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Abstract In higher vertebrates, sulfatases belong to a

conserved family of enzymes that are involved in the regu-

lation of cell metabolism and in developmental cell

signaling. They cleave the sulfate from sulfate esters con-

tained in hormones, proteins, and complex macromolecules.

A highly conserved cysteine in their active site is post-

translationally converted into formylglycine by the form-

ylglycine-generating enzyme encoded by SUMF1 (sulfatase

modifying factor 1). This post-translational modification

activates all sulfatases. Sulfatases are extensively glycos-

ylated proteins and some of them follow trafficking

pathways through cells, being secreted and taken up by

distant cells. Many proteoglycans, glycoproteins, and gly-

colipids contain sulfated carbohydrates, which are sulfatase

substrates. Indeed, sulfatases operate as decoding factors for

a large amount of biological information contained in the

structures of the sulfated sugar chains that are covalently

linked to proteins and lipids. Modifications to these sulfate

groups have pivotal roles in modulating specific signaling

pathways and cell metabolism in mammals.

Keywords Sulfatases � Sulfatase modifying factor 1 �
Multiple sulfatase deficiency � Lysosomal storage disease �
Cell signaling

Introduction

Sulfatases are hydrolytic enzymes that can cut sulfate

groups from sulfate esters (CO–S) and sulfamates (CN–S)

according to the reaction depicted below [1].

R� OSO�3 þ H2O! R� OHþ Hþ þ SO2�
4

R� NHSO�3 þ H2O! R� NHþ3 þ SO2�
4

These mechanisms are common to all sulfatases, although

each has its own substrate specificity (see Table 1). To date,

bioinformatic analyses have revealed the existence of 17

distinct genes that can code for sulfatases in humans, and 14

in rodents. [2].

Human sulfatases can be classified, on the basis of

their subcellular localization and their pH-dependent

activities, as: (1) lysosomal and acidic pH-dependent

sulfatases, including arylsulfatases A and B (ARSA,

B), galactosamine-N-acetyl-6-sulfate-sulfatase (GALNS),

N-acetylglucosamine-6-sulfatase (GNS), heparan N-sulfa-

tase (SGSH) and iduronate-2-sulfatase (IDS); (2) non-

lysosomal [endoplasmic reticulum (ER) and Golgi

localized] and neutral pH-dependent sulfatases, including

arylsulfatases C-H, J and K (ARSC-H, J, K); and (3)

extracellular and neutral–basic pH-dependent sulfatases,

including Sulfatase 1 (Sulf1) and Sulfatase 2 (Sulf2).

Sulfatases share remarkable sequence homology over

their entire protein length (between 20 and 60%) across

eukaryotic and prokaryotic species. The protein structures

are characterized by four domains: A, B and C, highly

conserved domains, participate in the formation of N-ter-

minal region with the B domain including the active site

(Fig. 1a, b), while the D domain includes the less con-

served C-terminal region. In the B domain, the aminoacids

reach C90% of similarity across all sulfatases, revealing
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evolutionarily constrained regions (ECRs) that could be

essential for the enzyme function (Fig. 1c). The ECRs

contain aminoacids with known and potential function in

substrate hydrolysis involved in the formation of the active

site pocket [2]. Interestingly, the three-dimensional struc-

ture of the N-terminal domain also shares high homology

with the alkaline phosphatase protein family, suggesting a

common enzymatic function and evolution from common

ancestral genes [2].

The conserved N-terminal region includes a consensus

motif that contains a unique active-site aldehyde residue,

a-formylglycine (FGly); this is essential for sulfatase cat-

alytic activity and it is generated post-translationally from a

highly conserved cysteine (Cys) [3, 4]. Mutagenesis

experiments have identified the minimal consensus motif

that allows this Cys conversion into FGly. This is formed

by 11 amino acids and includes the essential CXP(X/S)R

aminoacidic stretch (Fig. 1c). Mutations in this active site

or in the flanking regions result in decreased substrate

affinities or sulfatase stabilities [3, 5, 6].

The crystal structures of hARSA, hARSB, and hARSC

sulfatases have been solved by X-ray diffraction: they

appear as globular monomers that are divided in two

domains [7]. The N-terminal part contains a-helices that

are surrounded by ten large b-sheets. The C-terminal part is

constituted by a small anti-parallel b-sheet, with a tightly

associated a-helix (Fig. 1a). The sulfatase active sites

contain a divalent metal ion located in the substrate-bind-

ing pocket [7]. Of note, the secondary structure and tertiary

fold is quite identical with the exception of the length of

some loops, due to the insertion or deletion of aminoacid

sequences. The most conserved region found in ARSA and

present in all sulfatases, correspond to 19–146 and 219–

363 residues [8]. This means that the major part of the

b-sheets and a-helices are conserved in all the family. The

ARSA portion, corresponding to 6–9 b-sheets, lacks of

similarity in the primary and secondary structure among

the sulfatases [8]. Interestingly, in this region of ARSC, an

hydrophobic insertion is present that was demonstrated to

anchor the enzyme to the microsomes membrane and that

allows the contemporary exposition of N- and C-terminal

parts at the lumen side [9]. This part was moreover found

in ARSD and ARSE sulfatases.

Sulfatases are glycoproteins that contain asparagines

that link complex oligosaccharides. N-linked glycan can

strongly influence protein structures by regulating the

correct folding and stability [10]. Whereas most N-linked

oligosaccharides may be structurally dispensable in the

mature protein, they are often crucial during glycoprotein

folding and oligomerization. [11, 12]. The correct folding

of sulfatases might also be dependent on the sugar chains.

Human lymphoblastoid cells isolated from Hunter patients,

who carry loss of function mutations in the IDS gene, wereT
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transfected with the wild-type IDS cDNA and cultured in

the presence of tunicamycin. These cells synthesized a

60-kDa unglycosylated and inactive polypeptide which was

not further processed, indicating that N-glycosylation was

essential for folding, catalytic activity, and processing of

IDS [13]. In many cases, unglycosylated precursors of

lysosomal enzymes, such as that of sulfatases, are mis-

folded and degraded in the endoplasmic reticulum [14].

Thus, we have predicted the N-glycosylation pattern of all

human sulfatases using a bio-informatic approach

(Table 1). This data can be useful for further studies on the

function of the glycosylation content of human sulfatases.

In addition to controlling correct protein folding, the

biological function of glycosylation is also to regulate

sulfatase subcellular targeting. A key step in the cellular

targeting of newly synthesized sulfatases is the formation

of phosphomannosyl residues on the high mannose oligo-

saccharide chains. The transfer of GlcNac-phosphate to

mannose occurs in the intermediate compartment of the

secretory pathway, while a second mannose phosphoryla-

tion step occurs in the cis-Golgi, after the removal of the

terminal mannose residue [15]. The sorting of lysosomal

enzymes, such as that of sulfatases, occurs via the man-

nose-6-phosphate receptor (M6PR), which recycles from

the trans-Golgi network (TGN) to lysosomes and the

plasma membrane [16, 17]. Part of the newly synthesized

sulfatases escapes the saturable M6PR intracellular tar-

geting and is secreted.

Upon secretion, lysosomal sulfatases, such as ARSA,

ARSB, GALNS, GNS, IDS, and SGSH, can be re-inter-

nalized following different retrograde transport pathways

via two different M6PRs. These are M6PR 300 or cation

independent (CI-MPR) and M6PR 46 or cation dependent

(CD-MPR), which are 300 and 46 kDa, respectively; they

are localized in the cis or TGN, endosomal and plasma

membranes [18, 19] and are post-translationally modified

through glycosylation, phosphorylation, and disulfide bond

formation [20].

Immunodepletion of M6PR 46 does not increase lyso-

somal enzyme secretion, suggesting a compensatory role

for M6PR 300 [21]. In contrast, M6PR-300-deficient cells

showed a 30–40% increase in lysosomal enzyme retention

Fig. 1 a Cristal structure of human Arylsulfatase A (ARSA). The

drawing shows the N-terminal part that contains the A and C, and the

C-terminal region that includes the D domain. b Detailed represen-

tation of N-terminal B domain of hARSA that contains the FGly

generation consensus sequence CXP(X/S)R in the substrate binding

pocket. c ClustalW multiple protein sequence alignments of all the 17

human sulfatases. The FGly generation consensus sequence

CXP(X/S)R is conserved in the active site of all sulfatases. Amino

acids with the same gray shading intensities are conserved in all of

the analyzed sequences, or share similar chemical characteristics

772 M. Buono, M. P. Cosma



[22–24]. This suggests that M6PR 300 can efficiently

localize and re-internalize lysosomal proteins, while even

if M6PR 46 recycles from the intracellular membranes to

the plasma membrane, it has a minor role controlling

endocytosis of lysosomal enzymes probably because of the

slightly acidic pH required for its efficient ligand binding

[24, 25].

We still do not know why sulfatases can be secreted and

re-internalized. This trafficking might control or tune

modifications of extracellular compounds; it might con-

tribute to lysosome function and homeostasis; it might

control sulfatase recruitment to specific tissues or organs

that over-express M6PRs on the cell surface membrane

upon different stimuli; or it might even rescue loss of

function somatic mutations of specific sulfatases.

The extracellular sulfatases Sulf1 and Sulf2 control

development and cell signaling by remodeling

the heparan sulfate proteoglycans

Sulfated oligosaccharides are synthesized by sulfotransfe-

rases, glycosyltransferases, and related enzymes. The

sulfate group is transferred from 30-phosphoadenosine

50-phosphosulfate to precursor oligosaccharides in the

lumen of the Golgi apparatus by Golgi-associated sul-

fotransferases [26]. The sulfate group represents a unique

structural feature of carbohydrates bound to proteins and

lipids, and it can confer cell-, tissue- and organ-specific

functions. Important advances in different biological fields

have demonstrated that concerted sulfotransferase/sulfatase

activities are not only responsible for modulation of well-

tuned catabolic pathways, but are also relevant in different

cellular processes, such as neuromodulation, immunomo-

dulation/autoimmunity, and development [27].

Indeed, sulfotransferases produce extensively sulfated

glycosaminoglycans (GAGs) by creating a cell-, tissue- and

organ-specific code that allows modulation of multiple

processes. Glycosaminoglycans are carbohydrate poly-

mers, consisting of repeating disaccharide units, with an

amino sugar, either N-acetyl glucosamine (GlcNAc) or

N-acetyl galactosamine (GalNAc), and a uronic acid

(Glucuronic acid or Iduronic acid) [27]. At least one gly-

cosaminoglycan side chain is covalently attached to the

protein core thereby forming complex macromolecules

called proteoglycans. Different sulfation patterns produce

different proteoglycan types, such as chondroitin sulfate,

dermatan sulfate, heparan sulfate (HS), and keratan sulfate

[28].

In particular, the heparan sulfate proteoglycans (HSPGs)

have a key role in the extracellular matrix, which is a

reservoir of growth factors and cytokines such as Wnts,

fibroblast growth factors (FGFs), bone morphogenetic

proteins (BMPs), Noggin, Sonic hedgehog (Shh) and vas-

cular endothelial growth factors (VEGFs). All these

morphogens are stored at the interface between the plasma

membrane and the extracellualr matrix and are associated

to the HS chains of the HSPGs [29, 30]. Upon specific

signals that produce low binding affinities with the HSPGs,

the morphogens can interact with their coupled receptors

[28].

Biosynthetic modifications within the HSs of HSPGs are

therefore implicated in the strength and outcome of

HS–ligand interactions. The identification of mutations in

enzymes involved in HS chain biosynthesis in Drosophila

and mice have shown the critical roles of HSPGs in

developmental processes and specific signaling pathways.

Mutations in the homologue of UDP-D-glucose dehydro-

genase [31, 32] or in N-deacetylase/N-sulphotransferase

[33] in Drosophila, result in the severe impairment of Wnt,

FGFs and Shh signaling pathways. Drosophila mutants in

the pipe gene, which encodes a putative 2-O-sulphotrans-

ferase, show defects in the establishment of dorsal–ventral

(D–V) polarity in the embryo [34]. The abrogation of the

murine homologous of the pipe gene, named Hs2st, pro-

duce developmental failure of embryos after mid-gestation

[35].

Sulfatases 1 and 2 (Sulf1, 2) are ‘‘special’’ sulfatases, in

that by cleaving the sulfate from the HSPG chains, they

translate the sulfated information into a biological event

[36–39]. They are associated exclusively to the external

portion of the plasma membrane where they remodel 6-O

sulfation of HS chains to promote signaling. Both Sulf1

and Sulf2 sulfatases exert the same substrate specificity

toward HSPGs S-domain formed by UA-GlcNS(6S) and

UA(2S)-GlcNS(6S) units [40, 41].

6-O-glucosamine sulfate removal by Sulf1 and Sulf2

produces low-affinity binding between growth factors

(such as Wnts, FGFs, BMPs, Noggin) and HS, allowing

growth factor interactions with their cognate receptors and

modulation of signaling pathways [42–44]. The latter

include activation of the canonical Wnt/b-catenin

pathway [36], destabilization of the trimeric complex

2HSPGs:2FGFs:2FGF receptor, with the consequent

reduction in FGF signaling [38] and modulation of the

BMP/Noggin pathway [39]. Sulf1 and Sulf2 activities

modulate developmental and homeostatic processes,

although to date, no genetic disorders have been corre-

lated to Sulf1 or Sulf2 gene mutations.

Sulf1 and Sulf2 are involved in a variety of processes,

such as neuroanatomical development, synaptic plasticity,

satellite-cell differentiation, muscle regeneration, and

tumor growth [45, 46]. Single and double Sulf knockout

mutant mice were generated. Sulf1/Sulf2 double knockout

mice showed significant developmental flaws and high

neonatal lethality associated with reduced body weight and
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multiple developmental defects, including skeletal and

renal abnormalities [47, 48]. In addition, Sulf1/Sulf2 dou-

ble knockout mice display comparable developmental

defects with the Hs2st null mice [35] .

Metabolism and cell homeostasis is controlled

by lysosomal sulfatases

The lysosomal sulfatases, including ARSA, ARSB,

GALNS, GNS, SGSH, and IDS sulfatases, are ubiquitous

housekeeping enzymes which are involved in the catabolic

and sequential degradation steps of several substrates.

These include cerebroside-3-sulfate, chondroitin/keratan/

dermatan, and heparan sulfate compounds [1, 49]. Lyso-

somal sulfatases can recognize specific sugar–sulfate

epitopes, and their catalytic action allows the accessibility,

by other lysosomal degrading enzymes such as glycosi-

dases, of specific regions within complex lipids and

proteoglycan macromolecules.

ARSA hydrolyzes a number of sulfated substrates. The

major physiological substrates are sulfatides, and specifi-

cally sphingolipids with galactose-3S (Gal-3S) head groups

[50, 51]. Furthermore, it has been suggested that ascorbic

acid-2S is another natural substrate [52]. Mutations in the

ARSA gene have been associated with the inherited genetic

disorder metachromatic leukodystrophy, which is charac-

terized by extensive neuron demyelination in the nervous

system. This disorder results from improper catabolism of

the sulfatide cerebroside-3S, which is one of the major

structural components of the myelin sheath [53–55].

Additional studies indicate that ARSA may also have a role

in non-lysosomal environments. It has been detected on

sperm surfaces, where it is thought to adhere to sulfated

egg glycoproteins and modulate steps in the fertilization

process [56].

The other lysosomal sulfatases have different substrate

specificities. ARSB specifically cleaves sulfate esters at the

4S position of GalNAc, which are residues in dermatan

sulfate and chondroitin sulfate [57–59]; SGSH catalyzes

the hydrolysis of N-linked sulfamates of glucosamine res-

idues in heparin and heparan sulfate [60]; GALNS is

responsible for the hydrolysis of galactose-N6S (GalN6S)

residues of keratan sulfate [61, 62]; GNS removes the

sulfates from glucose-N6S residues in the heparan and

keratan sulfate chains [63, 64]; and IDS removes the sulfate

group from the 2O position of L-iduronic acid in the hep-

aran and dermatan sulfate GAGs [62, 65]. In addition, all

sulfatases can cleave a variety of synthetic substrates

(Table 1). Mutations in the genes encoding for these

lysosomal sulfatases results in mucopolysaccharidosis

(MPS), a group of lysosomal storage disorders that arise

from deficiencies in GAG catabolism [7] (Table 2).

Clinically, MPS disorders are associated with progres-

sive disease phenotypes involving multiple organs and

tissues, including severe inflammation and neurodegener-

ation. The accumulation of non-catabolized substrates

severely impairs lysosomal function, resulting in defects in

protein, glycoconjugate, lipid, nucleic acid, and phosphate

metabolism, with the consequent perturbation of cell

homeostasis [66].

A block of autophagy, which results in defective fusion

between lysosomes and autophagosomes, occurs in many

cases of mucopolysaccharidosis [67]. The mechanisms by

which autophagosome–lysosome fusion is impaired in

lysosomal storage disease remain to be clarified, although

they could be based upon microtubule-based transport

deficiencies or changes in the lipid composition of lyso-

somal membranes, resulting in an impairment of vescicular

trafficking [68]. In addition, alterations in the lysosome

lipid composition that can occur in these diseases could

produce lysosomal membrane permeabilization and

cathepsin release. Cathepsins have been shown to induce

the activation or mitochondrial release of pro-apoptotic

factors that mediate cell death programming [69, 70].

Sulf1 and Sulf2 can connect lysosomal function and cell

signaling. Indeed, the unique ability of Sulf1 and Sulf2 to

down-regulate FGF signaling could in fact decrease p38

phosphorylation and pro-apoptotic factors activation [71];

to this purpose, it would be interesting to generate a

mucopolysaccharidosis (MPS) cell line over-expressing

Sulf1 and Sulf2, to demonstrate block of apoptosis. Inter-

estingly, not only the lysosomal sulfatases were associated

with devasting genetic disorders, but also ARSC and

ARSE, which are localized in the microsomes and Golgi,

respectively.

Table 2 Lysosomal sulfatase

genes and their chromosomal

localization. Mutations in each

one of these genes causes the

reported types of

mucopolysaccharidosis (MPS)

in humans

Sulfatase Chromosomal

localization

Associated genetic

disorder

Arylsulfatase B (ARSB) 5q11-q13 Maroteaux-Lamy Syndrome (MPSVI)

Galactosamine6-Sulfatase (GALNS) 16q24.3 Morquio A Syndrome (MPSIVA)

Glucosamine6-Sulfatase (GNS) 12q14 Sanfilippo D Syndrome (MPSIIID)

HeparanN-Sulfatase (SGSH) 17q25.3 Sanfilippo A Syndrome (MPSIIIA)

Iduronidate2-Sulfatase (IDS) Xq28 Hunter Syndrome (MPSII)
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ARSC, or steroid sulfatase (STS), is a ubiquitous

enzyme detectable in different tissues and with a distribu-

tion varying across the different mammals. It hydrolyses

aryl and alkyl [dehydroepiandrosterone (DHEA) sulfate

(DHEAS)] steroid sulfates (estrone sulfate) [72]. STS

mRNA level and enzyme activity were found to be

increased in 74% of breast carcinoma cells [73]. STS-

dependent estrogen desulfation activity produces, in fact,

high levels of biologically active compounds that are able

to bind the estrogen receptor increasing the incidence of

malignant transformation [74]. In addition, STS deficiency

has been associated with the X-linked Ichthyosis, a human

genetic skin disorder that affects males [75]. Lipids have an

important role in the formation of the skin corneum stratum

structure, and alterations in cholesterol sulfate processing

or quantity due to unefficient ARSC activity, produce the

scaling of the skin, particularly on the neck, trunk, and

lower extremities [72, 76] .

Another X-linked human genetic disorder is the chon-

drodysplasia punctata (CDPX), which is due to mutations

in ARSE. Arylsulfatase E is a Golgi localized enzyme with

unknown physiologic substrates. CDPX is a rare genetic

disorder characterized by skin and hair alterations, and

causes short stature with skeletal abnormalities, cataracts,

and deafness. Skeletal dysplasias is characterized by

abnormal calcium deposition in regions of enchondral bone

formation [77].

SUMF1: structure, subcellular localization and function

All sulfatases need to be activated by SUMF1/FGE. The

SUMF1 gene was discovered by two different and com-

plementary approaches. Biochemical purification of the

formylglycine-generating enzyme (FGE) from the soluble

fraction (reticuloplasm) of bovine testis microsomes was

carried out through its ability to bind to and modify the Cys

within a 23-mer peptide from ARSA. The isolated protein

was subjected to sequence analysis and the cDNA cloned

[78]. We used a genetic approach that was coupled to

complementation functional assays. By microcell-mediated

chromosome transfer and irradiation microcell-mediated

chromosome transfer, we first identified chromosome 3 as

the complementing chromosome, then a 2.6-Mb section of

chromosome 3 as the minimal complementing region. By

direct sequencing of all of the genes within this minimal

region using genomic DNA from a collection of multiple

sulfatase deficiency (MSD) patient cell lines, we identified

an unknown open-reading frame that we called SUMF1

[79]. The gene is located at 3p26 and encodes the FGE.

This protein is highly conserved during evolution, from

bacteria to mammalians. Co-expression of SUMF1 with a

single sulfatase cDNA strongly increased the sulfatase

activity, demonstrating that SUMF1 is an essential and

limiting factor for the activity of sulfatases [79].

Based on crystal structure studies, Dierks and

co-workers demonstrated that FGE functions as an oxy-

genase, using oxygen to generate FGly via the cysteine

sulfenic acid intermediate. This catalytic mechanism was

elucidated from six high resolution structures under dif-

ferent redox conditions [80].

SUMF1 is a glycoprotein that is present into the ER and

in the secretory pathway (Golgi, lysosomes, endosomes),

and it can be secreted into the extracellular space [81, 82].

It contains a single N-linked glysosylation site at aspara-

gine 141, and the intracellular SUMF1 forms contain high

mannose carbohydrates, comprising 4–9 hexoses attached

to two N-acetylhexosamine residues. The secreted forms

contain a family of complex type oligosaccharides, with a

core carbohydrate consisting of 29 N-acetylhexosamine,

39 hexose (mannose), and 19 deoxyesose (fucose) resi-

dues that carry up to 39 lactosamine, 29 sialic acid and

19 deoxyesose residues [81]. The heterogeneity of these

intracellular and extracellular SUMF1 forms are probably

related to different and yet unknown biological activities.

The SUMF1 N141A mutant and Xenopus SUMF1

encode for unglycosylated forms of the SUMF1 protein.

Upon over-expression, they correctly localize in the ER,

but they have low enhancing activities for co-expressed

sulfatases. The absence of glycosylation could produce

aberrant protein folding or a reduction in the binding

affinity for SUMF1 to sulfatases. Nevertheless, the mutant

proteins can be secreted into the culture media [82].

The balance between ER retention and secretion of

SUMF1 is a finely tuned process that is regulated by

SUMF1 protein interactors [83]. Protein disulfide isomer-

ase (PDI) is a redox-dependent chaperone that mediates the

formation, isomerization, and reduction of numerous sub-

strates [84], and can interact with SUMF1 [83]. By

changing the levels of PDI in the cells, it is possible to

modulate the ER retention of SUMF1 versus its secretion.

SUMF1 also interacts with ER-Golgi intermediate com-

partment protein ERGIC-53 [85, 86] via its carbohydrate-

recognition domain (CRD). This interaction promotes the

trafficking of SUMF1 through the secretory pathway [83].

Finally, SUMF1 can bind to the endoplasmic reticulum

protein (ERp)44 [87–90] that mediates ER-retrieval trans-

port of SUMF1 [83, 91]. Overall, a fine-tuned multistep

mechanism controls SUMF1 retention and secretion [83].

After secretion, SUMF1 can be taken up in distant cells

and tissues. It is retrogradely re-internalized via a receptor-

mediated mechanism as an active enzyme into the ER.

Interestingly, unglycosylated SUMF1 protein, SUMF1

N141A mutant, and the Xenopus SUMF1 retain the ability

to be secreted into the medium, but they cannot be taken up

from the extracellular space, suggesting that the sugar
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content is involved in SUMF1 re-internalization [82]. ER

targeting from the extracellular space has been otherwise

shown only for a few toxins, such as Shiga toxin and ricin.

Further studies will be necessary to dissect out the exact

route that allows SUMF1 retrograde transport into the ER.

Sumf1-/- mice have shown that mammals have a single

sulfatase modification system. The Sumf1 null mice dis-

played a drastic reduction of their life span, growth

retardation, skeletal abnormalities, and neurological

defects due to the lysosomal storage, but also develop-

mental failure, strictly associated to the Sulfs activity

abrogation. The overall phenotype contribute to the trigger

of a generalized inflammatory process [92].

Interestingly, Sumf1-/- mice display a severe failure of

hematopoietic differentiation, that is due to the increase of

FGF signaling, to the activation of the Wnt/b-catenin and

Notch pathways. This phenotype is specifically due to the

loss of function of Sulf1 and Sulf2 in Sumf1-/- mice (Buono

et al., unpublished results). Likewise, alterations in the

proteoglycan desulfation process, due to the inactivity of

Sulf1 and Sulf2 sulfatases in Sumf1-/- mice affect several

aspects of chondrocyte biology, such as proliferation and

differentiation during skeletal development, through mod-

ulation of growth factor signaling and also by influencing

lysosomal function. Of note, the Sumf1-/- mice lacking one

copy of Fgf18 show a restoration of chondrocyte viability

and function demonstrating that these defects were due to

the constitutive activation of FGF signaling pathway con-

trolled by Sulf1/Sulf2 sulfatases [93].

Clinical perspectives and therapies

Mutations in sulfatase genes produce metabolic and

developmental syndromes that involve multiple tissues and

organs. A large amount of data has been produced over the

last few years, which has led to clarification of the actions

of each individual sulfatase and of their activator SUMF1,

including their localization, structure, and function. How-

ever, ARSH, ARSI, ARSG, and ARSK are novel sulfatases

that were identified through bioinformatics analysis, and

they remain to be characterized. The cloning and expres-

sion of these genes will allow a full understanding of this

large protein family.

Not all the sulfatase substrates have been identified. The

isolation of an enzyme–substrate complex is not an easy

task, due the rapid kinetics of the conversion mechanism.

Site-specific mutagenesis of the required Cys residue, so it

cannot be converted into FGly, might still preserve the

sulfatase ability to bind its substrate, allowing the forma-

tion of a stable enzyme–substrate complex. The latter could

thus be immunoprecipitated and analyzed by mass

spectrometry.

Very little is known about the physiological roles of the

sulfatase glycosylation, secretion, and re-internalization

routes (in particular for lysosomal sulfatases). However,

the discovery of the retrieval route for lysosomal sulfatases

and for SUMF1, and the observation that these enzymes

retain catalytic activity upon re-internalization, form the

basis for enzyme replacement therapies. These make use of

glycosylated recombinant sulfatases that are injected

directly into the blood to restore the disease defects. Other

approaches utilize adeno-associated virus (AVV)- and

lentiviral (LV)-mediated gene delivery to obtain systemic

expression, or an ‘‘organ factory’’, that over-secretes the

protein into the blood, allowing it to reach all the non-

transduced organs. Systemic delivery of AVV2/8-TBG-

hIDS vectors leads to the engineering of the liver of a

Hunter mouse model resulting in the production and

secretion of IDS into the blood. From the blood stream,

IDS can be taken up into all non-transduced tissues,

therefore resulting in the complete rescue of the patho-

logical phenotype in all the visceral organs of the mice

[94]. In addition, we recently showed that a single

administration of the AAV2/5CMV-hIDS vector in MPSII

mouse pups resulted in high plasmatic levels of hIDS that

were sufficient to rescue central nervous system (CNS) and

visceral phenotype up to 18 months after therapy. Inter-

estingly, in the treated MPSII animals, this CNS correction

arises from the crossing of the blood–brain barrier by the

IDS enzyme itself, and not from the brain transduction

[95].

Delivery of AVV2/8 TBG ARSB was tested for the

treatment of the Maroteaux–Lamy Syndrome (MPSVI) in

rats. After systemic or intramuscular administration of

AAV, therapeutic levels of circulating ARSB are achieved,

resulting in skeletal improvements and significant decrease

in GAG storage, inflammation, and apoptosis [96].

Autologous transplantation of hematopoietic stem and

progenitor cells transduced with LV-Pgk-ARSA produced

over-physiological plasma levels of ARSA that is able to

reach multiple organs, providing correction of the CNS

symptoms in the metachromatic leucodystrophy mouse

model [97].

Since SUMF1 can activate the sulfatases, the co-deliv-

ery of SUMF1 with the exogenous sulfatase might also

produce a more efficient rescue of the phenotype [98]. The

intracerebral delivery of sulfamidase and SUMF1 genes

(via the use of the AAV2/5-CMV-SGSH-IRES-SUMF1

vectors) has also provided functional correction of CNS

lesions in an MPS-IIIA mouse model [99].

Interestingly, small medical compounds (steroidal and

nonsteroidal sulfamates) were recently used to inhibit

ARSC. The treatment with 667COUMATE, an irreversible

ARSC inhibitor, in postmenopausal women with breast

cancer demonstrated that low doses of the drug can
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efficiently inhibit the enzyme (more than 90%) in periph-

eral blood. The use of this inhibitor and of drug derivatives

with higher in vivo-stability or enhanced efficacy could

improve the treatment of malignant transformation [72].

Finally, an in vivo-model to develop gene therapy for

X-linked ichthyosis has also been developed. X-linked

ichthyosis primary keratinocytes from patients were

transduced with retroviruses carrying the ARSC gene and

then were grafted onto immunodeficient mice. Transduced

keratinocytes, likewise normal keratinocytes grafted as

control, were able to generate human epidermis with nor-

mal ARSC expression and with the normalization of the

barrier function parameters [100].

Studies of the glycosylation content of the sulfatases

could also lead to the design of sulfatases carrying

modified sugars that might enhance their activity and

re-internalization. The engineered sulfatases might reach

tissues and organs showing poor uptake capacity, for

example, a more efficient crossing of the blood–brain

barrier for the treatment of CNS symptoms might be

achieved. In conclusion, the study of the cellular trafficking

of the sulfatases could be important to develop therapies

for a large family of devastating diseases, as the lysosomal

storage disorders.
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