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Introduction

Eukaryotic sulfatases have historically been defined as intracellular exoenzymes participating in the metabolism of a large array of sulfated substrates such as steroids, glycolipids, and glycosaminoglycan (GAGs), through hydrolysis of sulfate ester bonds under acidic conditions [START_REF] Hanson | Sulfatases: structure, mechanism, biological activity, inhibition, and synthetic utility[END_REF].

However, the field took a dramatic turn two decades ago, with the discovery of the Sulfs [START_REF] Dhoot | Regulation of Wnt signaling and embryo patterning by an extracellular sulfatase[END_REF][START_REF] Morimoto-Tomita | Cloning and characterization of two extracellular heparin-degrading endosulfatases in mice and humans[END_REF]. Unlike all other sulfatases, Sulfs were shown to be extracellular endosulfatases that catalyzed the specific 6-O-desulfation of cell-surface and extracellular matrix heparan sulfate (HS), a polysaccharide with vast protein binding properties and biological functions [START_REF] El Masri | The "in and out" of glucosamine 6-Osulfation: the 6th sense of heparan sulfate[END_REF][START_REF] Li | Heparan Sulfate: Biosynthesis, Structure, and Function[END_REF][START_REF] Sarrazin | Heparan sulfate proteoglycans[END_REF]. And unlike all other sulfatases, Sulfs could not be related to a straightforward metabolic function, but rapidly emerged as a novel major regulatory mechanism of HS biological activities, with roles in many physiopathological processes, including embryonic development, tissue homeostasis and cancer [START_REF] Bret | SULFs in human neoplasia: implication as progression and prognosis factors[END_REF][START_REF] Rosen | Sulf-2: an extracellular modulator of cell signaling and a cancer target candidate[END_REF][START_REF] Vives | Post-Synthetic Regulation of HS Structure: The Yin and Yang of the Sulfs in Cancer[END_REF].

Sulfs share a common molecular organization (Figure S1). The furin-processed mature form features a general sulfatase-conserved N-terminal catalytic domain (CAT) including the enzyme active site (and notably, the catalytic N-formylglycine (FGly) converted cysteine residue), and a unique highly basic hydrophilic domain (HD), which shares no homology with any other known protein and is responsible for high affinity binding to HS substrates [START_REF] Ai | Substrate specificity and domain functions of extracellular heparan sulfate 6-O-endosulfatases, QSulf1 and QSulf2[END_REF][START_REF] Frese | Characterization of the human sulfatase Sulf1 and its high affinity heparin/heparan sulfate interaction domain[END_REF][START_REF] Seffouh | HSulf sulfatases catalyze processive and oriented 6-Odesulfation of heparan sulfate that differentially regulates fibroblast growth factor activity[END_REF]Seffouh et al., , 2019a;;[START_REF] Tang | Functional consequences of the subdomain organization of the sulfs[END_REF]. Sulfs display a number of post-translational modifications (PTM) [START_REF] Morimoto-Tomita | Cloning and characterization of two extracellular heparin-degrading endosulfatases in mice and humans[END_REF]. Furin cleavage [START_REF] Tang | Functional consequences of the subdomain organization of the sulfs[END_REF] and N-glycosylations [START_REF] Ambasta | Quail Sulf1 function requires asparagine-linked glycosylation[END_REF][START_REF] Seffouh | Mass spectrometry analysis of the human endosulfatase Hsulf-2[END_REF]) may be dispensable for the enzyme activity, but play a role in the enzyme attachment to the cell surface, while conversion of C88 into a FGly residue is a hallmark of all sulfatases and is essential for the catalytic activity [START_REF] Dierks | Molecular basis for multiple sulfatase deficiency and mechanism for formylglycine generation of the human formylglycine-generating enzyme[END_REF]. Recent studies reported that human Sulfs (HSulfs) catalyzed the 6-O-desulfation of HS through an original, processive and orientated mechanism [START_REF] Seffouh | HSulf sulfatases catalyze processive and oriented 6-Odesulfation of heparan sulfate that differentially regulates fibroblast growth factor activity[END_REF], and that substrate recognition by the enzyme HD domain involved multiple, highly dynamic, non-conventional interactions [START_REF] Harder | Catch bond interaction between cell-surface sulfatase Sulf1 and glycosaminoglycans[END_REF][START_REF] Walhorn | Exploring the Sulfatase 1 Catch Bond Free Energy Landscape using Jarzynski's Equality[END_REF].

However, despite increasing interest, Sulfs remain to be highly elusive enzymes. Little is known about their molecular structures, catalytic mechanisms and substrate specificities. Our limited understanding of these enzymes is well illustrated by the wealth of conflicting data in the literature, reporting major discrepancies between in vitro and in vivo data, according to the biological system or the enzyme isoforms considered. This is particularly clear in cancer, where both anti-oncogenic and pro-oncogenic effects of the Sulfs have been reported [START_REF] Rosen | Sulf-2: an extracellular modulator of cell signaling and a cancer target candidate[END_REF][START_REF] Vives | Post-Synthetic Regulation of HS Structure: The Yin and Yang of the Sulfs in Cancer[END_REF][START_REF] Yang | Sulfatase 1 and sulfatase 2 in hepatocellular carcinoma: associated signaling pathways, tumor phenotypes, and survival[END_REF].

Results

HSulf-2 is an enzyme modified with a CS/DS chain Recently, we achieved for the first time high yield expression and purification of HSulf-2, which paved the way to progress in the biochemical characterization of this enzyme (Seffouh et al., 2019a).

Surprisingly, the purification step of size-exclusion chromatography highlighted an unexpectedly high apparent molecular weight (aMW) for the enzyme (> ~1000 kDa, for a theoretical molecular weight of 98170 Da, Figure 1A), although possible protein aggregation or high order oligomerization were ruled out by quality control negative staining electron microscopy (Seffouh et al., 2019a). Noteworthy, we also failed to detect the C-terminal chain containing the enzyme HD domain using PAGE analysis (Figure 1D, lane 1), even if the presence of both chains was ascertained by Edman N-terminal sequencing (Seffouh et al., 2019a). In line with this, we previously reported unusually weak mass spectrometry ionization efficiency of the HSulf-2 C-terminal chain [START_REF] Seffouh | Mass spectrometry analysis of the human endosulfatase Hsulf-2[END_REF]. Small angle X-ray scattering (SAXS) analysis of the protein yielded Guinier plots and pair-distribution function in accordance with a Dmax of 40+/-3 nm, suggesting an elongated molecular shape with an aMW of ~700 kDa, which supported our size-exclusion chromatography data (Figure S2A-E). Furthermore, results suggested the presence of two distinct domains within HSulf-2: a globular domain and an extended, flexible, probably partially unfolded region. Interestingly, similar analysis performed on a HD-devoid HSulf-2 variant (HSulf-2 HD) showed only the globular domain (Figure S2F-K), which 11 nm size fitted that of a modelled structure of the CAT domain (Figure S2K). However, it seemed unlikely that the HD domain on its own could account for the second, large flexible region. We thus initially speculated that the enzyme could have been purified in complex with HS substrate polysaccharide chains. To test this, HSulf-2 was treated with heparinases (to digest potentially bound HS substrate) or with chondroitinase ABC (to digest non-substrate GAGs of CS/DS types) prior to size-exclusion chromatography. Results showed no effect of the heparinase treatment (Figure S3B), while digestion with chondroitinase ABC dramatically delayed HSulf-2 size-exclusion chromatography elution time, thus indicating the presence of CS/DS associated to the enzyme (Figure 1B). Attempts to dissociate the HSulf-2-CS/DS complex with high NaCl concentrations were unsuccessful (Figure S3C), thereby suggesting covalent linkage between the polysaccharide and the protein. In addition, chondroitinase ABC treatment allowed for detection of a broad additional band of ~50 kDa apparent molecular weight (Figure 1D). This band was assigned to the enzyme C-terminal subunit, as confirmed by Western blot (WB) analysis (Figure 1D). Of note, the HSulf-2 HD variant (lacking the HD but not the enzyme C-terminal region) did not exhibit such band on PAGE (Seffouh et al., 2019a). We therefore concluded from these results that a CS/DS chain was covalently attached to the HSulf-2 HD domain. The presence of such a chain could account for the high aMW determined by SAXS and size-exclusion chromatography, and could also hinder migration/detection of the C-terminal subunit in PAGE/WB.

GAGs are covalently bound to specific glycoproteins termed proteoglycans (PGs), through a specific attachment site involving the serine residue of a SG dipeptide, primed by a xylose residue [START_REF] Esko | Influence of core protein sequence on glycosaminoglycan assembly[END_REF]. Xylosides are widely used inhibitors of GAG assembly on such motifs [START_REF] Chua | Synthetic Xylosides: Probing the Glycosaminoglycan Biosynthetic Machinery for Biomedical Applications[END_REF]. As such, size-exclusion chromatography analysis of HSulf-2 expressed in xyloside-treated HEK 293 cells showed a dramatic reduction of the high aMW form and concomitant increase of a form eluting as the chondroitinase ABC-treated HSulf-2 (Figure S3D), further supporting the presence of a covalently attached GAG chain. Examination of HSulf-2 amino-acid sequence showed two SG dipeptides: S508G and S583G. We thus expressed and produced a HSulf-2 variant lacking these two motifs (HSulf-2ΔSG). The HSulf-2ΔSG variant eluted at the same time as seen in the chondroitinase ABCtreated wild type (WT) HSulf-2 (Figure 1C), with restored detection of the C-terminal chain by Coomassie blue-stained PAGE and WB analysis (Figure 1D). Both SG dipeptides are located within the enzyme HD domain, but on each side of the furin cleavage site (Figure S1). As our PAGE/WB data located the CS/DS chain on the C-terminal subunit, we thus speculated that the S583G motif downstream the furin cleavage sites was the actual GAG attachment site on HSulf-2. To assess this, we performed single mutations of the first and second sites. Size-exclusion analysis of the resulting variants validated the presence of a CS/DS-type GAG chain on the S583G, but not S508G, dipeptide motif (Figure S3E and S3F). Finally, we also confirmed that the presence of N-and C-terminal tags did not bias the results, as tobacco etch virus (TEV) protease digestion did not affect size-exclusion chromatography elution times of HSulf-2 WT, chondroitinase ABC-treated HSulf-2 WT or HSulf-2ΔSG (Figure S4).

To characterize the HSulf-2 GAG chain further, we analyzed both HSulf-2 WT and HSulf-2ΔSG variants by mass spectrometry. MALDI-TOF MS analysis of HSulf-2ΔSG showed a major peak at m/z 53,885 that we assigned to the doubly charged ion [M+2H] 2+ of the whole HSulf-2 variant. Interestingly, corresponding mono-and triple-charged ions at m/z 108,250 and 37,180 were also observed. Based on this distribution of multiple charged ions, an average experimental mass value of 108,388 ± 506 g.mol -1 was determined for the whole HSulf-2ΔSG. HSulf-2ΔSG thus exhibited a ~25,000 Da lower average mass value compared to HSulf-2 WT average molecular weight previously determined by MALDI MS (133,115 Da) [START_REF] Seffouh | Mass spectrometry analysis of the human endosulfatase Hsulf-2[END_REF]. Such mass difference likely corresponds to mass contribution of the GAG chain. (Figure S5).

Covalent linkage of a ~25 kDa sulfated GAG polysaccharide to HSulf-2 would result in a huge increase of the hydrodynamic volume, which is consistent with the high aMW observed in size-exclusion chromatography (Figure 1A) and in SAXS analysis (Figure S2). Altogether, these data provide converging evidence that HSulf-2 features a unique PTM at the level of its HD domain, corresponding to a covalently-linked CS/DS polysaccharide chain. This result thus highlights HSulf-2 as a new member of the large PG family.

Endogenous expression of GAG-modified HSulf-2

We Identified a GAG chain on HSulf-2 when overexpressed in HEK transfected cells. To confirm the physiological relevance of these findings, we sought to demonstrate the presence of this GAG chain on the naturally occurring enzyme. In that attempt, we first used a strategy originally designed to identify new proteoglycans [START_REF] Noborn | Identification of chondroitin sulfate linkage region glycopeptides reveals prohormones as a novel class of proteoglycans[END_REF]. Nano-scale liquid chromatography MS/MS analysis of trypsinand chondroitinase ABC-digested PGs isolated from the culture medium of human neuroblastoma SH-SY5Y cells led to the identification of a HSulf-2 specific, 21 amino acid long glycopeptide highlighting a CS/DS attachment site on the S583 residue of HSulf-2 (Figure S6).

To get further insights into GAG modification of endogenously expressed HSulf-2, we analyzed HSulf-2 expressed by two additional cell types: MCF7 human breast cancer cells and human umbilical vein endothelial cells (HUVECs). Detection and characterization of endogenous Sulfs were challenging.

Expression yields are usually low, and WB immunodetection yields different band patterns, depending on cells, PTMs and furin cleavages (see Figure S1). To address these issues, we made use of Sulf high N-glycosylation content and used a protocol of culture medium enrichment based on a lectin affinity chromatography. We analyzed enriched conditioned medium by WB, using antibodies raised against either HSulf-2 N-terminal (H2.3) [START_REF] Uchimura | HSulf-2, an extracellular endoglucosamine-6-sulfatase, selectively mobilizes heparinbound growth factors and chemokines: effects on VEGF, FGF-1, and SDF-1[END_REF] or C-terminal (2B4) [START_REF] Lemjabbar-Alaoui | Sulf-2, a heparan sulfate endosulfatase, promotes human lung carcinogenesis[END_REF] subunits (Figure S1). WB analysis of HSulf-2 secreted in the conditioned medium of MCF7 using 2B4 yielded broad diffuse bands, respectively in the ~66-130 and ~185-270 kDa size range (Figure 2A, lane 1). We attributed these bands to CS/DS-conjugated C-terminal subunit fragments and to a CS/DSconjugated full-length, furin-uncleaved HSulf-2 form, respectively. The presence of the CS/DS chain was confirmed by chondroitinase ABC treatment, which converted the broad bands into two sets of well-defined bands, corresponding to GAG-depolymerized C-terminal fragments and full-length unprocessed forms (Figure 2A, lane 2). These changes could definitely be attributed to the cleavage of the GAG chains, as the treatment with heat inactivated chondroitinase ABC showed the same band pattern as the non-treated samples (Figure 2A, lane 3).

Analysis of HSulf-2 from HUVEC pre-purified conditioned medium yielded similar results (Figure 2B), but with remarkable differences. First, detected signals were markedly less intense. Although quantification by immunodetection should be cautiously considered, this suggested that expression levels of HSulf-2 were different between MCF7 and HUVEC cells. We also noticed discrepancies regarding furin processing activity (distinct ratios between processed and unprocessed forms). WB analysis using the N-terminal reactive H2.3 antibody confirmed the presence of the N-terminal subunit being unaffected by the chondroitinase ABC treatment (~75 kDa size), and supported the identification of full-length unprocessed forms within the analyzed samples (~160-250 kDa size range, Figure 2C and2D). Finally, although WB analysis showed similar band patterns for these two cell lines (Figure 2A and 2B), GAG-conjugated fragments from HUVEC cells migrated at slightly lower aMW (~60-75 and ~160-250 kDa, Figure 2B, lane 1). In addition, we also detected bands corresponding to GAG-lacking fragments, for HSulf-2 from HUVEC at least (C-ter and unprocessed enzyme, see Figure 2C and2D).

Altogether, these results confirm that endogenously expressed HSulf-2 harbor a CS/DS chain and indicate the co-existence of GAG-modified and GAG-free forms. Furthermore, our data suggest celldependent specificities of HSulf-2 PTM (e.g. furin processing, and the GAG structure), which could provide additional regulation/diversity of the enzyme structural and functional features.

HSulf-2 GAG chain modulates enzyme activity in vitro

The HD is a major functional domain of the Sulfs. This domain is required for the enzyme high affinity binding to HS substrates and for processive 6-O-endosulfatase activity [START_REF] Frese | Characterization of the human sulfatase Sulf1 and its high affinity heparin/heparan sulfate interaction domain[END_REF][START_REF] Seffouh | HSulf sulfatases catalyze processive and oriented 6-Odesulfation of heparan sulfate that differentially regulates fibroblast growth factor activity[END_REF][START_REF] Tang | Functional consequences of the subdomain organization of the sulfs[END_REF]. We thus anticipated that the presence of a GAG chain on this domain would significantly affect the enzyme substrate recognition and activity.

To study this, we assessed HSulf-2 WT and HSulf-2ΔSG 6-O-endosulfatase activities, using heparin as a surrogate of HS. We analyzed the disaccharide composition of HSulf-2 treated heparin and measured the content of [UA(2S)-GlcNS(6S)] trisulfated disaccharide, which is the enzyme's primary substrate [START_REF] Frese | Characterization of the human sulfatase Sulf1 and its high affinity heparin/heparan sulfate interaction domain[END_REF][START_REF] Pempe | Substrate specificity of 6-O-endosulfatase (Sulf-2) and its implications in synthesizing anticoagulant heparan sulfate[END_REF][START_REF] Seffouh | HSulf sulfatases catalyze processive and oriented 6-Odesulfation of heparan sulfate that differentially regulates fibroblast growth factor activity[END_REF]. Results showed enhanced digestion of the disaccharide substrate with HSulf-2ΔSG versus HSulf-2 WT, and a concomitant increase in the [UA(2S)-GlcNS] disaccharide product (Figure 3A). We speculated that the observed increase in endosulfatase activity could be due to an improved enzyme-substrate interaction. We thus analyzed the binding of HSulf-2 WT and HSulf-2ΔSG to surface coated biotinylated heparin. Results showed an increase, although modest in HSulf-2ΔSG binding to heparin, with calculated KDs of 10.2±0.4 nM and 7.1±0.8 nM for HSulf-2 WT and HSulf-2ΔSG, respectively (Figure 3B).

The second functional domain of the Sulfs, CAT, comprises the enzyme active site. CAT alone is unable to catalyze HS 6-O-desulfation, but it exhibits a generic arylsulfatase activity that can be measured using the fluorogenic pseudosubstrate 4-methyl umbelliferyl sulfate (4-MUS). Surprisingly, HSulf-2ΔSG showed greater (~2.5 fold increase) arylsulfatase activity than that of HSulf-2 WT (Figure 3C). We thus concluded from these observations that newly identified CS/DS chain of HSulf-2 regulates the enzyme activity, both by modulating HD domain/substrate interaction and by hindering access to the active site. We hypothesize that these effects could be due to electrostatic hindrance preventing the interaction of the enzyme functional domains with sulfated substrates.

Aside enzyme activity, the interaction of HS with the Sulf HD domain is also involved in the retention of the enzyme at the cell surface, a mechanism that may also govern diffusion and bioavailability of the enzyme within tissues [START_REF] Frese | Characterization of the human sulfatase Sulf1 and its high affinity heparin/heparan sulfate interaction domain[END_REF]. To investigate this, we analyzed the interaction of HSulf-2 WT and HSulf-2ΔSG with cellular HS by FACS, using human amniotic epithelial Wish cells as a model.

Again, results showed a significant increase in binding of the HSulf-2 form lacking the CS/DS chain to Wish cells (Figure 3D). These data therefore suggest that HSulf-2 GAG chain may also influence enzyme retention at the cell surface.

As GAG-lacking HSulf-2ΔSG variant exhibited enhanced HS 6-O-endosulfatase activity, we sought to investigate whether enzymatic removal of HSulf-2 GAG chain would lead to a similar effect.

Hyaluronidases are the only mammalian enzymes to exhibit chondroitinase activity [START_REF] Csoka | The six hyaluronidase-like genes in the human and mouse genomes[END_REF]Bilong M. et al., manuscript in revision). We found that treatment of Hsulf-2 WT with hyaluronidase allowed WB detection of the ~50 kDa band corresponding to the enzyme C-terminal subunit (Figure 3E), and boosted heparin 6-O-desulfation (Figure 3F), with an efficiency similar to that of the HSulf-2ΔSG variant.

HSulf-2 GAG chain modulates tumor growth and metastasis in vivo

We next investigated the effect of HSulf-2 GAG chain on tumor progression in vivo, using a mouse xenograft model of tumorigenesis and metastasis. For this, we overexpressed by lentiviral transduction either HSulf-2 WT or HSulf-2ΔSG in MDA-MB-231, a human breast cancer cell line that does not express any HSulfs endogenously [START_REF] Peterson | Human Sulfatase 2 inhibits in vivo tumor growth of MDA-MB-231 human breast cancer xenografts[END_REF]. After selection, stable expression of Sulfs in transduced cells was confirmed by WB. In contrast, cells transduced with an unrelated protein (DsRed) showed no endogenous expression of the Sulfs (Figure S7A).

We also validated the endosulfatase activity of HSulf-2 produced in MDA-MB-231, by treating heparin with concentrated conditioned medium from transduced cells. Results showed no activity for the medium of DsRed-transfected cells, while conditioned medium from either HSulf-2 WT or HSulf-2ΔSG transduced cells efficiently digested heparin, as shown by the increase of [UA(2S)-GlcNS] disaccharide product (Figure S7B). Again, results suggested higher endosulfatase activity for HSulf-2ΔSG transduced cells. Finally, we confirmed the presence of the CS/DS chain on MDA-MB-231 HSulf-2 WT, by treating conditioned medium with chondroitinase ABC, followed by WB analysis (Figure S7C). Of note, results also showed a significant proportion of GAG-free and full-length, unprocessed forms of HSulf-2 in the chondroitinase ABC-untreated conditioned medium (Figure S7C, lane 1). DsRed, HSulf-2 WT or HSulf-2ΔSG transduced MDA-MB-231 cells were then xenografted into the mammary gland of mice with severe combined immunodeficiency (SCID). Tumor volumes were monitored every 2 days and xenografted SCID mice were euthanized when the first tumors reached 1 cm 3 in size (Day 52), in accordance with the European ethical rule on animal experimentation. Primary tumors, along with lymph nodes and lungs, were collected for further analysis. Results showed little effects of HSulf-2 WT expression on the tumor size (Figure 4A). Our data are therefore in disagreement with previous work, which reported either anti-oncogenic [START_REF] Peterson | Human Sulfatase 2 inhibits in vivo tumor growth of MDA-MB-231 human breast cancer xenografts[END_REF] or pro-oncogenic [START_REF] Zhu | Sulfatase 2 promotes breast cancer progression through regulating some tumor-related factors[END_REF] effects of HSulf-2 WT expression in MDA-MB-231 cells using similar in vivo mouse models.

However, it should be noted that a major difference between these three studies is the size of xenograft tumors achieved (~0.04 cm 3 and 3-4 cm 3 respectively, in the studies mentioned above). Such conflicting data clearly exemplify the complexity of HSulf regulatory functions and possible bias, which could result from the experimental design. In contrast, expression of the HSulf-2ΔSG variant significantly promoted tumor growth, in comparison to both DsRed and HSulf-2 WT conditions.

Noteworthy, WB analysis of tumors confirmed sustained expression of the enzyme in both HSulf-2 WT and HSulf-2ΔSG -but not DsRed-conditions (Supp. Figure S7D). Histological analysis of tumor sections using an eosin/hematoxylin staining showed greater necrotic area in control tumors than in HSulfexpressing tumors (Figure 4B). As necrosis is a hallmark of hypoxia in growing tumors that is mainly due to lack of angiogenesis, we studied tumor vascularization using α Smooth Muscle Actin (αSMA) immunostaining. Results showed no apparent changes in αSMA labelling upon HSulf-2 WT expression. However, tumor vascularization was increased in HSulf-2ΔSG tumors (Figure S8A andS8B). We next analyzed lymph nodes and lungs for secondary tumors. Lung, which is a primary target for metastasis in this tumor model, was affected in all conditions (Figure 4C). However, size of metastasis-induced secondary tumors was significantly greater in HSulf-2ΔSG expressing tumors (Figure 4D and4E).

Moreover, tumor metastasis could be observed with higher frequency in lateral (Left Axillary LN) but also contra-lateral (Right Axillary LN) lymph nodes for HSulf-2 expressing tumors (Figures S8C). The CS/DS chain borne by HSulf-2 is thus functionally relevant in vivo, at least in the context of cancer, where it attenuated the effect of the enzyme on tumor growth and metastatic invasion. In contrast, forms of HSulf-2 lacking the CS/DS chain stimulate the metastatic properties of cancer cells, thus highlighting the importance of HSulf-2 GAG modification status for considering the enzyme as a potential therapeutic target for treating human cancer.

Discussion

In this study, we have shown the presence of a covalently-linked CS/DS chain on extracellular sulfatase HSulf-2, and demonstrated its functional relevance. Although CS/DS chains have been previously identified on the mucin-like domain of ADAMTS [START_REF] Mead | The metalloproteinase-proteoglycans ADAMTS7 and ADAMTS12 provide an innate, tendon-specific protective mechanism against heterotopic ossification[END_REF], the identification of HSulf-2 as a new secreted PG is unprecedented. It is well established that GAG chains provide most of PG's biological activities, usually through the ability of the polysaccharide to bind and modulate a wide array of structural and signaling proteins. However, we show here that the GAG chain present on Hsulf-2 directly modulates its enzyme activity. These findings open new and unexpected perspectives in the understanding of the enzyme biological functions, and should contribute to clarify discrepancies in the literature.

Here, we first demonstrated that the CS/DS chain modulates HSulf-2 6-O-endosulfatase activity in vitro, most likely by competing with sulfated substrates for HS binding site occupancy, and/or through electrostatic hindrance. In support to this, we located this GAG chain on the HD domain of HSulf-2, which is critical for substrate binding. However, in an in vivo biological context, we anticipate that Hsulf-2 GAG chain could also modulate the enzyme function through other mechanisms. GAGs bind a wide array of cell-surface and extracellular matrix proteins. The HSulf-2 CS/DS chain could therefore promote the recruitment of GAG-binding proteins, with potentially significant functional consequences. These interactions may involve HSulf-2 in the regulation of matricrin signaling activities, or influence the diffusion and distribution of the enzyme within tissues. In line with this, our FACSbased cell-binding assay suggested enhanced attachment to the cell surface of the HSulf-2ΔSG variant vs the HSulf-2 WT form. Consequently, in vivo HSulf-2 "GAGosylation" status may not only influence the extent of HS 6-O-desulfation, but also the range of the enzyme activity and access to specific HS subsets in tissues.

We thus next analyzed the effect of HSulf-2 GAG chain in an in vivo mouse xenograft model of cancer Our data showed that overexpression of the HSulf-2ΔSG variant with enhanced activity in vitro promoted significantly tumor growth, vascularization and metastasis in vivo. The development of metastasis is a multistep process, which is a major factor of poor prognosis in cancer. Although the biological mechanisms that drive metastasis are relatively unknown, the role of cancer cell-derived matrisome proteins as prometastatic has been recently highlighted [START_REF] Tian | Cancer Cell-Derived Matrisome Proteins Promote Metastasis in Pancreatic Ductal Adenocarcinoma[END_REF]. Based on our data, we speculate that HSulf-2 may also participate to the extracellular cellular matrix remodeling process, and could provide an additional target to act on metastasis development. Furthermore, HSulf-2 "GAGosylation" status serve as a new metastatic promoting marker.

Beyond the field of cancer, this concept of "GAGosylation" status should prove to be critical for studying the biological functions of the Sulfs, as this may confer to the enzyme a tremendous level of functional and structural heterogeneity. It is first well known that the structure and binding properties of GAGs vary according to the biological context. We therefore anticipate further regulation of HSulf-2 catalytic activity and/or diffusion properties, depending on structural features of its CS/DS chain. In addition, our data highlighted differences in HSulf-2 furin processing amongst analyzed cell types. This could be functionally relevant, as furin maturation may affect HSulf-2 cell surface/extracellular localization as well as in vivo activity [START_REF] Tang | Functional consequences of the subdomain organization of the sulfs[END_REF]. As GAGs have been previously shown to promote furin activity [START_REF] Pasquato | Heparin enhances the furin cleavage of HIV-1 gp160 peptides[END_REF], we could thus hypothesize that the presence of HSulf-2 newly identified CS/DS chain at the vicinity of the two major furin cleavage sites may also influence HSulf-2 maturation status.

Here, we used a mutagenesis generated GAG-lacking HSulf-2 variant in our functional assays. However, our data suggest the co-existence of both GAG-conjugated and GAG-free HSulf-2, as PAGE analysis of GAG conjugated HSulf-2 fragments from MCF7 and HUVECs yielded distinctly different band patterns (Figure 2). The balance of expression between these two forms may therefore be critical for the control of HS 6-O-desulfation process. The underlying mechanisms are likely to be complex and multifactorial.

Interestingly, we showed that hyaluronidases could efficiently digest Hsulf-2 GAG chain and enhance its endosulfatase activity (Figure 3E andF). Mammalian hyaluronidases are a family of 6 enzymes that catalyze the degradation of hyaluronic acid (HA) and also exhibit the ability to depolymerize CS [START_REF] Csoka | The six hyaluronidase-like genes in the human and mouse genomes[END_REF][START_REF] Jedrzejas | Structures of vertebrate hyaluronidases and their unique enzymatic mechanism of hydrolysis[END_REF][START_REF] Kaneiwa | Identification of human hyaluronidase-4 as a novel chondroitin sulfate hydrolase that preferentially cleaves the galactosaminidic linkage in the trisulfated tetrasaccharide sequence[END_REF]. Hyaluronidase expression is increased in some cancers [START_REF] Mcatee | Emerging roles for hyaluronidase in cancer metastasis and therapy[END_REF], with suggested roles in tumor invasion and tumor-associated inflammation [START_REF] Dominguez Gutierrez | Hyal2 expression in tumor-associated myeloid cells mediates cancer-related inflammation in bladder cancer[END_REF][START_REF] Mcatee | Emerging roles for hyaluronidase in cancer metastasis and therapy[END_REF]. However, their precise contribution remains poorly understood and contradictory. Here, we propose a new function for these enzymes, which may provide an activating mechanism of HSulf-2, through their ability to "unleash" the enzyme from its GAG chain. This perspective urges to investigate in detail the interplay of HSulf-2 and hyaluronidases during tumor progression as well as in other physiopathological conditions. In line with this, we have analyzed in details the molecular features of Hsulf-2 GAG chain and the effects of hyaluronidase on its structure and activity (Seffouh et al., manuscript in preparation).

Last but not least, analysis of the other human isoform HSulf-1 showed an absence of any GAG chain, at least in our HEK293 overexpressing system (Figure S3G). "GAGosylation" status could thus account for the functional differences reported between these two secreted endosulfatases.

In conclusion, we report here a most unexpected PTM of HSulf-2, by identifying the presence of a CS/DS chain on the enzyme. Our data highlight this GAG chain as a novel non-catalytic regulatory element of HSulf-2 activity, and pave the way to new directions in the study of this highly intriguing enzyme and complex regulatory mechanism of HS activity. Finally, it is worth noting that such a structurally and functionally relevant feature as a GAG chain on HSulf-2 has remained overlooked for more than 20 years. Beyond the field of the Sulfs, our findings therefore strongly encourage reconsidering afresh the importance of PTMs in complex enzymatic systems.

Material and Methods

Antibodies against HSulf-2

The epitopes of antibodies against HSful-2 are summarized in Fig. S1. Polyclonal antibody H19 was newly produced by Biotem (Apprieu, France), by immunizing rabbits with a mix of 2 peptides derived from HSulf-2 sequence (C506DSGDYKLSLAGRRKKLF and T563KRHWPGAPEDQDDKDG), located with the HD domain, on each side of the furin cleavage site (see Fig. S1). Consequently, H19 is specific of the HD domain and recognizes both HSulf-2 N-and C-terminal subunits. The 2B4 monoclonal antibody, which is specific of HSulf-2 C-terminal subunit, was purchased from R&Dsystems (Mab7087). Of note, analysis of whole lysates prepared from cultured cells or tissues with 2B4 yields a sharp ~130 kDa band. This band presumably corresponds to a form in synthesis, such as non furin-processed/GAGunmodified HSulf-2. Meanwhile, analysis of conditioned medium with 2B4 shows multiple bands corresponding to HSulf-2 unmodified or Furin/GAG-modified C-terminal subunit. The H2.3 polyclonal antibody, which is specific to the HSulf-2 N-terminal subunit, was previously described [START_REF] Uchimura | HSulf-2, an extracellular endoglucosamine-6-sulfatase, selectively mobilizes heparinbound growth factors and chemokines: effects on VEGF, FGF-1, and SDF-1[END_REF].

Production and purification of recombinant WT and mutant HSulf-2

The expression and purification of HSulf-2 and mutants were performed as described previously (Seffouh et al., 2019a). 2019). Briefly, FreeStyle HEK293 cells (Thermo fisher scientific) were transfected with pcDNA3.1 vector encoding for HSulf-2 cDNA flanked by TEV cleavable SNAP (20.5 kDa)

and His tags at N-and C-terminus, respectively. The protein was purified from conditioned medium by cation exchange chromatography on a SP sepharose column (GE healthcare) in 50 mM Tris, 5 mM MgCl2, 5 mM CaCl2, pH 7.5, using a 0.1-1 M NaCl gradient, followed by size exclusion chromatography (Superdex200, GE healthcare) in 50 mM Tris, 300 mM NaCl, 5 mM MgCl2, 5 mM CaCl2, pH 7. Treatment of HSulf-2 with chondroitinase ABC was achieved by incubating 250 µg of enzyme with 100mU chondroitinase ABC (Sigma) overnight at 4°C. HSulf-2ΔSG mutants (ΔSG, ΔSG1, ΔSG2) were generated by site directed mutagenesis (ISBG Robiomol platform) and purified as above.

Analysis of HSulf-2 expression

MDA-MB-231 cells were lysed with RIPA buffer for 2 h at 4°C and tissues were disrupted and lysed in RIPA buffer (Sigma-Aldrich) using a MagNA Lyser instrument (Roche) with ceramic beads. Supernatants were collected and protein concentration was determined using a BCA protein Assay kit (Thermo Scientific). Cell lysates (eq. of 3.10 5 cells), tumor lysates (eq. of 50 µg of total proteins) or purified recombinant proteins were then separated by SDS-PAGE, followed by transfer onto PVDF membrane.

Proteins were probed using either rabbit polyclonal H19 (dil. 1/1000) or mouse monoclonal 2B4 (dil.

1/500) antibodies, followed by incubation with HRP-conjugated anti-rabbit (Thermo Scientific, dil. 1/5000), anti-mouse (Thermo Scientific, dil. 1/5000) secondary antibodies.

Endogenous CS/DS modification of HSulf-2 was analyzed in two cell lines: the MCF-7 human breast cancer cells and human umbilical vein endothelial cells (HUVECs). MCF-7 cells were cultured at 37 °C for 48 h in OPTI-MEM, after which culture medium was collected and concentrated on Amicon Ultra Filters (30 kDa cut-off, Millipore, Burlington, MA). Conditioned medium from MDA-MB231 cells was prepared likewise, using FreeStyle medium instead of OPTI-MEM. HSulf-2 in concentrated samples were analyzed by Western blotting as described below. HUVECs were cultured at 37 °C in OPTI-MEM containing 0.5 % FBS for 24 h, after which culture medium was collected and concentrated on Amicon Ultra Filters. Concentrated samples were incubated with GlcNAc-binding wheat germ agglutinin (WGA)-coated beads (Vector Laboratories, Burlingame, CA) at 4 °C overnight, and proteins that were captured by WGA beads were analyzed by Western blotting. For elimination of CS/DS chains, the concentrated MCF-7 culture media or WGA bead-bound materials were treated with chondroitinase ABC (1 U/mL) or heat-inactivated chondroitinase ABC (1 U/mL), at 37 °C for 1 h. Proteins in the samples were separated by SDS-PAGE with 5-20% gels (Wako Pure Chemical Industries, Osaka, Japan) and were transferred to PVDF membranes. HSulf-2 proteins were probed with the 2B4 mouse monoclonal anti-HSulf-2 antibody (dil. 1/500) or the H2.3 rabbit polyclonal anti-HSulf-2 antibody (dil. 1/500) followed by a horseradish peroxidase-labeled anti-mouse or rabbit IgG antibody (Cell Signaling Technology, Danvers, MA) and ImmunoStar LD (Wako Pure Chemical Industries). Signals were visualized by using a LuminoGraph image analyzer (ATTO, Tokyo, Japan).

SAXS analysis

SAXS data were collected at the European Synchrotron Radiation Facility (Grenoble, France) on the BM29 beamline at BioSAXS. The standard energy as set to 12.5 keV and a Pilatus 1M detector was used to record the scattering patterns. The sample-to-detector distance was set to 2.867m (q-range is 0.025 -6 nm-1). Samples were set in quartz glass capillary with an automated sample changer. The scattering curve of the buffer (before and after) solution was subtracted from the sample's SAXS curves.

Scattering profiles were measured at several concentrations, from 0.5 to 1.5 mg/mL at room temperature. Data were processed using standard procedures with the ATSAS v2.8.3 suite of programs [START_REF] Petoukhov | New developments in the ATSAS program package for small-angle scattering data analysis[END_REF]. The ab initio determination of the molecular shape of the proteins was performed as previously described [START_REF] Pérard | Structural and functional studies of the metalloregulator Fur identify a promoter-binding mechanism and its role in Francisella tularensis virulence[END_REF]. Radius of gyration (Rg) and forward intensity at zero angle (I(0)) were determined with the programs PRIMUS [START_REF] Konarev | PRIMUS: a Windows PC-based system for small-angle scattering data analysis[END_REF], by using the Guinier approximation at low Q value, in a Q.Rg range < 1.5:

𝑙𝑛𝐼(𝑄) = 𝑙𝑛 𝐼 (0) - 𝑅 𝑄 3
Porod volumes and Kratky plot were determined using the Guinier approximation and the PRIMUS programs. The pairwise distance distribution function P(r) were calculated by indirect Fourier transform with the program GNOM [START_REF] Svergun | Determination of the regularization parameter in indirect-transform methods using perceptual criteria[END_REF]. The maximum dimension (Dmax) value was adjusted in order that the Rg R value obtained from GNOM agreed with that obtained from Guinier analysis. In order to build ab initio models, several independent DAMMIF [START_REF] Franke | DAMMIF, a program for rapid ab-initio shape determination in small-angle scattering[END_REF] models were calculated in slow mode with pseudo chain option and merged using the program DAMAVER [START_REF] Konarev | PRIMUS: a Windows PC-based system for small-angle scattering data analysis[END_REF].

MALDI-TOF MS analysis of HSulf-2ΔSG

MS experiments were carried out on a MALDI Autoflex speed TOF/TOF MS instrument (Bruker Daltonics, Germany), equipped with a SmartBeam II™ laser pulsed at 1 kHz. The spectra were recorded in the positive linear mode (delay: 600 ns; ion source 1 (IS1) voltage: 19.0 kV; ion source 2 (IS2) voltage:

16.6 kV; lens voltage: 9.5 kV). MALDI data acquisition was carried out in the mass range 5000-150000 Da, and 10000 shots were summed for each spectrum. Mass spectra were processed using FlexAnalysis software (version 3.3.80.0, Bruker Daltonics). The instrument was calibrated using monoand multi-charged ions of BSA (BSA Calibration Standard Kit, AB SCIEX, France). HSulf-2ΔSG was desalted as previously described [START_REF] Seffouh | Mass spectrometry analysis of the human endosulfatase Hsulf-2[END_REF]. MALDI-TOF MS analysis was achieved by mixing 1.5 μL of sinapinic acid matrix at 20 mg/mL in acetonitrile/water (50/50; v/v), 0.1% TFA, with 1.5 μL of the desalted protein solution (0.57 mg/mL).

LC-MS/MS identification of Hsulf-2 GAG chain and its attachment site

The glycoproteomics protocol used for characterizing proteoglycans has been published earlier [START_REF] Noborn | Identification of chondroitin sulfate linkage region glycopeptides reveals prohormones as a novel class of proteoglycans[END_REF] and most recently summarized in detail for analyses of CS proteoglycans of human cerebrospinal fluid (Noborn et al Methods in Molecular Biology, in press). In the present work, the starting material was conditioned cell media, without fetal calf serum, obtained from SH-SY5Y cells kindly provided by Drs. Thomas Daugbjerg-Madsen and Katrine Schjoldager, University of Copenhagen, Denmark.

In vitro enzyme activity assays

Detailed protocols for arylsulfatase and endosulfatase assays have been described elsewhere (Seffouh et al., 2019a). For the arylsulfatase assay, the enzyme (2 µg) was incubated for 4h with 10 mM 4MUS (Sigma) in 50 mM Tris, 10 mM MgCl2 pH 7.5 for 1-4 h at 37°C, and the reaction was followed by fluorescence monitoring (excitation 360 nm, emission 465 nm). Results are expressed as a fold of fluorescence increase compared to negative control (4MUS alone) and corresponds to means +/-SD of three independent experiments. The endosulfatase assay was achieved by incubating 25 µg of Heparin with 3 µg of enzymes in 50 mM Tris, 2.5 mM MgCl2 pH 7.5, for 4 h at 37°C. Disaccharide composition of Sulf-treated heparin was then determined by exhaustive digestion of the polysaccharide (48 hours at 37°C) with a cocktail of heparinase I, II and III (10 mU each), followed by RPIP-HPLC analysis [START_REF] Henriet | A jasmonic acid derivative improves skin healing and induces changes in proteoglycan expression and glycosaminoglycan structure[END_REF], using NaCl Gradients calibrated with authentic standards (Iduron). Hsulf-2 (2 µg) digestion with hyaluronidase (Sigma/Aldrich, 2µg) was achieved after a 2 h incubation in 50 mM Tris pH 7.5 at 37°C, prior to the endosulfatase assay, which was performed as above. Incubation of heparin with hyaluronidase alone showed no effect on the disaccharide analysis (data not shown).

Analysis of HSulf-2/heparin binding immuno-assay

As reported before (Seffouh et al., 2019a), microliter plates were first coated with 10 µg/ml streptavidin in TBS buffer, then incubated with 10 µg/ml biotinylated heparin, and saturated with 2%

BSA. All the incubations were achieved for 1h at RT, in 50 mM Tris-Cl, 150 mM NaCl, pH 7.5 (TBS) buffer.

Next, the recombinant protein was added, then probed with H2.3 primary rabbit polyclonal anti-HSulf-2 antibody (dil. 1/1000) followed by fluorescent-conjugated secondary anti-rabbit antibody (Jackson ImmunoResearch Laboratories, dil. 1/500). All the incubations were performed for 2 h at 4 °C in TBS, 0.05% Tween, and were separated by extensive washes with TBS, 0.05% Tween. Finally, fluorescence of each well was measured (excitation 485 nm, emission 535 nm). KDs were determined by Scatchard analysis of the binding data. Results shown are representative of three independent experiments.

FACS analysis

Wish cells (1million for each condition) were washed with PBS, 1% BSA (the same buffer is used all along the experiment), and incubated with 5 µg of HSulf-2 enzymes (2 h at 4°C). After extensive washing, cells were incubated with H2.3 primary antibody (dil. 1/500, 1 h at 4°C), washed again, then with secondary AlexA 488-conjugated antibody (Jackson ImmunoResearch Laboratories, dil. 1/500, 1 h at 4°C). FACS analysis of cell fluorescence was performed on a MACSQuant Analyzer (Miltenyi Biotec, excitation 485 nm, emission 535 nm) by calculating median over 25000 events. Data are represented as means +/-SD of three independent experiments.

Lentiviral transduction of MDA-MB 231 cells.

HSulf-2 (WT and variant) encoding cDNAs were cloned into the pLVX lentiviral vector (Clonetech). This vector was then used in combination with viral vectors GAG POL (psPAX2) and ENV VSV-G (pCMV) to transduce HEK293T and produce lentiviruses released in the extracellular medium. The pLVX-Ds-Red N1 (Clonetech) was used as negative control.

MDA-MB-231 cells were purchased from ATCC and were cultured in Leibovitz's medium (Life Technologies) supplemented with 10% fetal bovine serum, 100 U/ml of penicillin, 100 µg/ml of streptomycin (Life Technologies). For infection, MDA-MB-231 cells were plated into 6 well-plates (8 x 10 5 in 2 mL of serum-supplemented Leibovitz's medium). The day after, adherent cells were incubated with 1 ml of lentiviral medium diluted in 1 mL of serum-supplemented medium containing 8 μg/μL of polybrene (Sigma/Aldrich). After 4 h, 1 mL of medium were added to cultures and transduction was maintained for 16h before washing the cells and changing the medium. For stable transduction, puromycin selection was started 36 h post-infection (at the concentration of 2 μg/mL, Life Technologies) and was maintained thereafter.

In vivo experiments

In vivo experiment protocols were approved by the institutional guidelines and the European Community for the Use of Experimental Animals. 7-weeks-old female NOD SCID GAMMA/J mice were purchased from Charles River and maintained in the Animal Resources Centre of our department. Vector Laboratories) with heat. Slides were incubated for 10 min in hydrogen peroxide H2O2 to block endogenous peroxidases and then 30 min in saturation solution (Histostain, Invitrogen) to block nonspecific antibody binding. This was followed by overnight incubation, at 4°C, with primary antibody against αSMA (Ab124964, Abcam, dil. 1/500). After washing, sections were incubated with a suitable biotinylated secondary antibody (Histostain kit, Invitrogen) for 10 min. Antigen-antibody complexes were visualized by applying a streptavidin-biotin complex (Histostain, Invitrogen) for 10 min followed by NovaRED substrate (Vector Laboratories). Sections were counterstained with hematoxylin to visualize nucleus. Control sections were incubated with secondary antibody alone. Lungs were inflated using 4% PFA and embedded in paraffin. The metastatic burden was assessed by serial sectioning of the entire lungs, every 200µm. Hematoxylin and eosin staining was performed on lung and lymph nodes sections (5 µm thick). Images were acquired using AxioScan Z1 (Zeiss) slide scanner and quantified using FiJi software.

Statistical analysis

Experimental data are shown as mean ± standard error of the mean (SEM) unless specified otherwise.

Comparisons between multiple groups were carried out by a repeated-measures two-way analysis of variance (ANOVA) with Tukey's multiple comparisons test to evaluate the significance of differential tumor growth between three groups of mice; an ordinary two-way ANOVA with Bonferroni's test and an ordinary one-way ANOVA were carried out to evaluate in vitro activity and binding of HSulf-2, the differential level of necrosis and vascularization inside tumors, and pulmonary metastases (number and area). Prism 6 (GraphPad Software, Inc., CA) was used for analyses. Probability value of less than 0.05 was considered to be significant. * P < 0.05, ** P < 0.01, *** P < 0.001 and **** P < 0.0001. ABC pre-treated HSulf-2 (CS, lane 3), using the anti HD H19 antibody. Analysis shows a ~95 kDa band corresponding to HSulf-2 N-terminal subunit in fusion with the SNAP-tag (SNAP-Nter) and multiple/broad ~50 kDa bands corresponding to the C-terminal subunit, which includes HSulf-2 HD domain (Cter). Of note, a residual ~75 kDa band corresponding to the N-terminal subunit lacking its SNAP-tag could also be detected (Nter). In addition, Coomassie blue staining but not WB, revealed the presence of a full-length, unprocessed GAG-free HSulf-2 form (SNAP-unprocessed). "bell-shape" peak at low q and converges to the q axis at high q corresponding to a well-folded globular 

  1x10 6 MDA-MB-231 cells resuspended in 50 % MatrigelTM (Becton Dickinson) in Leibovitz medium (Life Technologies) were injected into the fat pad of #4 left mammary gland. Tumor growth was recorded by sequential determination of tumor volume using caliper. Tumor volume was calculated according to the formula V = ab²/2 (a, length; b, width). Mice were euthanized after 52 days through cervical dislocation. Tumors and axillary lymph nodes were collected, weighed and either fixed for 2h in 4 % paraformaldehyde (PFA) and embedded in paraffin, or stored at -80°C for WB analysis. Tissue necrosis was assessed by Hematoxylin/eosin staining and ImageJ quantification. For vascularization analysis, sections (5μm thick) of formalin-fixed, paraffin embedded tumor tissue samples were dewaxed, rehydrated and subjected to antigen retrieval in citrate buffer (Antigen Unmasking Solution,
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