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Abstract: The enzyme N-acetylgalactosamine-4-sulfatase (Arylsulfatase B; ARSB) was originally 
identified as a lysosomal enzyme which was deficient in Mucopolysaccharidosis VI (MPS VI; Maro-
teaux-Lamy Syndrome). Newly directed attention to the impact of ARSB in human pathobiology 
indicates a broader, more pervasive effect, encompassing roles as a tumor suppressor, transcrip-
tional mediator, redox switch, and regulator of intracellular and extracellular-cell signaling. By con-
trolling the degradation of chondroitin 4-sulfate and dermatan sulfate by removal or failure to re-
move 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 po-
tential impact of decline in ARSB activity. 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. 
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1.0. 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 glycosaminogly-
can (GAG) chains of chondroitin 4-sulfate (C4S) and dermatan sulfate (DS). This enzyme 
is required for the degradation of these GAGs [1-5]. Inherited mutations of ARSB the cause 
of Mucopolysaccharidosis (MPS) VI (Maroteaux-Lamy-Syndrome; phenotype MIM num-
ber is 253200) [6-11], which is characterized by the accumulation of dermatan sulfate and 
chondroitin 4-sulfate (C4S) throughout the body. Manifestations of MPS VI include short 
stature, skeletal deformities, hepatomegaly, respiratory failure, corneal opacities, dental 
anomalies, reduced life expectancy, and normal intellect [10]. Pathophysiology attributa-
ble to decline in ARSB extends beyond MPS VI and is associated with other human dis-
eases, including multiple sulfatase deficiency, cystic fibrosis, malignancies and neuro-
logic, cardiac, and respiratory disorders. These effects are generally attributable to the ac-
cumulation of excessive, undegradable sulfated GAGs and the resulting impact on cell 
signaling, transcription, differentiation, and metabolism.  

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 
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the crucial residue for the post-translational modification and activation of ARSB. 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 
repeating disaccharides of D-glucuronate linked β-1,3 to D-N-acetylgalactosamine-4-sul-
fate. 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 con-
centrations of up to hundreds of micrograms per g wet weight of tissue [12,13]. 

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 [14]. The 
sulfate in the crystallized structure is bound to calcium, and resemblance to alkaline phos-
phatase was evident at the active site and by the resemblance of the calcium binding site 
to the zinc binding site in alkaline phosphatase [14]. Earlier work had well-characterized 
structural features of ARSB [15-17]. The structure is complex, with multiple alpha helices, 
beta sheets, glycosylation sites, and disulfide bonds; molecular weight is 59,687 Da. Pro-
duction of antibodies for measurements of ARSB facilitated identification of ARSB in tis-
sues and urine [16]. Mutations of the C91 residue of ARSB showed loss of activity, alt-
hough with retained polypeptide content [17]. The ARSB gene was located at 5q14.1, and 
a 2.2 kilobase cDNA clone for the human ARSB transcript was isolated [18,19]. 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, like other sulfatase enzymes, requires post-translational 
modification by the formylglycine modifying enzyme (FGE) [20,21], the product of the 
SUMF (sulfatase-modifying factor) gene [22,23]. The formylglycine modification of the 
critical cysteine residue (cysteine 91) of ARSB by the FGE requires molecular oxygen [24]. 
Crystallization of the FGE and ARSB have enabled clarification of the specific require-
ments for their interaction [21,24], including identification of sequence determinants (e.g. 
CTPSR) required for conversion of cysteine91 to formylglycine [25].  

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) [26] 
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 
[13,27]. Other reported effects of changes in ARSB on binding of vital molecules with C4S 
include: increased binding of Interleukin (IL)-8 [28] when ARSB is reduced; increased 
binding of bone morphogenetic protein (BMP)-4 [29] when ARSB is reduced; and reduced 
binding of high molecular weight kininogen (HMWK) [30] to the less highly sulfated C4S 
present when ARSB activity is overexpressed. The increased chondroitin 4-sulfation af-
fects the phosphorylation of vital signaling molecules and the regulation of transcriptional 
events, as detailed in this review [13,26-37]. These events profoundly impact intra- and 
extra-cellular signaling, influencing cell proliferation, differentiation, signaling, transcrip-
tion, and transformation. 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. 

2.0. Extra-lysosomal Localization of ARSB 
Although originally considered only a lysosomal enzyme, immunohistochemis-

try, immunofluorescence, and activity studies localized ARSB at the cell membrane of hu-
man bronchial epithelial cells [38,28], hepatocytes, sinusoidal endothelial cells, and Kup-
ffer cells in the mammalian liver [39], apical membranes of normal and malignant human 
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colonic and prostatic epithelial cells [33,40-42], and human cerebrovascular cells [43]. Rep-
resentative images show staining of normal and malignant prostate tissues (Fig. 1A-1D), 
human colonic epithelial cells (Fig. 2A-2B), and human cerebrovascular cells (Fig. 3A-3B). 

Figure 1. Images of normal and malignant prostate cancers, immunostained for ARSB. 

 
Fig.1A-1E. Representative ARSB immunostaining in normal and malignant prostate cancers. De-
clines in intensity and in membrane immunostaining are evident, as Gleason score increases from 6 
to 9 [41; Prostate Cancer Prostatic Dis 2013,16, 277-284].  
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Fig.2A-2B. 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 [33; 
Clin. Exp. Metastasis 2009, 26, 535-545]. 

Figure 3. Fluorescent immunostaining of ARSB in human cerebrovas cular cells. 

 
Fig. 3A, 3B. Confocal microscopy demonstrates cell surface localization of ARSB in 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 [43; Malaria J., 2009,8,303]. 

Other reported extra-lysosomal sites of ARSB include: alpha-granules of platelets 
[44], mitochondria of rat kidney proximal convoluted tubule epithelial cells [45], surface 
membranes of cartilage [46], and rat brain membranes [47,48]. Arylsulfatase B is very 
widely distributed in most human tissues, with high expression reported in kidney, cer-
vix, and heart [49]. Our initial studies demonstrated higher ARSB enzyme activity in cell 
membrane preparations from human bronchial epithelial cells than in the cytosol [38]. 
Presence of ARSB activity in the cell membrane suggests that ARSB may act in close prox-
imity to chondroitin 4-sulfate or dermatan sulfate in the extracellular matrix or at the 
membrane. ARSB activity was detected in nuclei and mitochondria [38,50].  

ARSB immunostaining in a human colonic microarray showed differences in distri-
bution, intensity, and pattern of ARSB staining among normal colon, adenomas, and ad-
enocarcinomas [40]. Distinctive, intense luminal membrane staining was present in the 
normal epithelial cells with a distinctive pattern of intense positivity at the luminal surface 
and reduced staining deeper in the crypts. Overall, ARSB enzymatic activity was signifi-
cantly greater in normal than in malignant tissue. Prominent staining of ARSB was de-
tected in human lung tissue, both in the cytoplasm and along the cell periphery [28]. Con-
focal microscopy of cerebrovascular cells also demonstrated prominent membrane, cyto-
solic and nuclear ARSB staining [Fig.3A-3B] [43]. 
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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 [39]. 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 syn-

thetic substrate, p-nitrocatechol sulfate (NCS), and subsequently with 4-methylumbellif-
eryl sulfate (MUS) [51,52]. The fluorimetric assay with 4-MUS requires smaller volumes 
of cells and is detailed in Table 2. Other assays have used the endogenous chondroitin 4-
sulfate substrate or other exogenous sulfated substrates in commercial ELISAs [53,54]. 
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 [55,56]. Disaccharide analysis provides pre-
cise information about the impact of ARSB activity on production of unsulfated vs. 4-sul-
fated disaccharides in cell or tissue samples [28,37,43]. 

Table 2. Measurement of ARSB Activity by fluorometric microplate assay with 4-methylumbellif-
eryl 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 sec.  
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 440mM, pH 10.7).       

7.  Fluorescence is measured at 360 nm (excitation) and 465 nm (emission). 
6. 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 0.05M with barium acetate 20mM; pH 5.6  
Substrate: 5mM 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 sul-
fatase) 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 [57]. Refinement of the assay for ARSB vs. ARSA required using specific 
inhibitors of ARSA, such as barium sulfate or silver nitrate [58-60].  

4. Inhibition of ARSB activity by chloride, phosphate, metallic ions, ethanol, hypoxia, 
carrageenan, chloroquine, and hormones 

In the literature, several inhibitors of ARSB activity were reported, including chlo-
ride, phosphate, sulfate, sulfite, and ascorbic acid [52,60-64].  

4.1. Chloride 
Increase in exposure to exogenous chloride (NaCl) produced significant declines in 

the ARSB activity of normal rat kidney epithelial cells (NRK-E52, ATCC) cells, 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) [65]. In contrast, exposure to varying concentrations of 
Na-acetate (from 0 to 100 mmol/l) had no effect on the ARSB activity. Also, ARSB activity 
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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 [30]. 

4.2.  Phosphate  
Phosphate was reported to inhibit activity of ARSB [52,61-62], and addition of phos-

phate-buffered saline (PBS) reduced the measured ARSB activity in bronchial epithelial 
cells [38]. When PBS was substituted for Na-acetate, a PBS concentration of 0.125M re-
duced ARSB activity by more than 95%. However, the impact of cellular phosphate on 
modulation of ARSB activity in vivo is unknown.  

4.3.  Metallic ions 
The inhibitory effect of metallic ions on the activity of ARSB was considered and used 

to distinguish activity of ARSB vs. ARSA [58-60,62]. Lead had no inhibitory effect on hu-
man 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 com-
pletely inhibited the activity of dialyzed human urinary ARSA.  

4.4.  Ethanol  
Ethanol was shown to inhibit ARSB activity in primary astrocytes prepared from rat 

neocortex and from rat hippocampus in a dose-dependent manner [66]. Maximum effect 
on activity occurred at 75 mM concentration, although ARSB mRNA expression was un-
affected.    

4.5.  Molecular oxygen and the formylgycine-generating enzyme (Sulfatase Modifying Factor-1 
Gene) 

The activation of ARSB requires the formylglycine-generating enzyme (FGE) and 
molecular oxygen [20,21]. In human bronchial epithelial cells (BEC) and colonic epithelial 
cells following exposure to 10% oxygen, ARSB activity declined significantly by 0.25 hours 
and remained low for 24 h, in comparison to control cells under normoxic conditions [34]. 
Return to normoxia for 4 h after 4 h of 10% O2 restored the baseline ARSB activity. Hy-
poxia 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 re-
duction in ARSB activity was achieved by the combination of SUMF-1 silencing and hy-
poxia.  

4.6 . Hormonal Exposures 
The impact of hormonal exposures on ARSB activity was examined in studies of ven-

tral rat prostate development [67], human prostate epithelial cells [36], and human mam-
mary cell lines [68]. 

4.6.1. Estrogen exposures 
Baseline ARSB activity increased significantly between 5 and 30 days in ventral rat 

prostate tissue [67]. Following estrogen exposure (estradiol benzoate 25 μg in 25 μl ses-
ame oil subcutaneously on days 1, 3, and 5), ARSB activity declined, and the baseline in-
crease 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 
[68]. In MCF-7, T47D, and MCF10A cell lines (from ATCC), and in primary human my-
oepithelial cells, treatment with estrone (100 pg/ml), estradiol (200 pg/ml), estrone 3-sul-
fate (1.5 ng/ml) or estradiol sulfate (3.0 ng/ml) for 2-6 days significantly reduced ARSB 
activity. No changes in ARSB were detected in normal, primary human epithelial cells or 
in the HCC1037 mammary cell line. 
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4.6.2. Androgen exposure 
In cultured normal prostate epithelial cells (CRL-2850, ATCC), treatment with dihy-

drotestosterone (10 nM x 24h) reduced ARSB gene expression due to increased ARSB pro-
moter methylation [36].  

4.7. Carrageenan exposure 
Exposure of cultured human colonic epithelial cells (primary and NCM460 cells, 

InCell) to the common food additive carrageenan, which is composed of sulfated or un-
sulfated galactose residues in alternating beta-1,4 and alpha-1,3 bonds, led to declines in 
ARSB activity [69,70]. This effect may be attributable to carrageenan’s mimicry of the en-
dogenous 4-sulfated glycosaminoglycans, dermatan sulfate and chondroitin 4-sulfate. 

4.8. Chloroquine exposure 
Treatment of human cerebrovascular cells, placental cells, and bronchial epithelial 

cystic fibrosis cells, corrected or uncorrected for CFTR, by chloroquine (50 nM x 24 h) 
significantly reduced the ARSB activity, protein, and mRNA [43]. This finding is relevant 
to multiple studies which demonstrate that more highly sulfated chondroitin 4-sulfate re-
duces infectivity by malarial parasites [71-74]. 

Acquired deficiency of ARSB due to exposures, such as to ethanol, carrageenan, chlo-
roquine, 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 recog-
nition 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 malig-
nant 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 and SHP-2 binding is enhanced.  

5.1. Activation of Galectin-3 (LGALS3).  
By frontal affinity chromatography, the β-galactoside binding proteins galectins 3, 7, 

and 9 were shown to bind preferentially to desulfated galactosaminoglycans, rather than 
more highly sulfated C4S or DS [75]. 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 [26,31]. In co-
lonic 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 [31]. In experiments in prostate stromal and epithelial cells, when ARSB was si-
lenced, binding of galectin-3 with C4S declined, nuclear galectin-3 increased and facili-
tated the binding of transcription factor AP-1 to the versican promoter [26]. Increased ex-
pression of CSPG4 (chondroitin sulfate proteoglycan 4) [32] and of PD-L1 [76] in human 
melanoma cells are also dependent on galectin-3. Expression of HIF-1α in human bron-
chial epithelial cells and in the colonic epithelial cell line NCM460 increased when ARSB 
was silenced and declined when ARSB was overexpressed [34]. When ARSB was silenced 
by siRNA or cells were exposed to hypoxic conditions (10% O2 x 4h), Galectin-3 co-im-
munoprecipitated with C4S antibody (4D1, SCBT; not an antibody to C4S stubs) declined 
and nuclear galectin-3 increased [34].  

5.2. Inhibition of SHP2 Activity.   
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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) [13,27,32,35-37]. 
This effect was reduced in the presence of chondroitin 6-sulfate [27]. Notably, when the 
SHP2 small molecule inhibitor PHPS1 (phenylhydrazonopyrazolone sulfonate) was de-
veloped, the SHP2/PHPS1-binding model demonstrated that the phenyl sulfonate group 
of PHPS1 acted as a phosphotyrosine mimetic [77] 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 [27,35]. The 
amino acids at the periphery of the cleft where the PHPS1 sulfate binds are Lys-280, Asn-
281, Arg-362, and His-426. These residues, which are distinct in SHP2, may 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 
[71-74]. 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 sus-
tained activation of ERK1/2 [32,35], JNK [27], and p38-MAPK [13,37] and thereby impact 
on critical intracellular signaling pathways. 

6.0. Impact on Transcriptional Events 
Decline in ARSB modifies transcription events by several mechanisms, including ef-

fects related to changes in galectin-3 and SHP2 activity, as described above. Specific effects 
include: 1) enhanced methylation leading to activation of Wnt signaling [35]; 2) modifica-
tion of histone acetylation due to effects on HDAC and HAT activity (unpublished data); 
3) altered DNA binding of transcription factors, including AP-1, Sp1, GATA-3, MITF 
[13,26,27,31,37]; and 4) increased expression of transcription factors, including c-myc, Gli, 
cyclin D1, and TCF/LEF [35,36,78]. 

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 cul-

tured prostate epithelial cells is due to increased expression and activity of DNA methyl-
transferases (DNMT) [35,36] leading to reduced expression of DKK3 (Dickkopf Wnt path-
way signaling inhibitor 3) and the disinhibition of Wnt signaling. Following ARSB silenc-
ing 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 meth-
ylation by treatment with 5-azacytidine reversed the decline in DKK3 expression and ac-
tivated 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 overex-
pression, 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. 

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 transcrip-
tion is ongoing.  
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6.3. Increased expression of transcription factors  
In cultured human prostate stem cells, ARSB silencing and overexpression signifi-

cantly modified the expression of several transcription factors in a transcription factor ar-
ray [78]. Inverse changes between ARSB silencing vs. ARSB overexpression occurred for 
TCF/LEF, c-Myc, and Gli. In human bronchial and colonic epithelial cells, ARSB silencing 
and overexpression also had inverse effects on expression of HIF1α [34]. When human 
bronchial epithelial and intestinal epithelial cells were exposed to ambient oxygen con-
centration 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 [13,35,36]. 

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, AP-1 (c-Jun/c-Fos), Sp1, MITF, c-
Myc/Max, HIF-1α, and GATA-3. These TFs were associated with increased expression of 
cyclin D1, versican, Wnt9A, GPNMB, DNMT, and CHST15. 

7.0. Impact on Motility and Invasiveness 
Increased expression of pro-MMP2 and MMP-9 occurred in melanoma cell lines fol-

lowing ARSB silencing, and these increases were associated with increased invasiveness 
[32]. Treatment with rhARSB reduced the invasiveness of the cells, as detected in an inva-
siveness 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 si-
lencing [79]. In human colonic epithelial cells (T84, NCM460 and normal colonocytes), 
decline in ARSB increased the expression of MMP-9 due and expression was reduced by 
ARSB overexpression, perhaps attributable to a RhoA-mediated mechanism [33]. Cell mi-
gration in response to 10% FBS increased when ARSB was silenced, and, inversely, over-
expression of ARSB reduced the cell migration. In melanoma cells, decline in ARSB in-
creased 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 [79]. In fibroblast-like 
synoviocytes in a rat model of MPS VI, MMP13 by immunochemistry was increased [80]. 

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 path-
ways involving phospho-ERK1/2, phospho-JNK, and phospho-38 MAPK. 

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 [32]. 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 [79]. In prostate epithelial cells, decline in SHP2 when 
ARSB was silenced led to increased phospho-ERK1/2 and enhanced c-Myc nuclear bind-
ing, DNMT activity and expression of DNMT1 and DNMT3a and reduced expression of 
DKK3, leading to disinhibition of Wnt signaling [35].  
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In cultured prostate epithelial and stem cells, decline in ARSB increased the expres-
sion of EGFR [27]. The pathway of this increase required increased phospho-JNK and nu-
clear c-fos binding to the EGFR promoter, following decline in SHP2 activity due to in-
creased binding with C4S.  

In HepG2 cells, silencing ARSB increased phospho-p38 MAPK and nuclear MITF, 
leading to increased GPNMB expression [13]. 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 [37]. In these cells, increased phospho-
p38 MAPK led to nuclear translocation of GATA-3 and increased expression of CHST15.  

9.0. 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 pro-
teins 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 leuko-

cytes, serum IL-6 levels were markedly increased, consistent with the observed decline in 
leukocyte ARSB [81]. In human bronchial epithelial cells, correction of CFTR by potentia-
tor which normalized ARSB activity was associated with decline in IL-6 (Interleukin-6) 
secretion [82]. 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 x 4h [34]. 

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) [13]. 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 [79]. 
GPNMB has been shown to augment tumor growth and metastasis and to be overex-
pressed in cancers, enhancing tumor cell proliferation, migration, and invasion [83,84]. 

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. Wnt9A has been 
associated with colorectal, pancreatic, and gastric carcinomas [85,86].  

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 [76]. Silencing ARSB by siRNA also increased 
PD-L1 expression in human prostatic and hepatic cell lines. Treatment by rhARSB in mel-
anoma cell lines reduced the PD-L1 expression (unpublished data). In other experiments, 
PD-L1 gene and protein expression declined in B16F10 melanomas in C57BL/6J mice fol-
lowing treatment with recombinant ARSB (unpublished data). These findings suggest that 
modification of ARSB may have profound effects on immune cell-epithelial cell interac-
tions. 

10. Regulation of secretion of critical molecules due to more or less binding with 
chondroitin 4-sulfate  
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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 [65]. Correspondingly, chondroitin-4-sulfate and total sul-
fated glycosaminoglycan content were significantly greater in the rats on high salt. Disac-
charide analysis confirmed marked increase in C4S disaccharides in the renal tissue of the 
high salt-fed rats. In contrast, unsulfated, hyaluronan-derived disaccharides were in-
creased in the rats on the low salt diet. In the high salt-fed rats, with lower ARSB activity 
and higher chondroitin 4-sulfation, cell-bound, high-molecular weight kininogen was 
greater and urinary bradykinin was lower. Experiments demonstrated a reduction in cell-
bound high molecular weight kininogen and increase in bradykinin secretion in normal 
rat kidney (NRK) epithelial cells when chondroitin-4-sulfate content was reduced follow-
ing overexpression of ARSB [30]. 

10.2. Interleukin-8 secretion reduced due to increased sequestration with C4S when ARSB is 
lowered 

In experiments with the cystic fibrosis cell line IB3-1, the CFTR-corrected C38 bron-
chial epithelial cell line, and the normal primary human bronchial epithelial cells, when 
ARSB was silenced, IL-8 secretion declined following exposure to TNF-α [28]. 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 expres-
sion 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 ex-
pression of BMP4 by the epithelial cells decreased [29]. Exogenous BMP4 activated the 
phospho-Smad3 signaling pathway, leading to increased expression of CHST(carbohy-
drate 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 mod-
ify 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 [87]. 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 [26]. 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 
ARSB [32]. The increase was facilitated by the increased availability of galectin-3, when 
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chondroitin 4-sulfation was increased. Galectin-3 silencing inhibited the ARSB siRNA-in-
duced increase in CSPG4.  

Increased expression of neurocan followed ARSB silencing and the resulting in-
creased levels of sulfated GAG and C4S in cultured astrocytes from rat cortex and hippo-
campus [66]. 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 [29]. The decline in CHST11 expression 
following ARSB reduction was attributed to effects of ARSB on bone morphogenetic pro-
tein (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 path-
way 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 (carbohy-

drate sulfotransferase 15; N-acetylgalactosamine 4-sulfate 6-O-sulfotransferase) increased 
[37]. 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 disaccha-
rides was demonstrated in ARSB-null mouse hepatic tissue by disaccharide analysis, con-
sistent with an impact of ARSB decline on CHST15 expression. 

12.0. Role in prostate development and epithelial-mesenchymal identity/transition 
In cultured normal human prostate stromal and epithelial cells and in prostate stro-

mal and epithelial cells obtained by laser-capture microdissection from normal and ma-
lignant human prostate tissues, ARSB expression was significantly greater in the stroma 
than in the epithelium [36]. 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 [67]. In prostate malig-
nancy, mRNA expression of epithelial ARSB declined and expression of GALNS increased 
[36]. Markers of stroma, including vimentin, and markers of epithelium, including E-cad-
herin, reflected this distinction between epithelium and stroma.  

When ARSB was silenced in cultured prostate epithelial cells, expression of CHST15 
increased [37]. In association with increased GALNS of the malignant epithelium, the in-
crease 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 [26].  

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 [67]. ARSB immunostaining was predomi-
nant 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 MPSVI 

Mitochondria in fibroblasts of MPSVI patients and in a rat model of MPSVI had re-
duced mitochondrial membrane potential and defective mitochondria [88]. These findings 
were associated with impaired autophagy and increased polyubiquitination in visceral 
organs of the MPSVI rats. ARSB had previously been detected in mitochondria of epithe-
lial cells of the proximal convoluted tubules of the rat kidney [45]. We observed abnor-
malities of the mitochondria in the hepatic epithelium of ARSB-null mice, consistent with 
the observations in MPSVI patients [50]. 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 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 [50]. 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 
consumption rate (OCR) and extracellular acidification rate (ECAR). In HepG2 cells, si-
lencing  ARSB inhibited the OCR significantly within 30 minutes and OCR remained sig-
nificantly at 90 minutes. 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 mitochondia 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 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 [34], the correlation r between the effects of ARSB 
silencing and exposure to 10% oxygen for 4 hours 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-dimethyl-
methylene blue Blyscan assay and specific chondroitin 4-sulfate antibody. ARSB silencing 
and overexpression 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 glutathi-

one/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. Similarly, the reduced glutathione to glutathione disulfide ratio 
(GSH/GSSG) and the total cellular and protein-associated sulfhydryl concentrations 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 
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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 signifi-
cantly 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 were 

attributed to the accumulation throughout tissues of the undegraded sulfated polysaccha-
rides.   

Hydrolysis of the 4-sulfate group at the non-reducing end of chondroitin 4-sulfate 
and dermatan sulfate was required for subsequent chondroitin degradation. Pathophysi-
ology was 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 associated with Decline in ARSB. 

Mucopolysaccharidosis VI 
Multiple sulfatase deficiency 

Cystic fibrosis 
Malignancies – prostate, colon, melanoma, breast, liver, thyroid 

Neurological disorders – spinal cord injury, peripheral nerve injury, traumatic brain injury, Alzheimer’s Disease 
Infectious diseases – SARS-CoV-2 

Bone and cartilage disease 
Pulmonary disease – asthma, COPD unresponsive to oxygen 

Cardiac disease 
Hypertension – salt-sensitive 

Diabetes mellitus 

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 mucopol-
ysaccharides. Arylsulfatase B (ARSB) was first described in the mid-twentieth century 
when it was identified in human liver [89] and subsequently associated with MLS or Mu-
copolysaccharidosis (MPS) VI, as summarized by McKusick [90]. 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 [91-95].   

Subsequently, deficiency of ARSB was detected in cultured fibroblasts of patients 
with the Maroteaux-Lamy Syndrome (MLS) [96], and the relationship between inherited 
deficiency of ARSB and MLS, subsequently identified as Mucopolysaccharidosis (MPS) 
VI, was clarified in several studies in the 1970s [6-9,92,95]. MPS VI was recently reviewed 
in detail [10], including information about the associated ARSB mutations identified 
worldwide. Specific mutations have been associated with varying degrees of disease se-
verity. Therapeutic efforts to correct ARSB deficiency were initiated and are reviewed [10]. 
Efforts included bone marrow transplantation, umbilical cord blood transplantation, en-
zyme replacement therapy, (Galsulfase, Naglazyme), and viral-mediated gene transfer 
[97-100]. These initiatives have developed from the detailed animal models of MPS VI 
[101-105].   
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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 re-
sult in the disorder multiple sulfatase deficiency, since the family of eukaryotic sulfatase 
enzymes requires post-translational modification for activity [22,23,106-110]. The com-
mon mechanism whereby SUMF-1 (or FGE) activates sulfatase has been detailed and re-
quires stabilization of the active site by several well-situated cationic residues [21,24]. 
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) 
[25]. This post-translational modification is severely defective in Multiple Sulfatase Defi-
ciency (MSD) which includes: metachromatic leukodystrophy, steroid sulfatase defi-
ciency, X-linked dominant chondrodysplasia punctata, and MPS II, IIIA, and VI [108]. 
MSD is a very rare autosomal recessive lysosomal storage disease due to mutations in the 
SUMF1 gene; it has also been called Austin syndrome, or mucosulfatidosis. Manifesta-
tions predominantly involve brain, skin, and skeleton, and may include ichthyosis, 
hepatosplenomegaly, cognitive impairment, and are classified as neonatal, late-infantile, 
and juvenile types, depending on age at diagnosis.  

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 [111]. 
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 [112,113]. In an early report, ARSB activity was noted to be reduced in 
lymphocytes from two CF patients [96]. 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 pa-
tients, as summarized in a review [111]. Significant progress has been made in life expec-
tancy and quality of life with treatment directed at correction of CFTR [114]. 

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 [38]. 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 [56]. 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 [81]. In the plasma of 
the CF patients, Interleukin (IL)-6 was significantly increased and IL-8 was reduced, com-
pared 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 
[82]. 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 si-
lenced by siRNA, due to increased binding of IL-8 with the more highly sulfated chon-
droitin 4-sulfate present on the surface of the cultured cells [28]. Consequently, leukocyte 
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chemotaxis to the epithelial cells increased due to epithelial cell sequestration of IL-8. Also, 
decline in ARSB activity led to increased expression of GPNMB (glycoprotein transmem-
brane nonmetastatic melanoma protein B) in hepatic tissue of ARSB-null mice and to in-
creased levels in plasma and in circulating leukocytes from CF patients and cultured CF 
bronchial epithelial cells [79]. These effects indicate the impact of decline in ARSB and the 
resulting increase in C4S on inflammatory processes which contribute to the pathophysi-
ology of CF. Publications have suggested that CF carrier advantage status may provide 
protection from tuberculosis and malaria [115,116]. Decline in ARSB and change in chon-
droitin sulfation have been considered in relationship to protection from these diseases 
[71-74,111]. 

14.4. Malignancy 
14.4.0. Overall impact on molecular pathways contributing to malignancy.  

ARSB was significantly lower in malignant tissue and malignant cell lines from colon, 
prostate, mammary, and melanoma than control samples [32,33,40-42,68,87]. 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 proteogly-
can expression are mediated through changes in binding of galectin-3 and SHP2 to chon-
droitin 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 galec-
tin-3 for nuclear translocation and cooperation with AP-1 and Sp1 in promoter activation, 
for expression of genes such as Wnt9A in colonic epithelium [31], versican in prostate cells 
[26], and CSPG4 in melanoma [32]. 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 [32], EGFR in 
prostate [27], CHST15 (carbohydrate sulfotransferase 15; N-acetylgalactosamine 4-sulfate 
6-O-sulfotransferase) in prostate [37], MITF (melanocyte inducing transcription factor) in 
liver [13], and enhanced promoter methylation with decline in expression of DKK3 (Dick-
kopf Wnt signaling pathway inhibitor) in prostate [35,36]. 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 
[34,50].  

14.4.1. 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 [91,117]. 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 [40]. The ARSB staining intensity and localization differed in malignant 
colonic tissue from normal colonic epithelium, with distinctive, intense luminal mem-
brane staining present reduced in the malignancies and less in the grade 3 than in the 
grade 1 adenocarcinomas. In malignant colonic tissue, the ARSB activity was significantly 
lower than in the normal control tissue. Also, 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 migration [33]. These effects were reversed in the malignant cells by ARSB overex-
pression. In the human colonic epithelial cells, when ARSB activity was reduced, expres-
sion of Wnt9A increased, whereas expression of BMP4 and carbohydrate sulfotransferase 
(CHST)11 declined [29,31]. The activation of Wnt-β-catenin pathway is recognized as a 
critical pathway in colon carcinogenesis [118] and was enhanced when ARSB was re-
duced. Decline in circulating RNA of ARSB was reported in 45 consecutive patients with 
colorectal cancers, compared to healthy controls [119]. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 8 September 2022                   doi:10.20944/preprints202209.0115.v1

https://doi.org/10.20944/preprints202209.0115.v1


 17 of 30 
 

 

14.4.2. 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 [120-122]. 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 re-
currences [41,42]. Decline in ARSB was associated with increased C4S and increased ex-
pression of versican in prostate cells and tissue [26]. The mechanism of increased versican 
expression was attributable to reduced binding of the galactoside-binding protein galec-
tin-3 with more highly sulfated chondroitin 4-sulfate present when ARSB is reduced. Re-
duced 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 in-
creased, leading to enhanced expression of EGFR through effects on phospho-JNK [27]. 
Treatment with exogenous EGF enhanced BrdU incorporation following silencing of 
ARSB, compared to normal controls [27].  

Activation of Wnt/β-catenin signaling occurred in prostate epithelial cells [35,36] due 
to disinhibition of Wnt signaling when the expression of Dickkopf Wnt Signaling Pathway 
Inhibitor (DKK)3, which normally inhibits binding of Wnt with the Frizzled/LRP5/6 re-
ceptor complex, declined. DKK3 expression declined following methylation of the DKK3 
promoter, when SHP2 was inhibited by increased chondroitin 4-sulfation, leading to in-
creased phospho-ERK mediated increases in DNA methyltransferase (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 re-
duced ARSB and DKK3 expression, indicating androgen effect on ARSB and Wnt signal-
ing [36]. Reduction of ARSB induced the hypermethylation of the DKK3 promoter and 
inhibited the DKK3 expression in prostate epithelial cells. Signaling 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 
[36]. 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 [27], 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 [35]. 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 ep-
ithelial cells than in the stromal cells [26,36]. In the malignant prostate epithelial cells, 
GALNS activity increased. Expression of carbohydrate sulfotransferase (CHST)15 also in-
creased in the malignant prostate epithelium and involved p38-MAPK pathway activation 
[37].  

14.4.3. Decline in ARSB in Mammary Malignancy 
In malignant mammary tissue, the ARSB activity was reduced compared to normal 

[87]. 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 [68].  
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14.4.4. Decline in ARSB in Malignant Melanoma  
In human malignant melanoma cell lines, ARSB activity declined progressively with 

increased invasiveness of the melanoma cell lines [32]. 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 proteogly-
can known to be increased in melanoma, through a galectin-3/Sp1 transcriptional mecha-
nism. 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 [76]. 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 malig-
nant melanoma cells were treated with rhARSB (upublished). 

14.4.5. 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 Glycopro-
tein Nonmetastatic Melanoma Protein B (GPNMB) was increased in hepatic tissue of 
ARSB null mice and ARSB knockout hepatic cells [13]. GPNMB expression is known to 
correlate very highly with the invasive and metastatic characteristics of several malignant 
tissues and is a therapeutic target [83,84]. GPNMB expression in the hepatic cells was reg-
ulated by the transcription factor microphthalmia-associated transcription factor (MITF).   

14.4.6. 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 [123]. 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 x 10-6.  However, this relationship was not confirmed in 
two smaller test populations.  

14.4.7. 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 [91,124]. Elevated Arylsulfatase B 
activity was detected in 71% of 24-hour urine samples from 243 patients with colorectal 
cancer [117], but in studies of arylsulfatase in lung, liver, and kidney, the assay used did 
not distinguish ARSB from ARSA or ARSC (steroid sulfatase) [125].   

An acidic variant of ARSB (B1) which was phosphorylated on its protein and carbo-
hydrate moieties, was identified from transplantable human lung cancer tissues [126]. 
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 aryl-
sulfatase B and reduced ARSB activity.  A recent review has included reports about sul-
fatases in normal and malignant tissues [127]. 

14.5. Neurological Disorders 
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Decline in ARSB and the resulting increase in chondroitin 4-sulfate in association 
with 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 [128]. Underlying pathology demonstrated the in-
creased accumulation of chondroitin sulfate at the site of injury. Recombinant human 
ARSB was reported to improve functional recovery and eliminated the observed immu-
noreactivity for chondroitin sulfates within five days. In other experiments, a hydrogel, 
which was an imidazole-polyorganophosphazene-hydrogen complex with sustained re-
lease of ARSB, significantly diminished fibrotic extracellular matrix components associ-
ated with spinal cord injury and improved functional locomotor recovery with increased 
number of regenerating axons [129]. 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 [130,131]. 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 sul-
fate 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 important sul-
fation. Similar effects of CSPGs were detected after optic nerve injury in rodent models 
[132]. 

Exogenous ARSB was observed to enhance neurite outgrowth following ethanol-in-
duced injury [89]. Astrocyte ARSB declined and C4S increased following ethanol exposure 
which impaired neurite outgrowth. Expression and distribution of ARSB were associated 
with neuronal death in a superoxide dismutase (SOD)1 transgenic mouse model [133].  

14.5.3. Traumatic Brain Injury (TBI)   
Increases in chondroitin 4-sulfate (C4S) and chondroitin sulfate proteoglycans 

(CSPG), including neurocan, have been identified and recognized as major contributors 
to the scar formation that follows traumatic brain injury [134]. Post-traumatic decline in 
ARSB contributes to the accumulation of C4S in traumatic brain injury (TBI) due to inhi-
bition 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 [134]. Initial studies of ARSB in human brain were performed decades ago [48,135].  

14.5.4. Alzheimer’s disease 
A genome wide association study (GWAS) with 381 participants (172 cases, 209 con-

trols) in the Alzheimer’s Disease Neuroimaging Initiative identified 21 genes or chromo-
somal areas with at least one Single Nucleotide Polymorphism (SNP) that was considered 
as a potential new candidate for occurrence of sporadic AD [136]. ARSB (SNP rs337847, 
intron 3) had a p-value of 6.71 x 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 [137]. The abundance of amyloid beta peptide (A beta) and the se-
lective loss of neurons characteristic of Alzheimer's disease was also characterized by sur-
vival of subpopulations of brain cells. The gene expression profiles of the surviving neu-
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rons were examined for characteristics enabling resistance to A beta toxicity. By a differ-
ential 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 
[137]. In the cortex and hippocampus of ARSB null mice and control C57BL/6J mice, SSA 
protein was increased five-fold of 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 fac-

tors 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 [71-74]. 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 [43]. This is consistent with a mechanism in 
which decline in ARSB and the associated increase in chondroitin 4-sulfate inhibits attach-
ment 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 [138]. 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 [139]. 

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 [140]. 

14.7.1. 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 manifesta-
tions. ARSB has been reported to be involved with skeletal turnover and noted to be in-
creased [141]. Other experiments showed higher ARSB activity in cultured human chon-
drocytes from osteoarthritis [142]. Studies in cartilage have included co-culture of normal 
chondrocytes with chondrocytes from animal models of MPS VI [143,144]. Articular chon-
drocytes 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 me-
tabolism of chondroitin sulfate glycosaminoglycans in articular cartilage from patients 
have been identified in Kashin-Beck disease, an osteochondropathy endemic to China and 
nearby areas [46].  

14.7.2. Pulmonary Disease 
The effect of long-term oxygen therapy in patients with moderate COPD varied 

based on ARSB expression and genotype [145]. Changes in ARSB gene expression involv-
ing coding and non-coding regions were identified in patients with moderate COPD who 
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were refractory to oxygen therapy in the Long-term Oxygen Treatment Trial (LOTT). In-
vestigators found no benefit of long-term oxygen therapy in many patients with moderate 
chronic obstructive lung disease (COPD). In 331 subjects, 97 single nucleotide polymor-
phisms (SNPs) showed evidence of interaction with oxygen therapy at p<1e-5, including 7 
SNPs near Arylsulfatase B (ARSB; p=6e-6). In microarray expression profiling on 51 whole 
blood samples from 37 individuals, at screening and/or at 12-month follow-up, ARSB ex-
pression was associated with the primary outcome depending on oxygen treatment.  

 In the study of ARSB activity in peripheral leukocytes of cystic fibrosis patients [81], 
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 re-
duction of eNOS expression and viability [146]. 

14.7.3. Cardiac disease 
Cardiac abnormalities are present in MPS VI patients and were noted in rodent mod-

els of MPSVI [6-11,147,148]. The microRNA, miR-154-5p, which acts to inhibit expression 
of ARSB, was identified as a regulator of angiotensin II-mediated heart remodeling [149]. 
The use of rhARSB was evaluated in heart failure in non-mucopolysaccharidosis failing 
hearts, but with increased chondroitin sulfate [150]. Rat left ventricles and failing human 
hearts were studied. Treatment 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 [151]. Sympathetic nerve regen-
eration was reported to be regulated by chondroitin sulfation following myocardial in-
farction [152].  

14.7.4. 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 
[30,65]. 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. 

14.7.5. 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 [153]. 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. 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, de-
fined 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 [154]. The lower 
ARSB levels in circulating leukocytes were associated with higher circulating galectin-3 
and with higher hemoglobin A1c levels. 

14.7.6. Vascular Disease 
Increased ARSB was reported in varicose veins and varicose veins complicated by 

thrombophlebitis [155]. ARSB was reported to be upregulated (1.15-fold) in carotid ather-
osclerosis more likely to embolize when ARSB was higher. One study reported upregula-
tion of ARSB in symptomatic patients with carotid atherosclerosis who had symptoms of 
cerebral embolization [156].  
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14.7.7. Other Pathologies associated with ARSB 
Other reports have identified pathophysiological effects of decline or increase in 

ARSB in association with uterine leiomyomas [157], bullous pemphigoid (increase) [158], 
pre-eclampsia [159], anaphylaxis [160], chronic lymphocytic leukemia [161], and chronic 
myelogenous leukemia [162]. 

15. SUMMARY 
15.1. Not just a lysosomal enzyme – Membrane Localization of ARSB 

Arylsulfatase B was initially recognized as a lysosomal enzyme, but recent studies 
demonstrated extra-lysosomal distribution and activity, and decrease in activity increased 
the content of chondroitin 4-sulfate and total sulfated glycosaminoglycans. These in-
creases were shown by measurements using specific C4S antibody and sulfated GAG as-
say and disaccharide analysis. The natural physiological substrate, chondroitin 4-sulfate, 
was present intracellularly, including in the nucleus, and in the extracellular matrix.   

15.2. Impact of ARSB on Intracellular Signaling, Cell-Cell Signaling, and Transcription 
This change in sulfation pattern of chondroitin 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 activation; 2) increased binding of SHP2 and inactiva-
tion of phosphatase activity; 3) expression of proliferative genes, including Wnt3A, 
Wnt9A, c-Myc, EGFR, CyclinD1, GATA-3;  4) activation and expression of matrix degra-
dation genes, pro-MMP2 and MMP9; 5) sequestration and reduced secretion of critical 
molecules, including IL-8, high molecular weight kininogen, and BMP4; and 6) hyper-
methylation of the DKK3 promoter and activation of Wnt signaling. These effects influ-
ence cell migration and invasion 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, thereby impacting on critical phosphorylations and path-
ways of intracellular signal transduction. Increased availability of galectin-3 affects tran-
scriptional events and may be binding with the insulin receptor impair insulin signaling 
and associated metabolic processes. This combined effect, of decline in SHP2-mediated 
phosphatase action and of increased galectin-3 on transcription and metabolism, enables 
ARSB to 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 and 

induced aerobic glycolysis, the Warburg effect, further substantiating a profound role of 
decline in ARSB in fundamental cellular metabolism and malignant transformation. The 
precise molecular mechanisms and the relative importance of declines in ARSB activity 
with respect to oncogenes and their mutations requires further investigation.  At present, 
data indicate that ARSB is a tumor suppressor gene and decline in ARSB can contribute 
significantly to malignant transformation. 

15.4. Impact on EMT and Epithelial-Mesenchymal Identity 
 Recognition that ARSB and C4S predominate in the stromal and GALNS and C6S 

predominate in the epithelium suggests a fundamental patterning which enables tissue 
organization due to particular spatial orientation and localization of sulfate groups. Inter-
actions with specific chondroitin sulfations can program different responses to environ-
mental cues. 

15.5. Future directions 
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Future work will clarify the distinct effects attributable to accumulation of chon-
droitin 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 avail-
ability 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. Although not as drastic as 
the changes seen due to congenital deficiency of ARSB, the evolution in time of significant 
cellular and tissue pathophysiology may affect vital organs with significant pathophysi-
ology. Since ARSB requires post-translational modification for activation, identification of 
reduced expression in RNAseq or mutations in gene profiles in reference databases may 
not capture significant changes in ARSB activity and small, gradual increments in chon-
droitin 4-sulfate may not come to attention, although they may lead to epithelial-mesen-
chymal 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 an-
tibodies which detect the chondroitin stubs following treatment by chondroitinase ABC 
do not give information about C4S content. Heterogeneity of the chondroitin sulfate 
chains attached to any proteoglycan is likely. Silencing ARSB and maintenance, thereby, 
of the 4-sulfate group at the non-reducing end of the GAG chain defines a distinct, mech-
anistic focus, as detailed in this report. This site appears to be critically important in reg-
ulation of vital cell processes. Disaccharide analysis provides quantitative assessment of 
the relative abundance of specific chondroitin disaccharides which populate the chon-
droitin sulfate chains, although providing no specific information about GAG chain 
length. 

 Many of the reported studies with silencing of ARSB reduce ARSB expression to lev-
els 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. Future focus on ARSB and chon-
droitin sulfates is anticipated to provide useful information and approaches to human 
disease and may yield profound insight into fundamental biological processes. 

Table 1. TOPICS. 

1. Introduction 
2. Extra-Lysosomal Localization of ARSB 

3. Measurement of ARSB Activity  
4. Inhibition of ARSB Activity  

5. Regulation of Signaling Mechanisms by Arylsulfatase B and Chondroitin 4-Sulfation 
      Activation of Galectin-3 

                 Inhibition of SHP2 Activity 
6. Impact on Transcriptional Events 

7. Impact on Motility and Invasiveness 
8. Impact of Decline in ARSB on Activation of Phospho-ERK1/2, Phospho-JNK, and Phospho-P38 MAPK 

9. Increased Expression of Vital Proteins 
10. Regulation of Secretion of Critical Molecules 

11. Effects on Proteoglycans and Chondroitin Sulfotransferases 
12. Role in Prostate Development and Epithelial/Mesenchymal Identity and Transition 

13. Effect on Mitochondrial Metabolism and Mediation of Oxygen Signaling 
14. Diseases with Deficiency of Arylsulfatase B 
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Figure 4. When ARSB activity is reduced, chondroitin 4-sulfation is increased, leading to decline in 
binding of galectin-3. Galectin-3 migrates and interacts with transcription factors, including AP-1 
and Sp1, leading to increased expression of versican in prostate cells [26], Wnt9A in colonic epithe-
lium [31], CSPG4 and PD-L1 in melanoma cells [32,76], and HIF-1α in bronchial and colonic epithe-
lial cells [36]. In contrast, the binding SHP2, a ubiquitous non-membrane phosphatase, to more sul-
fated C4S is enhanced. This leads to sustained phosphorylation of critical signaling molecules, in-
cluding phospho-ERK1/2 (prostate and melanoma) [35.,32], phospho-JNK (prostate) [27], and phos-
pho-p38 MAPK (liver and prostate) [13,37]. The impact of these increases includes: increased c-
Myc/Max binding in prostate cells with increased DNMT expression and activity and reduced ex-
pression of DKK3 [35], leading to disinhibition of Wnt signaling in prostate cells; increased MITF-
DNA binding in hepatic cells and increased expression of GPNMB [13]; increased expression of 
EGFR in prostate epithelial and stem cells [27]; and increased expression of pro-MMP2 and MMP-9 
in melanoma [32]. Binding of IL-8 and BMP4 to more highly sulfated C4S is increased when ARSB 
declines [28,29], whereas binding of high molecular weight kininogen (HMWK) is reduced when 
ARSB is overexpressed [30]. Binding of the malarial VAR2CSA to chondroitin sulfate is reduced 
when C4S is more sulfated [43,71-74]. 
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