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Abstract

Sulfs represent a class of unconventional sulfatases, which differ from all other members of the
sulfatase family by their structures, catalytic features and biological functions. Through their specific
endosulfatase activity in extracellular milieu, Sulfs provide an original post-synthetic regulatory
mechanism for heparan sulfate complex polysaccharides and have been involved in multiple
physiopathological processes, including cancer. However, Sulfs remain poorly characterized enzymes,
with major discrepancies regarding their in vivo functions. Here we show that human Sulf-2 (HSulf-2)
features a unique polysaccharide post-translational modification. We identified a
chondroitin/dermatan sulfate glycosaminoglycan (GAG) chain, attached to the enzyme substrate
binding domain. We found that this GAG chain affects enzyme/substrate recognition and tunes HSulf-
2 activity in vitro and in vivo using a mouse model of tumorigenesis and metastasis. In addition, we
showed that mammalian hyaluronidase acted as a promoter of HSulf-2 activity by digesting its GAG
chain. In conclusion, our results highlight HSulf-2 as a unique proteoglycan enzyme and its newly-
identified GAG chain as a critical non-catalytic modulator of the enzyme activity. These findings
contribute in clarifying the conflicting data on the activities of the Sulfs and introduce a new paradigm

into the study of these enzymes.
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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 (Hanson et al., 2004).
However, the field took a dramatic turn two decades ago, with the discovery of the Sulfs (Dhoot et al.,
2001; Morimoto-Tomita et al., 2002). 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 (El
Masri et al., 2017; Li and Kusche-Gullberg, 2016; Sarrazin et al., 2011). 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 (Bret et al., 2011; Rosen

and Lemjabbar-Alaoui, 2010; Vives et al., 2014).

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 (Ai et al., 2006; Frese et al., 2009; Seffouh et al., 2013, 20193;
Tang and Rosen, 2009). Sulfs display a number of post-translational modifications (PTM)(Morimoto-
Tomita et al., 2002). Furin cleavage (Tang and Rosen, 2009) and N-glycosylations (Ambasta et al., 2007;
Seffouh et al., 2019b) may be dispensable for the enzyme activity, but play a role in the enzyme
attachment to the cell surface, while conversion of Cgg into a FGly residue is a hallmark of all sulfatases
and is essential for the catalytic activity (Dierks et al., 2005). Recent studies reported that human Sulfs
(HSulfs) catalyzed the 6-O-desulfation of HS through an original, processive and orientated mechanism
(Seffouh et al., 2013), and that substrate recognition by the enzyme HD domain involved multiple,

highly dynamic, non-conventional interactions (Harder et al., 2015; Walhorn et al., 2018).

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
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effects of the Sulfs have been reported (Rosen and Lemjabbar-Alaoui, 2010; Vives et al., 2014; Yang et
al., 2011).

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 (Seffouh et al., 2019b). 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 AHD) 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
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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 AHD 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 (Esko and
Zhang, 1996). Xylosides are widely used inhibitors of GAG assembly on such motifs (Chua and Kuberan,
2017). 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: SsosG and Ssg3G. We thus expressed and produced a HSulf-2 variant lacking these two motifs
(HSulf-2ASG). The HSulf-2ASG variant eluted at the same time as seen in the chondroitinase ABC-
treated 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 SsgsG 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 Ssg3G, but not SsesG, 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-2ASG
(Figure S4).

To characterize the HSulf-2 GAG chain further, we analyzed both HSulf-2 WT and HSulf-2ASG variants
by mass spectrometry. MALDI-TOF MS analysis of HSulf-2ASG showed a major peak at m/z 53,885 that
we assigned to the doubly charged ion [M+2H]* 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! was determined for the whole HSulf-2ASG. HSulf-2ASG thus exhibited a ~25,000 Da lower
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average mass value compared to HSulf-2 WT average molecular weight previously determined by
MALDI MS (133,115 Da) (Seffouh et al., 2019b). 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 ldentified 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 (Noborn et al., 2015). Nano-scale liquid chromatography MS/MS analysis of trypsin-
and 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 Ssg; 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) (Uchimura et al., 2006) or C-terminal (2B4) (Lemjabbar-Alaoui et al.,
2010) 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/DS-
conjugated 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
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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 and
2D). 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 and 2D).

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 cell-
dependent 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 (Frese et al., 2009; Seffouh et
al., 2013; Tang and Rosen, 2009). 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-2ASG 6-0O-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)-GIcNS(6S)] trisulfated disaccharide, which is the enzyme’s primary substrate
(Frese et al., 2009; Pempe et al., 2012; Seffouh et al., 2013). Results showed enhanced digestion of the
disaccharide substrate with HSulf-2ASG versus HSulf-2 WT, and a concomitant increase in the [UA(2S)-
GIcNS] 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
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HSulf-2 WT and HSulf-2ASG to surface coated biotinylated heparin. Results showed an increase,
although modest in HSulf-2ASG binding to heparin, with calculated Kps of 10.2+0.4 nM and 7.1+0.8 nM
for HSulf-2 WT and HSulf-2ASG, 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-2ASG
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 (Frese et al., 2009). To investigate this, we analyzed the interaction of HSulf-
2 WT and HSulf-2ASG 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-2ASG 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 (Csoka et al., 2001;
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-
2ASG 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-2ASG in MDA-MB-231, a human breast cancer cell line that does not express

any HSulfs endogenously (Peterson et al., 2010). After selection, stable expression of Sulfs in
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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-2ASG
transduced cells efficiently digested heparin, as shown by the increase of [UA(2S)-GIcNS] disaccharide
product (Figure S7B). Again, results suggested higher endosulfatase activity for HSulf-2ASG 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-2ASG 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? 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 (Peterson et al., 2010) or pro-oncogenic (Zhu
et al., 2016) 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?® and 3-4 cm? 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-2ASG 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-2ASG -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 HSulf-
expressing 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 oo Smooth Muscle Actin (aSMA)
immunostaining. Results showed no apparent changes in aSMA labelling upon HSulf-2 WT expression.
However, tumor vascularization was increased in HSulf-2ASG tumors (Figure S8A and S8B). We next

analyzed lymph nodes and lungs for secondary tumors. Lung, which is a primary target for metastasis

10
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in this tumor model, was affected in all conditions (Figure 4C). However, size of metastasis-induced
secondary tumors was significantly greater in HSulf-2ASG expressing tumors (Figure 4D and 4E).
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 (Mead et al., 2018), 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 FACS-
based cell-binding assay suggested enhanced attachment to the cell surface of the HSulf-2ASG 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.

11


https://doi.org/10.1101/2021.01.04.425218
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.01.04.425218; this version posted January 4, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-ND 4.0 International license.

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-2ASG 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 (Tian et al., 2020). 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 (Tang and Rosen, 2009). As GAGs have been previously shown to
promote furin activity (Pasquato et al., 2007), 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 and F). Mammalian hyaluronidases are a family of 6 enzymes that
catalyze the degradation of hyaluronic acid (HA) and also exhibit the ability to depolymerize CS (Csoka
et al., 2001; Jedrzejas and Stern, 2005; Kaneiwa et al., 2010). Hyaluronidase expression is increased in
some cancers (McAtee et al., 2014), with suggested roles in tumor invasion and tumor-associated
inflammation (Dominguez Gutierrez et al., 2020; McAtee et al., 2014). However, their precise

contribution remains poorly understood and contradictory. Here, we propose a new function for these
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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 (CsosDSGDYKLSLAGRRKKLF and Tses3KRHWPGAPEDQDDKDG), 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/GAG-
unmodified 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 (Uchimura et

al., 2006).
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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
MgCl,, 5 mM CacCly, 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 NacCl, 5 mM MgCl,, 5 mM CaCl,, pH 7. Treatment
of HSulf-2 with chondroitinase ABC was achieved by incubating 250 pg of enzyme with 100mU
chondroitinase ABC (Sigma) overnight at 4°C. HSulf-2ASG mutants (ASG, ASG1, ASG2) 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° cells), tumor lysates (eq. of 50 ug 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 GIcNAc-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
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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 setto 2.867m (g-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
(Petoukhov et al., 2012). The ab initio determination of the molecular shape of the proteins was
performed as previously described (Pérard et al., 2018). Radius of gyration (Rg) and forward intensity
at zero angle (1(0)) were determined with the programs PRIMUS (Konarev et al., 2003), by using the
Guinier approximation at low Q value, in a Q.Rg range < 1.5:

R2Q?

InI(Q) =InlI(0) — 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 (Svergun, 1992). 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 (Franke and Svergun, 2009)
models were calculated in slow mode with pseudo chain option and merged using the program

DAMAVER (Konarev et al., 2003).
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MALDI-TOF MS analysis of HSulf-2ASG

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 (I1S1) voltage: 19.0 kV; ion source 2 (1S2) 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 mono-
and multi-charged ions of BSA (BSA Calibration Standard Kit, AB SCIEX, France). HSulf-2ASG was
desalted as previously described (Seffouh et al., 2019b). MALDI-TOF MS analysis was achieved by
mixing 1.5 L of sinapinic acid matrix at 20 mg/mL in acetonitrile/water (50/50; v/v), 0.1% TFA, with

1.5 uL 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(Noborn et al., 2015) 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 ug) was incubated for 4h with 10 mM 4MUS
(Sigma) in 50 mM Tris, 10 mM MgCl, 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 ug of
Heparin with 3 ug of enzymes in 50 mM Tris, 2.5 mM MgCl, 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 |, Il and Il (10 mU each), followed by
RPIP-HPLC analysis (Henriet et al., 2017), using NaCl Gradients calibrated with authentic standards
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(Iduron). Hsulf-2 (2 ug) digestion with hyaluronidase (Sigma/Aldrich, 2ug) 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 ug/ml
streptavidin in TBS buffer, then incubated with 10 pg/ml biotinylated heparin, and saturated with 2%
BSA. All the incubations were achieved for 1h at RT, in 50 mM Tris-Cl, 150 mM NacCl, 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). Kps 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 pg 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.
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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 pg/ml of
streptomycin (Life Technologies). For infection, MDA-MB-231 cells were plated into 6 well-plates (8 x
10°%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 pug/uL 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 ug/mlL, 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.
1x10° 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 = ab?/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 (5um thick) of formalin-fixed, paraffin embedded tumor tissue samples were
dewaxed, rehydrated and subjected to antigen retrieval in citrate buffer (Antigen Unmasking Solution,
Vector Laboratories) with heat. Slides were incubated for 10 min in hydrogen peroxide H,0: to block
endogenous peroxidases and then 30 min in saturation solution (Histostain, Invitrogen) to block non-
specific antibody binding. This was followed by overnight incubation, at 4°C, with primary antibody
against aSMA (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 200um. Hematoxylin and eosin staining was performed on lung and lymph
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nodes sections (5 um thick). Images were acquired using AxioScan Z1 (Zeiss) slide scanner and

quantified using Fili 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.
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Fig. 1 : Purification and characterization of HSulf-2 and HSulf-2ASG

Size exclusion chromatography profile of HSulf-2 WT (A), chondroitinase ABC pre-treated HSulf-2 (B)
and HSulf-2ASG (C) ; grey bars indicate Sulf-containing fractions. (D) PAGE/Coomassie blue staining
and Western blot analysis of HSulf-2 WT (WT, lanes 1), HSulf-2ASG (ASG, lanes 2) and chondroitinase
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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).
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Fig. 2 : Endogenous expression of GAG bearing HSulf-2 in MCF7 and HUVEC cells

Western blot analysis of pre-purified concentrated conditioned medium from MCF7 (A, C) and HUVEC
(B, D) using anti C-ter 2B4 (A, B) and anti N-ter H2.3 antibodies (C, D), prior to (O, lanes 1) or after
treatment with chondroitinase ABC (CS, lanes 2). Digestions with heat-inactivated chondroitinase ABC

were used as controls (CS inac., lanes 3). The nature of detected bands is shown as follow: black
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symbols for CS/DS conjugated fragments ; white symbols for GAG-free fragments ; triangles for the N-
terminal subunit, squares for the C-terminal subunit. Of note, analysis indicate the presence in both
samples of unprocessed forms (triangle + square, sharp band at ~125 kDa), and at least in the HUVEC
conditioned medium, the presence of GAG-free HSulf-2 forms (bands corresponding to C-ter fragments
within the 40-57 kDa MW range, and an unprocessed form at 125 kDa detected in the untreated

samples, gel B lanes 1 and 3).
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Fig. 3 : Biological activities of HSulf-2 WT and GAG-free HSulf-2.

(A) HS 6-O-endosulfatase activity of HSulf-2 WT (black symbols) and HSulf-2ASG (white symbols) was

assessed by monitoring the time course digestion of [UA(2S)-GIcNS(6S)] trisulfated disaccharides
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(NS2S6S, square) into UA(2S)-GIcNS] disulfated disaccharides (NS2S, circle). Data are expressed as a
percentage of total disaccharide content. Ordinary two-way ANOVA with time of incubation and type
of HSulf-2 as factors revealed significant effects on 6-O-endosulfatase activity (time: F3, 16 = 272.7, P <
0.0001; HSulf-2 type: F1,16 = 140.5, P < 0.0001; interaction: F3 15 = 28.57, P < 0.0001) (left panel) and a
concomitant increase in the digested product (time: F3 16 = 394, P < 0.0001; HSulf-2 type: F1,16 = 195, P
< 0.0001; interaction: F3 15 = 39.94, P < 0.0001) (right panel). Post-hoc Bonferroni’s test showed
significant difference in the HS 6-O-endosulfatase activity at 1h incubation and thereafter until 7h in
HSulf-2 ASG (n=3) compared with HSulf-2 WT (n=3). Error bars indicate SD. (B) Binding immunoassay
of HSulf-2 WT (black) and HSulf-2ASG (white) to a streptavidin-immobilized heparin surface. Data are
representative of three independent experiments. (C) The aryl-sulfatase activity of HSulf-2 WT (n=3,
black) and HSulf-2ASG (n=3, white) was measured using 4MUS fluorogenic pseudo-substrate. Results
are expressed as a fluorescence fold increase compared to negative control (4MUS alone, n=3, grey).
(D) Binding of HSulf-2 WT (n=3, black) and HSulf-2ASG (n=3, white) to the surface of human amnion-
derived Wish cells was monitored by FACS using the H2.3 anti-HSulf-2 antibody. Ordinary one-way
ANOVA with type of HSulf-2 as a factor revealed significant effects on a sulfatase activity (F,, ¢ = 90.18,
P < 0.0001) (C), and a cell-surface binding (F,, ¢ = 536.7, P < 0.0001). (D) Post-hoc Tukey’s range test
showed significant difference in the 4MUS activity and binding to human Wish cells in HSulf-2ASG
compared with control (n=3, grey) or HSulf-2 WT. Error bars indicate SD. (E) Western blot analysis of
HSulf-2 WT (lane 1) and Hyaluronidase treated HSulf-2 WT (lane 2), using the anti HD H19 antibody.
(F) [UA(2S)-GIcNS(6S)] trisulfated disaccharide (NS2S6S, black) and UA(2S)-GIcNS] disulfated
disaccharid (NS2S, white) content (as in (A), expressed as a percentage of total disaccharide content,
n=3) of heparin, without (Hp) or after digestion with HSulf-2 WT or Hyaluronidase (HYAL)- treated
HSulf-2 WT (4 h at 37 °C). Data show significantly increased heparin 6-O-desulfation for HYAL-treated
HSulf-2 WT. Error bars indicate SD (****P<0.0001).
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Fig. 4 : Effects of HSulf-2 WT and HSulf-2ASG during tumor progression and metastasis.

(A) Time course measurement of tumor size induced by MDA-MB-231 cells expressing DsRed, HSulf-2
WT or HSulf-2ASG. Statistical analysis was performed using a two-way ANOVA test, ***P<0.001 and
**p<0.01. Pictures representative of each tumor group, at day 52, (A, right panel). (B) Histological
analysis of necrotic area using eosin/hematoxin staining of tumors expressing mock DsRed, HSulf-2 WT

and HSulf-2ASG. The percentage of necrotic area was determined on three sections from each of the
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six mice in each group (one-way ANOVA test, multiple comparison (Tukey’s test, n=6), ***P<0.001 and
**Pp<0.01). (C) Histological analysis of the percentage of pulmonary metastatic area from DsRed, HSulf-
2 and HSulf-2ASG expressing tumors. The measurement was performed on three sections from each
of the six mice in each group (one-way ANOVA test, multiple comparison, Tukey’s test, n=18 **P<0.01
and ***P<0.001). (D) The size of pulmonary metastasis in each group was quantified and analyzed as
in C (n=12 **P<0.05 and ***P<0.001). (E) Representative images of hematoxylin/eosin stained sections

of indicated lung.
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Fig. S1 : Schematic representation of HSulf-2 molecular organization, PMTs and antibody epitopes.

HSulf-2 870 amino-acid (a.a.) pro-protein comprises a signal peptide (SP, black box) and a polypeptide
processed through Furin cleavage (black arrows) into two N-terminal (N-term) and C-terminal (C-term)
subunits. HSulf-2 comprises two major functional domains: a catalytic domain (CAT, in grey) and a
highly basic hydrophilic region (HD, hatched in grey), and features a C-terminal region sharing
homology with glucosamine-6-sulfatase homolog (C, dotted). Potential N-glycosylation sites (N), the
catalytic FGly residue (FGly, in red and bold) and the SG dipeptides (blue, in bold for Ssg3G) and antibody

epitopes (black bars) are indicated.
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Fig. S2 : Study of HSulf-2 and HSulf-2 AHD by Small Angle X-Ray scattering

SAX Analysis of HSulf-2 (Panels A-E) and HSulf-2 AHD (Panels F-K). (A) Scattering curves of experimental
data of HSulf-2 in solution. (B) Linear dependence of In[I(Q)] vs Q2 determined by Guinier plot at
0.6mg/ml with a Rg of 13nm and 10 of 700 with a porod volume more than 1000. HSulf-2 give a MW exp:
700 kDa. MW paiis: 1000 kDa , MW protein: 98,53 kDa. This data indicate the presence of elongated
molecule with a potential rode shape. (C) Pair distribution function p(R) in arbitrary units (arb.u) vs. r
(nm) determined by GNOM with a Dax of 40 nm +/- 3 nm indicate that the HSulf-2 is an elongated
molecule in solution. (D) I globularity and flexibility analysis of HSulf-2. Kratky plot(I(q)*g? vs. q) of
HSulf-2 not converge to the q axis witch and indicate the presence of mixture of multidomain protein
with flexible linker and unfolded region (could be allocate to the GAG). (E) Final ab initio model of
HSulf-2 generated with individual DAMMIF model in slow mode. DAMAVER classification under NSD
value indicates the presence of several clusters (NSD > 1.5) for HSulf-2 suggesting the presence of
flexible regions. The proposed final model of HSulf-2 combines 14 of the 49 models calculated with the
best NSD (between 1.5 to 1.7). (F) Scattering curves of experimental data of HSulf-2 AHD domain in
solution. (G) Linear dependence of In[I(Q)] vs Q% determined by Guinier plot at several concentrations
between 0,5 to 3mg/ml give a linear region with Rg of 3.9nm and a 10 of 87 with a porod volume of
144. MWeyp: 87 kDa (MW maiis: 84 kDa, MW protein: 64 kDa). This data indicate the presence of potential
globular protein. (H) Pair distribution function p(R) in arbitrary units (arb.u) vs. r (nm) determined by

GNOM give a Dmax of 11 nm with a relative globular shape. (1) Kratky plot of HSulf-2 AHD present a
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"bell-shape" peak at low g and converges to the q axis at high q corresponding to a well-folded globular
protein. (J) Final ab initio model of HSulf-2 AHD generated with individual DAMMIF model in slow mode
and merged with Damaver (NSD < 0.7). The HSulf-2 AHD ab initio model give a globular envelope with
a small-elongated part. (K) Superimposition of prediction structure of HSulf-2 AHD based on pdb: 4UPL
(from Silicibacter pomeroyi) structure (PHYRE analysis) into HSulf-2 AHD SAXS envelope with
Supcomb20 program.

33


https://doi.org/10.1101/2021.01.04.425218
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.01.04.425218; this version posted January 4, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-ND 4.0 International license.

290 - HSulf-2 WT 410 4 HSulf-2 / xyloside
260 4 360 A
230 310
260 4
210
160 |
110 4
60
10 4

UV 280nm
e e
MU0 R B N O
oo o000 oo0
UV 280nm

2 4 6 8 10 12 14 16 18 2 4 6 8 10 12 14 16 18
B Elution (mL) E Elution (mL)
80 A HSulf-2 WT / Heparinase 200 1 HSulf-24S505G
701 170 4
60
£ 50 | £ 140 4
s =
S 4 & o
o ~N
> 30 4 - 80 4
= 20 =
50
10
o 20 A
-10 T T T T r T T v -10 T T T T T T T \
2 4 6 8 10 12 14 16 18 2 4 6 8 0 12 14 16 18
Elution (mL) Elution (mL)
310 - HSulf-2 WT / Nacl 490 HSulf-24 533G

260
210 + 340
160

110 4

UV 280nm

UV 280nm

- w B
B0 0 & W 0 B
Qo o o o Q Qo Q

60 140
10
-40 T T T T T T T d -10 T T T T T T T 1
2 4 6 8 0 12 14 16 18 2 4 6 8 0 12 14 16 18
Elution (mL) Elution (mL)
540

490 HSulf-1
440
390
340
290
240
190
140

40
-10

UV 280nm
o
o

2 4 6 8 10 12 14 16 18

Elution (mL)

Fig. $3 : Size-exclusion chromatography of HSulf-2 WT, HSulf-2 variants and HSulf-1

Size exclusion chromatography profile of HSulf-2 WT without (A), or following pre-treatment with
heparinase |, Il, 11l (B), 2 M NaCl (C), or xyloside (D). Size exclusion chromatography profile of HSulf-2
ASsosG (E), ASss3G (F), or HSulf-1 (G). Grey bars show Sulf-containing peaks.
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Fig. S4 : Size-exclusion chromatography of TEV-treated HSulf-2 WT and variant.

Size exclusion chromatography profile of TEV-treated HSulf-2 WT (A), chondroitinase ABC-treated
HSulf-2 WT (B), or HSulf-2ASG (C).
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Fig. S5 : MALDI-TOF mass spectrometry analysis of HSulf-2ASG.

Mass spectrum of HSulf-2ASG in positive ionization mode (100 kDa-filtrated HSulf-2ASG mixed with
sinapinic acid matrix, linear mode). HSulf-2ASG is detected as the protonated species [M+H]* and

corresponding doubly and tri-charged [M+2H]* and [M+3H]** ions.

36


https://doi.org/10.1101/2021.01.04.425218
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.01.04.425218; this version posted January 4, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-ND 4.0 International license.

A MS?2 m/z 1065.3875 (3+)
NCE 20%, RT: 38.67

o 2
0 e
P
100 362.11 ——
1207.50
90 +
80 =
g N <
2 70- 9 +2 2 @)
% I P
5604 =HR0 102047 e gp
2 344.10 1126.48 —
()
2 P +92 1376.55
: o x
442 07 1086.49 O
P
1289.03
200 400 600 800 1000 1200
m/z
B MS2 m/z 1065.3875 (3+) /e
NCE 35%, RT: 38.67 |:| s
Y10
i 1075.54 8
%
80 - P
© Y17¥Y16 | Y15 Y1a Yia Y12 Y11 Y10 Yo Ya Y7 Yo Y5 Ya Y3
Q
S 10 b6 D'FseTeeLPDYsAANP Ik
S P i M )
= 60 4 bs bg b; b by byoby by
=
2
g 504 Vs Y14
© 1403.71
[0
14
Y13
1302.67
Y15
124565 1460.74 Yy1e
1548.77

400 600 800 1000 1200 1400
m/z

Fig. S6 : LC-MS/MS detection of a CS/DS GAG linkage region attached to Sss3 of HSulf-2

HSulf-2 glycopeptides were obtained by trypsin digestion of media of cultured SH-SY5Y cells, followed
by enrichment on a SAX column, and thereafter treatment with chondroitinase ABC. The spectral files

were filtered for the MS? diagnostic ion at m/z 362.1083 corresponding to the delta-hexuronic acid -
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N-acetylgalactosamine disaccharide, common to all CS/DS linkage region glycopeptides. (A) MS?
spectrum of the 578-DGGDFSGTGGLPDYSAANPIK-598 glycopeptide obtained by HCD with normalized
collision energy of 20%, providing prominent glycan fragmentations. (B) MS? spectrum of the same
glycopeptide obtained at normalized collision energy of 35%, displaying peptide sequence
fragmentation with b- and y-ions annotated in the sequence. The positioning and distinction of sulfate
(79.9568 u) and phosphate (79.9663 u) modifications were done by manually interpreting the MS?
spectra. The MS? spectrum thus displayed a mass shift of 79.9570 u between m/z 362.1083 and m/z
442.0653, demonstrating the presence of a sulfate modification on the GalNAc residue. A mass shift
of 212.0084 u was observed between m/z 1019.9724 (2+) and m/z 1125.9766 (2+), demonstrating the
presence of a xylose plus phosphate modification of the peptide (the theoretical mass of this

modification is 212.0086 u (132.0423 u + 79.9663 u).
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Fig. S7 : Expression and activity of HSulf-2 in MDA-MB-231 transduced cells

(A) Western blot analysis of Dsred (lanes 1), HSulf-2 WT (lanes 2) or HSulf-2ASG (lanes 3) transduced
MDA-MB-231 cell lysates, using anti C-terminal HSulf-2 2B4 antibody and anti-actin antibody (Sigma,
ref A-2066) as a loading control. (B) Endosulfatase activity was monitored by treating heparin with

Dsred, HSulf-2 WT or HSulf-2ASG transduced MDA-MB-231 cell conditioned medium. Results are
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expressed as fold increase of NS2S disaccharide content compared to untreated heparin (control). (C)
Western blot analysis (H19 antibody) of HSulf-2 WT transduced MDA-MB-231 cell conditioned medium
prior to (WT, lane 1) or after (WT / CSase, lane 2) treatment with chondroitinase ABC. (D) Western blot
analysis (2B4 antibody) of mice tumor lysates resulting from injections of DsRed (lanes 1 and 2), HSulf-

2 WT (lanes 3 and 4) or HSulf-2ASG (lanes 5 and 6) transduced MDA-MB-231 cells.
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Fig. S8 : Effects of HSulf-2 WT and HSulf-2ASG on tumor metastasis.

(A) Histological analysis of the vascularized area, using a Smooth Muscle Actin (aSMA) immunostaining
of tumors expressing mock DsRed, HSulf-2 WT and HSulf2ASG. The calculation of vascularized area of
tumors was performed on five mice in each group. For each mouse, 4 ROIs (Region Of Interest) were

quantified: The aSMA positive area was measured for each ROl and divided by the total ROI’s area
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giving for each mice a percentage of vascularized area. In each group, the median of this percentage
was divided by the mean of the median of the 5 DsRed control mice (one-way ANOVA, multiple
comparison, Bonferroni test,*P=0.07, **P=0.03). (B) Representative images of aSMA staining with
different magnifications. (C) Percentage of mice with metastasis found in the lung, left axillary and

right axillary lymph node (LN) from DsRed, HSulf- 2 and HSulf-2ASG expressing tumors.
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