34,83];
(5) sequestration and reduced secretion of critical molecules, including IL-8, high molecular
weight kininogen, and BMP4 [29–31]; and (6) hypermethylation of the DKK3 promoter
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and activation of Wnt signaling [36,37]. These effects influence cell migration and inva-
sion and mediate cell proliferation by growth factors, thereby contributing to malignant
transformation. Decline in SHP2 leads to sustained activation of p38MAPK, JNK and
ERK1/2 [14,28,36], thereby impacting on critical phosphorylations and pathways of in-
tracellular signal transduction. Increased availability of galectin-3 affects transcriptional
events [27,35] and may, by binding with the insulin receptor, impair insulin signaling and
associated downstream metabolic processes. This combined effect, of decline in SHP2-
mediated phosphatase action and of increased galectin-3 on transcription and metabolism,
enables ARSB to broadly regulate aspects of cell fate.

15.3. Mimicry of Effects of Hypoxia and Impact on Mitochondrial Structure and Function

Interestingly, and unexpectedly, decline in ARSB mimicked effects of hypoxia [35] and
induced aerobic glycolysis [52], the Warburg effect, further substantiating a profound role
of decline in ARSB on fundamental cellular metabolism and malignant transformation.

15.4. Impact on EMT and Epithelial-Mesenchymal Identity

Recognition that ARSB and C4S predominate in the stroma and GALNS and C6S pre-
dominate in the epithelium [37,71] suggests a fundamental patterning which enables tissue
organization due to particular spatial orientation and localization of sulfate groups. Interac-
tions with specific chondroitin sulfations can program different responses to environmental
cues.

15.5. Future Directions

Future work will clarify the distinct effects attributable to accumulation of chondroitin
4-sulfate and/or dermatan sulfate, including effects attributable to availability of more or
less sulfated chondroitin or dermatan sulfate and effects due to specific, binding of critical
molecules with the 4-sulfated GAGs. Elucidation of the impact of reduced availability
of sulfate ion on cellular metabolism may provide new insight into fundamental cell
biochemistry.

Changes in cellular metabolism and cell signaling may accumulate over time when
ARSB declines, perhaps due to impaired tissue oxygenation. Specific environmental trig-
gers, such as hypoxia or increased chloride or phosphate in a microenvironment, may
trigger decline in ARSB and subsequent alterations in cell signaling due to accumulation of
C4S. Such changes may produce different effects in different tissues, leading to varied man-
ifestations and evolution to different outcomes, such as malignancy vs. fibrosis. Although
not as drastic as the changes seen due to congenital deficiency of ARSB, the compilation in
time of significant cellular and tissue pathophysiology may affect vital organs, leading in
time to organ failure or malignancy. Since ARSB requires post-translational modification for
activation, identification of reduced expression of ARSB or of mutations of ARSB in gene
reference databases may not capture significant changes in ARSB activity. Small, gradual
increments in chondroitin 4-sulfate also may not come to attention, although they may lead
to critical changes in cell signaling and even to epithelial-mesenchymal transition (EMT),
as suggested in prostate cells and tissue.

Availability of specific antibodies to GAG chains has limited progress in the study
of chondroitin sulfates. Previously, antibodies to C4S GAG chains were available, but are
no longer commercially available and are difficult to produce. The chondroitin sulfate
antibodies which detect the chondroitin stubs following treatment by chondroitinase ABC
do not give information about C4S content. Heterogeneity of the chondroitin sulfate
chains attached in proteoglycans is likely. Silencing ARSB and maintenance, thereby, of the
4-sulfate group at the non-reducing end of the GAG chain defines a distinct, mechanistic
focus, as detailed in this report. This site appears to be critically important in regulation of
vital cell processes. Disaccharide analysis provides quantitative assessment of the relative
abundance of specific chondroitin disaccharides which populate the chondroitin sulfate
chains, although providing no specific information about GAG chain length or variability.
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Many of the reported studies with silencing of ARSB reduce ARSB expression to levels
lower than those measured in biological samples. However, the underlying premise is
that the mechanisms affecting transcription and cell signaling when ARSB is reduced and
chondroitin 4-sulfation is increased are expected in localized, microdomains which form
a nidus for cellular transformation and proliferation. The precise molecular interactions
and the relative importance of declines in ARSB activity with respect to oncogenes and
their mutations require further investigation. At present, data indicate that ARSB is a
tumor suppressor gene and decline in ARSB can contribute significantly to malignant
transformation. Future focus on ARSB and chondroitin sulfates is anticipated to provide
useful information and approaches to human disease and may yield profound insight into
fundamental biological processes.
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103. Wolańska, M.; Sobolewski, K.; Cechowska-Pasko, M.; Jaworski, S. The activities of some glycosaminoglycan-degrading enzymes
in uterine leiomyomas. Eur. J. Obstet. Gynecol. Reprod. Biol. 2003, 110, 73–78. [CrossRef]

104. Yoo, M.; Khaled, M.; Gibbs, K.M.; Kim, J.; Kowalewski, B.; Dierks, T.; Schachner, M. Arylsulfatase B improves locomotor function
after mouse spinal cord injury. PLoS ONE 2013, 8, e57415. [CrossRef]

105. Park, H.H.; Kim, Y.M.; Anh Hong, L.T.; Kim, H.S.; Kim, S.H.; Jin, X.; Hwang, D.H.; Kwon, M.J.; Song, S.C.; Kim, B.G.
Dual-functional hydrogel system for spinal cord regeneration with sustained release of arylsulfatase B alleviates fibrotic microen-
vironment and promotes axonal regeneration. Biomaterials 2022, 284, 121526. [CrossRef]

http://doi.org/10.1155/2019/9582714
http://doi.org/10.1016/j.cell.2016.10.025
http://www.ncbi.nlm.nih.gov/pubmed/27814523
http://doi.org/10.1155/2020/8267980
http://www.ncbi.nlm.nih.gov/pubmed/32377523
http://doi.org/10.1016/j.ymgme.2018.02.012
http://www.ncbi.nlm.nih.gov/pubmed/29703589
http://doi.org/10.1016/j.bbrc.2008.05.190
http://www.ncbi.nlm.nih.gov/pubmed/18555795
http://doi.org/10.1158/1538-7445.AM2020-4699
http://doi.org/10.1073/pnas.0710468105
http://www.ncbi.nlm.nih.gov/pubmed/18480264
http://doi.org/10.1158/1538-7445.AM2021-2442
http://doi.org/10.1002/ppul.22567
http://doi.org/10.1016/j.pupt.2015.11.005
http://doi.org/10.1016/j.steroids.2017.10.013
http://doi.org/10.1016/j.pharmthera.2017.05.010
http://doi.org/10.3109/00313025.2010.508735
http://doi.org/10.1074/jbc.M707967200
http://doi.org/10.1186/1755-8417-2-4
http://doi.org/10.1038/312467a0
http://doi.org/10.1378/chest.123.6.2130
http://doi.org/10.12998/wjcc.v7.i23.3990
http://doi.org/10.1007/s10555-009-9182-y
http://www.ncbi.nlm.nih.gov/pubmed/19160015
http://doi.org/10.1210/jc.2014-1734
http://www.ncbi.nlm.nih.gov/pubmed/25029422
http://doi.org/10.1016/S0301-2115(03)00110-6
http://doi.org/10.1371/journal.pone.0057415
http://doi.org/10.1016/j.biomaterials.2022.121526


Int. J. Mol. Sci. 2022, 23, 13146 33 of 35

106. Pearson, C.S.; Mencio, C.P.; Barber, A.C.; Martin, K.R.; Geller, H.M. Identification of a critical sulfation in chondroitin that inhibits
axonal regeneration. Elife 2018, 7, e37139. [CrossRef]

107. Wang, H.; Katagiri, Y.; McCann, T.E.; Unsworth, E.; Goldsmith, P.; Yu, Z.X.; Tan, F.; Santiago, L.; Mills, E.M.; Wang, Y.; et al.
Chondroitin-4-sulfation negatively regulates axonal guidance and growth. J. Cell Sci. 2008, 121 Pt 18, 3083–3091. [CrossRef]

108. Pearson, C.S.; Solano, A.G.; Tilve, S.M.; Mencio, C.P.; Martin, K.R.; Geller, H.M. Spatiotemporal distribution of chondroitin sulfate
proteoglycans after optic nerve injury in rodents. Exp. Eye Res. 2020, 190, 107859. [CrossRef] [PubMed]

109. Zhang, J.; Liang, H.; Zhu, L.; Gan, W.; Tang, C.; Li, J.; Xu, R. Expression and distribution of Arylsulfatase B are closely associated
with neuron death in SOD1 G93A transgenic mice. Mol. Neurobiol. 2018, 55, 1323–1337. [CrossRef] [PubMed]

110. Bhattacharyya, S.; Zhang, X.; Feferman, L.; Johnson, D.; Tortella, F.C.; Guizzetti, M.; Tobacman, J.K. Decline in arylsulfatase B and
Increase in chondroitin 4-sulfotransferase combine to increase chondroitin 4-sulfate in traumatic brain injury. J. Neurochem. 2015,
134, 728–739. [CrossRef]

111. Potkin, S.G.; Guffanti, G.; Lakatos, A.; Turner, J.A.; Kruggel, F.; Fallon, J.H.; Saykin, A.J.; Orro, A.; Lupoli, S.; Salvi, E.; et al.
Hippocampal atrophy as a quantitative trait in a genome-wide association study identifying novel susceptibility genes for
Alzheimer’s disease. PLoS ONE 2009, 4, e6501. [CrossRef]

112. Li, Y.; Xu, C.; Schubert, D. The up-regulation of endosomal-lysosomal components in amyloid beta-resistant cells. J. Neurochem.
1999, 73, 1477–1482. [PubMed]

113. Blake, M.R.; Parrish, D.C.; Staffenson, M.A.; Sueda, S.; Woodward, W.R.; Habecker, B.A. Chondroitin sulfate proteoglycan 4,6
sulfation regulates sympathetic nerve regeneration after myocardial infarction. eLife 2022, 11, e78387. [CrossRef]

114. Tzankov, A.; Bhattacharyya, S.; Kotlo, K.; Tobacman, J.K. Increase in chondroitin sulfate and decline in Arylsulfatase B may
contribute to pathophysiology of COVID-19 respiratory failure. Pathobiology 2022, 89, 81–91. [CrossRef]

115. Weller, P.F.; Ottesen, E.A.; Goetzl, E.J. Sequential alterations in the human eosinophil content of arylsulfatase B during therapy of
Bacroftian filariasis. Clin. Immunol. Immunopathol. 1981, 18, 76–84. [CrossRef]

116. Balbaa, M.; El-Kersh, M.; Mansour, H.; Yacout, G.; Ismail, M.; Malky, A.; Bassiouny, K.; Abdel-Monem, N.; Kandeel, K. Activity of
some hepatic enzymes in schistosomiasis and concomitant alteration of arylsulfatase B. J. Biochem. Mol. Biol. 2004, 37, 223–228.
[CrossRef]

117. Pohl, S.; Angermann, A.; Jeschke, A.; Hendrickx, G.; Yorgan, T.A.; Makrypidi-Fraune, G.; Steigert, A.; Kuehn, S.C.; Rolvien, T.;
Schweizer, M.; et al. The lysosomal protein Arylsulfatase B Is a key enzyme involved in skeletal turnover. J. Bone Miner. Res. 2018,
33, 2186–2201. [CrossRef] [PubMed]

118. Simonaro, C.M.; D’Angelo, M.; He, X.; Eliyahu, E.; Shtraizent, N.; Haskins, M.E.; Schuchman, E.H. Mechanism of
glycosaminoglycan-mediated bone and joint disease: Implications for the mucopolysaccharidoses and other connective
tissue diseases. Am. J. Pathol. 2008, 172, 112–122. [CrossRef] [PubMed]

119. Simonaro, C.M.; Haskins, M.E.; Schuchman, E.H. Articular chondrocytes from animals with a dermatan sulfate storage disease
undergo a high rate of apoptosis and release nitric oxide and inflammatory cytokines: A possible mechanism underlying
degenerative joint disease in the mucopolysaccharidoses. Lab. Investig. 2001, 81, 1319–1328. [CrossRef] [PubMed]

120. Colofiore, J.R.; Schwartz, E.R. Monensin stimulation of arylsulfatase B activity in human chondrocytes. J. Orthop. Res. 1986, 4,
273–280. [CrossRef]
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171. Romanowicz, L.; Bańkowski, E.; Sobolewski, K.; Jaworski, S. Activities of some glycosaminoglycan- degrading enzymes in
Wharton’s jelly and their alteration in EPH-gestosis (Pre-eclampsia). Biol. Neonate 1999, 76, 144–152. [CrossRef]

172. Takagi, S.; Maguti, S.; Tsuga, T.; Yoshimura, T.; Fukuda, S. Activity of serum arylsulfatase B in nasal allergy patients. Nihon
Jibiinkoka Gakkai Kaiho 1989, 92, 1021–1025. [CrossRef]

173. Kraaijenhagen, R.J.; Schipper-Kester, G.P.; Rijksen, G.; de Gast, G.C.; Staal, G.E. Lysosomal enzymes in normal and leukemic B
lymphocytes. Clin. Chim. Acta 1982, 118, 255–263. [CrossRef]

174. Uehara, Y.; Gasa, S.; Makita, A.; Sakurada, K.; Miyazaki, T. Lysosomal arylsulfatases of human leukocytes: Increment of
phosphorylated B variants in chronic myelogenous leukemia. Cancer Res. 1983, 43, 5618–5622.

http://doi.org/10.1136/adc.51.7.563
http://doi.org/10.1016/S0140-6736(69)92289-2
http://doi.org/10.3389/fendo.2022.935354
https://medlineplus.gov/ency/article/000107.htm#
https://rarediseases.org/rare-diseases/cystic-fibrosis/
http://doi.org/10.1186/s12879-017-2448-z
http://doi.org/10.1098/rsif.2006.0154
http://doi.org/10.1093/jnci/djs481
http://doi.org/10.1016/j.bbamcr.2013.07.021
http://doi.org/10.1016/j.chest.2022.01.055
http://doi.org/10.1002/1097-0142(197512)36:6&lt;2337::AID-CNCR2820360610&gt;3.0.CO;2-X
http://doi.org/10.1007/s11888-017-0354-9
http://www.ncbi.nlm.nih.gov/pubmed/28413363
http://doi.org/10.1002/1097-0142(197102)27:2&lt;278::AID-CNCR2820270205&gt;3.0.CO;2-Y
http://doi.org/10.1016/0009-8981(71)90353-6
http://doi.org/10.1016/S0021-9258(19)75776-7
http://doi.org/10.1016/j.prp.2019.152516
http://www.ncbi.nlm.nih.gov/pubmed/31262576
http://doi.org/10.1620/tjem.141.247
http://www.ncbi.nlm.nih.gov/pubmed/6139896
http://doi.org/10.1159/000014154
http://doi.org/10.3950/jibiinkoka.92.1021
http://doi.org/10.1016/0009-8981(82)90012-2

	Introduction 
	Extra-lysosomal Localization of ARSB 
	Measurement of ARSB Activity 
	Inhibition of ARSB Activity by Ions, Metals, Hormones, Chemicals, and Hypoxia 
	Inhibition by Chloride, Phosphate, Sulfate, and Sulfite Ions 
	Effects of Metals 
	Inhibition by Hormonal Exposures 
	Estrogen Exposures 
	Androgen Exposure 

	Chemical Inhibitors of ARSB: Ascorbate, Carrageenan, Chloroquine, and Ethanol 
	Inhibition by Hypoxia 

	Arylsulfatase B and Chondroitin 4-Sulfation Regulate Signaling Mechanisms 
	Activation of Galectin-3 (LGALS3) 
	Inhibition of SHP2 Activity 

	Impact on Transcriptional Events 
	Increased DNA Methylation and Disinhibition of Wnt/-Catenin Signaling 
	Effects on Histone Acetylation/Deacetylation Activity 
	Increased Expression of Transcription Factors 
	Increased DNA Binding of Transcription Factors 

	Impact on Motility and Invasiveness 
	Impact of Decline in ARSB on Activation of Phospho-ERK1/2, Phospho-JNK and Phospho-p38 MAPK 
	Increased Expression of Proteins Vital to Inflammation, Inter-Cellular Signaling, and the Immune Response 
	Increased Interleukin-6 (IL-6) 
	Increased GPNMB Expression 
	Increased Expression of Wnt9A (Wnt14) 
	Increased Programmed Death-Ligand 1 (PD-L1) 

	Regulation of Secretion of Critical Molecules due to More or Less Binding with Chondroitin 4-Sulfate 
	High Molecular Weight Kininogen Binding with Chondroitin 4-Sulfate Is Reduced by Increase in ARSB 
	Interleukin-8 Secretion Declined due to Increased Sequestration with C4S When ARSB Is Lowered, Enhancing Neutrophil Chemotaxis 
	BMP4 Membrane Sequestration Increased when ARSB Is Reduced 

	Effects on Proteoglycans and Chondroitin Sulfotransferases 
	Increased Expression of Syndecan-1, Decorin, Versican, CSPG4, and Neurocan 
	Reduced Carbohydrate Sulfotransferase (CHST)11 Expression 
	Increased Carbohydrate Sulfotransferase (CHST)15 Expression 

	Role in Prostate Development and Epithelial-Mesenchymal Identity/Transition 
	Effect on Mitochondrial Metabolism and Mediation of Oxygen Signaling 
	Abnormal Mitochondria in MPS VI 
	Enhanced Aerobic Glycolysis (the Warburg Effect) with Decline in Mitochondrial Membrane Potential, Complex I Activity, and Oxygen Consumption Rate and with Increase in Extracellular Acidification Rate when ARSB Is Silenced 
	Silencing ARSB Replicates Effects of Hypoxia in Human Bronchial Epithelial and Colonic Epithelial Cells 
	Impaired Production of Sulfhydryls and Reduced Glutathione 

	Diseases with Deficiency of Arylsulfatase B 
	Mucopolysaccharidosis VI 
	Multiple Sulfatase Deficiency 
	Cystic Fibrosis 
	Malignancy 
	Overall Impact on Molecular Pathways Contributing to Malignancy and Role as Tumor Suppressor 
	Decline in ARSB in Colon Malignancy 
	Decline in ARSB in Prostate Malignancy 
	Decline in ARSB in Mammary Malignancy 
	Decline in ARSB in Malignant Melanoma 
	Reduced ARSB Activity in Hepatic Carcinoma 
	Association of Thyroid Cancer and ARSB 
	Other Findings 

	Neurological Disorders 
	Spinal Cord Injury 
	Peripheral Nerve Injury 
	Traumatic Brain Injury (TBI) 
	Alzheimer’s Disease 

	Association of ARSB with Infections 
	Malaria 
	SARS-CoV-2 
	Parasitic Infections 

	Bone and Cartilage Disease 
	Pulmonary Disease 
	Cardiovascular Disease 
	Cardiac Disease 
	Hypertension 
	Vascular Disease 

	Diabetes 
	Other Pathologies Associated with ARSB 

	Conclusions and Application 
	Not just a Lysosomal Enzyme—Membrane Localization of ARSB 
	Impact of ARSB on Intracellular Signaling, Cell-Cell Signaling, and Transcription 
	Mimicry of Effects of Hypoxia and Impact on Mitochondrial Structure and Function 
	Impact on EMT and Epithelial-Mesenchymal Identity 
	Future Directions 

	References

