bioRxiv preprint doi: https://doi.org/10.1101/2020.01.21.906073; this version posted February 20, 2020. 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(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.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-NC-ND 4.0 International license.

Sulfatase regulation of OPC dynamics

Overcoming the inhibitory microenvironment surrounding oligodendrocyte progenitor

cells following demyelination

Darpan Saraswat!, Jessie J. Polanco?, Hani J. Shayya?, Ajai Tripathi®, R. Ross Welliver!?, Suyog
U. Pol*, Jacqueline E. Broome?, Melanie A. O’Bara?, Toin H. van Kuppervelt®, Joanna J. Phillips*,

Ranjan Dutta®, Fraser J. Sim*?

!Department of Pharmacology and Toxicology, 2Neuroscience Program, Jacob’s School of
Medicine and Biomedical Sciences, University at Buffalo, Buffalo, N.Y.

3Department of Biochemistry, Radboud Institute for Molecular Life Sciences, Radboud
University Medical Center, Nijmegen, The Netherlands.

‘Department of Neurological Surgery, University of California, San Francisco.

SDepartment of Neuroscience, Lerner Research Institute, Cleveland.

Address correspondence to:
Fraser Sim, Ph.D.
Department of Pharmacology and Toxicology
Jacob’s School of Medicine and Biomedical Sciences
University at Buffalo
955 High Street
Buffalo, NY 14203
716-829-2151
fisim@buffalo.edu

Keywords: heparan sulfate proteoglycan, proliferation, differentiation, BMP, WNT, sulfation,
glycosaminoglycan
Running title: Sulfatase regulation of OPC dynamics

Abstract, 150; Introduction, 503; Result, 3947; Discussion, 1848
Figures: 8, Supplementary Figures: 5, Supplementary Tables: 4

Acknowledgements:
This work was supported by NINDS grant (RO1INS104021), NCATS (UL1TR001412), National

Multiple Sclerosis Society (RG 5505-A-2, RG-1701-26750), the Kalec Multiple Sclerosis

Page 1 of 36


mailto:fjsim@buffalo.edu
https://doi.org/10.1101/2020.01.21.906073
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.01.21.906073; this version posted February 20, 2020. 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(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.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-NC-ND 4.0 International license.

Sulfatase regulation of OPC dynamics

Foundation, the Change MS Foundation, the Skarlow Memorial Trust, and the Empire State Stem
Cell Fund through New York State Department of Health Contract (C028108). JJP (Polanco)
received additional support from NIGMS (R25GM09545902), NCATS (UL1TR001412-S1), and
New York State Department of Health (Empire State Stem Cell Fund) through the Stem Cells in
Regenerative Medicine Fellowship (NYSTEM C30290GG). JJP (Phillips) received support from
NCI (1U01CA229345). We acknowledge the assistance of the Confocal Microscope and Flow

Cytometry Facility in the School of Medicine and Biomedical Sciences, University at Buffalo.

Conflict of Interest: The authors declare no competing financial interests.

Page 2 of 36


https://doi.org/10.1101/2020.01.21.906073
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.01.21.906073; this version posted February 20, 2020. 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-NC-ND 4.0 International license.

Sulfatase regulation of OPC dynamics

Chronic demyelination in the human CNS is characterized by an inhibitory
microenvironment that impairs recruitment and differentiation of oligodendrocyte
progenitor cells (OPCs) leading to failed remyelination and axonal atrophy. By network-
based transcriptomics, we identified sulfatase 2 (Sulf2) mRNA in activated human primary
OPCs. Sulf2, an extracellular endosulfatase, modulates the signaling microenvironment
by editing the pattern of sulfation on heparan sulfate proteoglycans. We found that Sulf2
was increased in demyelinating lesions in multiple sclerosis and was actively secreted by
human OPCs. In experimental demyelination, elevated OPC Sulfl/2 expression directly
impaired progenitor recruitment and subsequent generation of oligodendrocytes thereby
limiting remyelination. Sulf1/2 potentiates the inhibitory microenvironment by promoting
Bmp and Wnt signaling in OPCs. Importantly, pharmacological sulfatase inhibition using
P1-88 accelerated oligodendrocyte generation and remyelination by blocking OPC-
expressed sulfatases. Our findings define an important inhibitory role of Sulfl/2 and
highlight the potential for modulation of the heparanome in the treatment of chronic

demyelinating disease.

INTRODUCTION

Endogenous myelin repair, known as remyelination, represents a regenerative process
that can restore lost neurological function and prevent disease progression in degenerative
conditions such as multiple sclerosis (MS) (Franklin, 2015). The failure of remyelination in MS has
been attributed to a failure of oligodendrocyte progenitor cell (OPC) differentiation, in part, due to
the presence of quiescent OPCs in regions of chronic demyelination (Wolswijk, 1998, Kuhlmann
et al.,, 2008). Diverse signaling pathways have been identified that prevent timely OPC
differentiation in rodent models and many small molecules have been described that improve the
rate of murine remyelination by targeting individual rate-limiting steps (Franklin and Ffrench-
Constant, 2017). Due to the complex nature of the lesion microenvironment, multiple pathways
likely converge to prevent efficient remyelination. As such, we sought to define a therapeutic
approach that would modulate the lesion microenvironment en masse to exact control over
several inhibitory factors simultaneously to accelerate remyelination.

The accumulation of inhibitory extracellular matrix (ECM) components such as chondroitin
sulfate proteoglycans and hyaluronan are known to impair remyelination in animal models and
contribute to the inhibitory environment present in chronic demyelinated lesions in MS (reviewed
in Lau et al.,, 2013, Harlow and Macklin, 2014, Sherman and Back, 2008). Heparan sulfate

proteoglycans (HSPGs) are deposited in both active and chronic demyelinating MS lesions (van
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Horssen et al., 2006). HSPGs represent a class of proteoglycans that interact with several growth
factors (Viviano et al., 2004, Nawroth et al., 2007) and, thereby, have the potential to modulate
several signaling cascades operant following demyelination. The regulation of signaling by
HSPGs is highly dependent on modifications to the proteoglycan glycosaminoglycan sidechains.
HSPG 6-O-sulfation (6S) occurs in a tissue and stage specific manner (Sarrazin et al., 2011) and
can be edited by a family of two endosulfatases. Sulfl and Sulf2 act specifically on the trisulfated
IdoA2S-GIcNS6S disaccharide residue of HSPG, with no activity on chondroitin sulfate (Ai et al.,
2006, Morimoto-Tomita et al., 2002). Sulfatase regulation of HSPGs is associated with alterations
in bioavailability and activity of several growth factors and cytokines (reviewed in Rosen and
Lemjabbar-Alaoui, 2010).

We previously identified a highly correlated module of genes whose expression was
conserved across species and highly enriched among activated human OPCs (Pol et al., 2017).
Among these genes, Sulf2 was among the mostly highly expressed and dynamically
downregulated during differentiation. Herein, we describe sulfatase expression in adult OPCs
following demyelination in mouse CNS and in demyelinated lesions in postmortem MS brain. In
mouse, both Sulfl and Sulf2 were expressed in tandem and largely restricted to oligodendrocyte
lineage cells in adult CNS. Using genetic and pharmacological inhibition of sulfatases, we found
that OPC-expressed sulfatases modulate their local microenvironment and facilitate HS sulfation-
dependent Wnt and Bmp signaling. Furthermore, by conditional transgenic deletion of Sulf1/2 in
adult NG2-expressing OPCs, we demonstrate that sulfatases act to impair post-mitotic
oligodendrocyte formation and inhibit remyelination. Taken together, our findings define a novel
therapeutic target for the acceleration of OPC recruitment and differentiation, with potential
translational applications in the treatment of demyelinating disease.

MATERIALS AND METHODS
Human CD140a/PDGFaR cell and tissue preparation

Fetal brain tissue samples, between 17 and 22 weeks of gestational age, were obtained
from Advanced Bioscience Resources (Alameda, CA) with consent from patients under protocols
approved by the University at Buffalo Research Subjects Institutional Review Board. Forebrain
samples were minced and dissociated using papain and DNase as previously described (Conway
et al., 2012). Magnetic sorting of CD140a/PDGFaR positive cells was performed as described
(Pol et al., 2013). Human OPCs (hOPCs) were maintained on plates coated with poly-ornithine
and laminin, in human neural differentiation (ND) media supplemented with 20 ng/ml PDGF-AA
(PeproTech) and 5 ng/ml NT-3 (PeproTech) (Abiraman et al., 2015). Fetal tissue was fixed in 4%
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PFA and cryoprotected in a sucrose gradient (7.5% sucrose overnight, followed by 15% sucrose
overnight), and frozen in OCT medium (Tissue-Tek). Serial 16 um transverse sections were cut
using a Leica cryostat and stored at -80°C.

RNA extraction and RT-PCR analysis

Total RNA was isolated from hOPCs following mitogen withdrawal and real time RT-PCR
performed as described in (Pol et al, 2017). Human SULF1l, Fwd:
ACCAGACAGCCTGTGAACAA and Rev: ATTCGAAGCTTGCCAGATGT, and SULF2, Fwd:
TGAGGGAAGTCCGAGGTCAC and Rev: CTTGCGGAGTTTCTTCTTGC, specific primers were
used to measure gene expression. Gene expression was calculated by normalizing to GAPDH
and performing AAC; analysis.

Cloning and lentiviral preparation

pLVTHM vectors containing shRNA targeting SULF2 (GGAGTGGTGGTGTCAATA) or a
non-targeted scrambled control (AACAGTCGCGTTTGCGACTGG), were used as previously
described (Nawroth et al., 2007). The pBARLHyg lentiviral reporter plasmid was a gift of Dr.
Randall Moon (University of Washington) (Biechele and Moon, 2008). pGL3 BRE luciferase was
a gift from Martine Roussel & Peter ten Dijke (Addgene plasmid # 45126) (Korchynskyi and ten
Dijke, 2002). The lentiviral pTRIP-EF1a backbone was a gift from Abdel Benraiss (University of
Rochester, Rochester, NY) (Sevin et al., 2006). To generate L-BRE-Luc, pGL3 BRE Luciferase
was digested with Kpnl (NEB), blunted using a commercial blunting kit (NEB) and digested with
Xbal (NEB). The pTRIP-Efla plasmid was linearized by digestion with Mlul (NEB), blunted, and
digested with Xbal to remove Efla-mCherry-WPRE. The BRE-Luc fragment and the pTRIP-EF1a
backbone were purified by gel extraction (Qiagen) and ligated with T4 DNA ligase (Invitrogen) to
generate L-BRE-Luc. pBARLHyg, L-BRE-Luc and pLVTHM were packaged in lentivirus as
previously described (Sim et al., 2006). Briefly, HEK 293T were triple transfected with viral vector
and packaging plasmids pLP/VSVG (Invitrogen) and psPAX2 (AddGene), and viral supernatant
was collected 42 hrs later. pLVTHM viral titer was determined by quantification of pLVTHM-driven

GFP expression.

Oligodendrocyte differentiation and immunocytochemistry

For knockdown studies, hOPCs were seeded at 5x10* cells/mL and transduced with the
indicated lentivirus after 24 hours. To initiate differentiation, PDGF-AA and NT-3 growth factors
were removed, and cells cultured in ND media supplemented with BMP7 (PeproTech), Wnt3a

(R&D Systems) and/or PI-88 (gift of Medigen Biotechnology Corp, Taiwan), as designated, with

Page 5 of 36


https://doi.org/10.1101/2020.01.21.906073
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.01.21.906073; this version posted February 20, 2020. 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-NC-ND 4.0 International license.

Sulfatase regulation of OPC dynamics

media replenished after 48 hours. Four days following growth factor removal, cells were live
stained with O4 IgM hybridoma supernatant (gift of Dr. James Goldman, Columbia University),
fixed in 4% paraformaldehyde, and immunostained. For assessment of SULF2 expression,
hOPCs were maintained as progenitors, fixed and stained for SULF2 (Abcam ab113405, 1:500).
Where indicated, Brefeldin A (Cell Signaling Technology) was added to hOPCs at 5 pg/ml for five
hours prior to fixation. Alexa 488, 594, and 647-conjugated secondary antibodies (Invitrogen)
were used at 1:500 dilutions. Differentiation was quantified as the proportion of stained cells in 10
random fields at 10X magnification (using an Olympus IX70 microscope), representative of over

1,000 cells total in each condition.

Assessment of hOPC HS sulfation by flow cytometry

hOPCs were cultured as previously described, trypsinized and collected in 0.02%
EDTA/PBS. Cells were resuspended in HS3A8V (RB4CD12) phage display antibody (1:10, gift of
Toin van Kuppevelt, Nijmegen Medical Center, Nijmegen, Netherlands).The His-tagged phage
display antibody was detected by immunostaining with 6X-His Tag primary antibody (1:700,
Abcam) and 1:500 Alexa-488 conjugated secondary antibody. All antibody incubations were for
30 minutes at +4°C. Flow cytometry was performed using a BD Fortessa flow cytometer. Dead
cells were excluded by forward and side scatter-based gating, and doublet discrimination was
performed. Fluorescence intensity (FITC-A) was quantified from ~10,000 cells in each replicate,

and data was normalized to peak fluorescence to facilitate presentation.

Cell and secreted protein isolation and western blot

For cellular and secreted SULF2 expression analysis, hOPCs were cultured for 24 h in
ND media supplemented with 20 ng/ml PDGF-AA and 5 ng/ml NT-3. For oligodendrocyte SULF2
expression, PDGF-AA and NT-3 was removed to allow oligodendrocyte differentiation for 3 days.
Supernatants were collected, 0.22 um filter sterilized and precipitated with acetone. Cells were
washed in PBS, lysed and sonicated in a buffer containing 50 mM beta-glycerophosphate, 20mM
HEPES buffer, 1% Triton-100, protease inhibitors (Roche), phosphatase inhibitor cocktail 2
(Sigma) and phosphatase inhibitor cocktail 3 (Sigma). For Wnt and Bmp pathway activity analysis,
CG-4 rat OPCs were cultured on poly-D-lysine coated flasks in ND media supplemented with
10ng/mL PDGF-AA and 10ng/mL bFGF (PeproTech). Cells were treated with 50ng/mL WNT3a,
50ng/mL BMP7 and/or 100ug/mL PI-88 for the indicated time-points, washed in PBS, lysed and
sonicated as above. Protein concentrations were determined using a Bradford assay (Bio-Rad),
and 30ug protein was used for slot blot of secreted protein or added onto 10% poly-acrylamide

gels for electrophoresis and western blot. Proteins were transferred to nitrocellulose membranes

Page 6 of 36


https://doi.org/10.1101/2020.01.21.906073
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.01.21.906073; this version posted February 20, 2020. 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-NC-ND 4.0 International license.

Sulfatase regulation of OPC dynamics

and blocked with commercial blocking buffer (Rockland) or 5% milk and 0.1% tween 20
(Calbiochem) in PBS depending on the primary antibody utilized. Primary antibodies against
SULF2 (1:500, Abcam), phospho-SMAD 1/5 (1:1000, CST), active B-catenin (1:2000, Millipore),
and B-actin (1:10,000, CST) were applied overnight at 4°C in blocking buffer. IR680RD and
IR800CW secondary antibodies (Li-Cor) were diluted 1:5000 in Rockland blocking buffer. Blots

were imaged using the Li-Cor Odyssey Infrared Imaging system.

Luciferase Assays

OPCs were seeded at a density of 2.5 x 10* cells/ml and maintained as progenitors in ND
media supplemented with PDGF-AA and NT-3. One day post-seed, cells were infected with
lentiviral luciferase reporter constructs for 24 hours, after which media was changed to fresh ND
media supplemented with growth factors, BMP7, WNT and/or PI-88, as indicated. Twenty hours
post-treatment, luminescence response was quantified using the Promega Bright-Glo reagent
and a Bio-Tek plate reader, in accordance with manufacturer recommendations. Background
luminescence was subtracted from all measurements and luminescence readings were
normalized to the average value of the untreated control in each experiment. Data are presented

as the mean + SEM per individual human sample (three technical replicates).

Animals and surgery

All experiments were performed according to protocols approved by the University at
Buffalo’s Institutional Animal Care and Use Committee. NG2creER:Rosa26YFP animals were a
gift from Akiko Nishiyama (University of Connecticut, Storrs, CT) (Zhu et al., 2011). Sulf1/2
double-floxed (Sulf1"Sulf2®") animals were a gift from Dr. Xinping Yue (LSU Health Sciences
Center, New Orleans, LA) (Ai et al., 2007). Sulf1/2 double-floxed (Sulf1""Sulf2"™) animals were
crossed with the NG2creER; RosaYFP mice to generate three colonies NG2creER: YFP: Sulf1™,
NG2creER: YFP: Sulf2" and NG2creER: YFP: Sulf1/2%. Conditional Sulfl, Sulf2 and Sulf1/2
knockout by cre-mediated recombination in adult NG2* OPCs was achieved by intraperitoneal
administration of tamoxifen (200 mg/kg, Sigma) for five days, the last of which occurred seven
days prior to surgery. All experimental mice received tamoxifen in an identical manner and
littermate controls lacking cre were compared with cre-containing cKO mice. For experiments
using PI-88, eight- to eleven-week old female BalbC mice were purchased from Envigo.

Focal demyelination of the young adult (8-11 week) mouse spinal cord was induced as
previously described (Welliver et al., 2018). Briefly, animals were anesthetized under isoflurane,
and 0.5 pl ,1% lysolecithin (La-lysophosphatidylcholine, Sigma) was directly injected into the

dorsal and ventral funiculus of the spinal cord between two thoracolumbar vertebrae. To assess
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the role of Bmp and Wnt modulation in the context of Sulf1/2 deletion, CHIR-99021 (3uM, Axon
MedChem), XAV939 (0.1uM, Tocris), AO1 (100nM, Tocris) or LDN-193189 (100nM, Tocris) or
matched volume saline (1:50) were co-injected with 1% lysolecithin (wt/vol). For experiments
involving PI-88, 10 pg/ml P1-88 was co-injected with 1% lysolecithin, and demyelination induced
by injection of the mixture into the spinal cord. Groups of WT and Sulf1/2 cKO animals were co-

injected with lysolecithin and drug/vehicle.

Animal tissue processing and analysis

Animals were euthanized at 3, 5, 7, or 14 days post-lesion (dpl) by transcardial perfusion
of saline followed by 4% paraformaldehyde under deep anesthesia. Tissue processing and lesion
identification was performed as described previously (Welliver et al., 2018). Slides immediately
adjacent to the lesion centers, identified by solochrome cyanine staining, were used for all
immunohistochemical procedures. Primary antibodies utilized were rabbit anti-Olig2 (1:500,
Millipore), mouse anti-CC1 (1:50, Millipore), mouse anti-GFAP (1:300, Sigma), rabbit anti-lbal
(1:300, Wako Chemicals USA) and rabbit anti-NG2 (1:200, Millipore). Alexa 488, 594, and 647-
conjugated secondary antibodies (Invitrogen) were used at 1:500. In situ hybridization for Plpl
was performed as described in (Welliver et al., 2018). Images of spinal cords were captured at
20X magnification using an Olympus IX51 with Prior stage and were stitched together (FI1JI). For
each marker, the average from at least two sections was quantified for each animal. Lesions with
cross-sectional area < 10,000 um? were excluded from the analysis, as were lesions which
extended into surrounding grey matter. All quantification was performed by an investigator blinded

to the identity of the samples.

Electron microscopy

For assessment of remyelination, tissue was processed as described in Welliver et al.
(2018). Briefly, mice were sacrificed at 14 day post lesion by transcardial perfusion with 2%
glutaraldehyde in 0.1 M phosphate buffer and spinal cords were extracted (n = 5 per group), 1-
mm-thick blocks surrounding the spinal cord lesion were processed through osmium tetroxide,
dehydrated through ascending ethanol washes, and embedded in TAAB resin (TAAB
Laboratories). One ym sections were cut, stained with 1% toluidine blue (Sigma-Aldrich), and
examined by light microscopy to identify lesions. Selected blocks with lesions were trimmed,
ultrathin sections cut, and examined by electron microscopy (Hitachi, HT7800). Images were
acquired at 2500X magnification. Analyses of remyelinated axons and g-ratios were performed
blinded. For remyelination counts, a minimum of 800 axons were counted for each animal from

at least six different fields, with all animals per treatment group. Analysis of g-ratio was performed
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as described in Dillenburg et al. (2018). Briefly, axon and fiber diameter were measured using
F1JI (diameter = 2 x \[area/m]). A minimum of 100 axons was analyzed per animal. The frequency
distribution of axon diameter and g-ratio of remyelinated axons was calculated by binning on axon
diameter and g-ratio.

Human multiple sclerosis tissue

Multiple sclerosis tissue was prepared as described in Tripathi et al. (2019). Briefly, brains
were collected as part of the tissue procurement program approved by the Cleveland Clinic
Institutional Review Board. Brains were removed according to a rapid autopsy protocol, sliced (1
cm thick), and then fixed in 4% paraformaldehyde and 30 um sections were cut for morphological
studies. Lesions were characterized for demyelination by immunostaining using proteolipid
protein (PLP). Chronic active demyelinated lesions were analyzed from two patients diagnosed
with secondary progressive MS (53-57 yrs old, disease duration > 10 yrs, postmortem interval <
8 hrs).

Fluorescent in situ hybridization (FISH)

Double label FISH was performed with probes targeting Sulf2 (GenBank:
NM_001252578.1), Sulfl (GenBank: NM_ 001198565.1), Plpl (GenBank: NM_ 000533.4) and
Pdgfral (GenBank: NM_011058.2), Apcddl (GenBank: NM_133037.3), ID4 (GenBank:
NM_031166.2) mRNA by using the RNAscope fluorescent multiplex detection kit (Advanced Cell
Diagnostics) according to the manufacturer’s instructions. Postnatal day 7 and 28, and 24-week
old mice were euthanized and perfused with 0.9% saline followed by 4% paraformaldehyde.
Dissected mice brains and spinal cords and cryopreserved in sucrose gradient (10, 20, 30%) for
24hr and were snap frozen in OCT and sectioned coronally at 16 pum thickness. Fixed sections
were baked at 60°C for 1 hr, washed with ethanol, followed by tissue pretreatment, probe
hybridization following RNAscope fluorescence multiplex assay and sections were counterstained
with DAPI to visualize nuclei. Positive signals were identified as punctate dots present in nucleus
and cytoplasm. Confocal Z stack images with optical thickness 0.2 um were taken and stacked

images are shown (Zeiss LSM 510 Meta confocal).

Statistical analyses
All quantification and data analysis were performed by an investigator blinded to the
identity of the samples. All statistical analyses were performed using GraphPad Prism (San Diego,

CA). Data were compared by Student’s t test, one-way ANOVA, or two-way ANOVA, where
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appropriate; significance was considered at p<0.05. Each figure legend contains the statistical

test and significance values. Data are reported as mean + SEM.
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RESULTS

Heparan sulfate proteoglycan 6-O endosulfatases are highly expressed by OPCs

Transcriptomic network analysis of human OPC (hOPC) differentiation identified a module
of highly correlated and species conserved genes associated with progenitor fate (Pol et al.,
2017). Among these high connected genes, heparan sulfate endosulfatase 2 (SULF2) was
identified in the OPC-associated module (M5). Real time RT-PCR analysis confirmed profound
down-regulation during hOPC in vitro differentiation (Fig. 1a). Expression of SULF2 was relatively
restricted to OPCs as SULF2 mRNA expression was >14-fold higher in primary human PDGFaR*
OPCs than CD133" neural progenitor cells (Wang et al., 2013). Likewise, SULF2 expression was
maintained in oligodendrocyte-biased PDGFaR*O4" progenitors (Abiraman et al., 2015) and adult
human A2B5* OPCs but not enriched in adult human astrocyte or microglial isolates (Sim et al.,
2009).

As heparan sulfate function has not been extensively studied during OPC development,
we examined the expression of genes involved in HS biosynthesis, post-synthetic modifications
of HS, and HSPG core proteins in mouse development (Fig. S1). Interestingly, we observed that
several HS-associated genes were down-regulated with differentiation. Down-regulation of HS
biosynthetic genes during OPC differentiation was consistent with previous studies that suggested
reduced heparan/HS abundance during OPC differentiation (Stringer et al., 1999, Properzi et al.,
2008). Together, these findings suggest that the heparanome is dynamically regulated in the
progenitor state and becomes more static as OPCs differentiate to mature OLs. Remarkably, both
mouse Sulfl and Sulf2 mRNAs were almost entirely restricted to the oligodendrocyte lineage
(Table S1). In contrast to mouse, RNA-seq of primary hOPCs revealed very high levels of SULF2
expression (~100 FPKM) whereas SULF1 mRNA almost undetectable (<0.5 FPKM) (Table S1).
SULF2 protein expression was readily detected in hOPCs (Fig. 1b). Consistent with active
secretion of sulfatases (Morimoto-Tomita et al., 2002, Tang and Rosen, 2009), blockade of the
secretory pathway with Brefeldin A led to cytoplasmic SULF2 protein accumulation in hOPCs
(Fig. 1c).

We observed high expression of SULF2 mRNA in vivo restricted to a subset of PDGFRA"
OPCs located in the human subventricular zone and white matter of 22-week fetal brain (Fig. 1d).
In 1-week old mouse brain, almost all Pdgfra® OPCs expressed Sulf2 mRNA while Sulfl mRNA
was restricted to a subset of OPCs (Fig. 1e). During early postnatal development both sulfatases
were also detected in immature oligodendrocytes but expression in oligodendrocytes was not

sustained in the adult (Fig. 1f-j). Indeed, in the corpus callosum of aged adult mice (24-week),
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only Pdgfra® OPCs retained high levels of Sulfl/Sulf2 mRNA (Fig. 1g/j). Combined with our
expression data in human cell isolates, these findings suggest that OPCs expressed Sulf1/Sulf2
throughout developmental and into adulthood consistent with a functional role in OPC
homeostasis.

Sulfatase inhibits oligodendrocyte production following demyelination

We examined the pattern of sulfatase expression following demyelination by inducing
demyelination in adult mouse spinal cord by focal injection of lysolecithin. Interestingly, we
observed increased expression of Sulfl and Sulf2 mRNA within the lesion at 5 days post-lesion
(5dpl) (Fig. 2a and b). At this time-point, OPCs are actively recruited into the lesion. We observed
many Pdgfra® OPCs within the lesion expressing both Sulf1 and Sulf2 mRNAs (Fig. 2a-d), as well
as some PdgfraOlig2* oligodendrocyte lineage cells that co-expressed Sulf2 (Fig. 2e- f). As in
normal brain, Sulf2 expression was restricted to OPCs in the unlesioned spinal cord white matter.
In contrast, following demyelination Sulf2 was also expressed by a very small subset of Gfap*
astrocytes and Ibal* microglia in the vicinity of and within the lesion while only very few Sulfl*
astrocytes were observed (Fig. S2a). Of note, Pdgfrb* pericytes did not express detectable Sulfl
or Sulf2 following demyelination. These observations suggest that both sulfatases are up
regulated by OPCs following demyelination and that sulfatase expression was largely restricted
to OPCs and oligodendrocyte lineage cells.

To determine the functional role of OPC-expressed sulfatases following demyelination, we
performed tamoxifen-induced conditional ablation of Sulfl/Sulf2 1-week prior to lysolecithin-
induced demyelination. In order to ablate Sulfl/2 specifically from adult OPCs, we crossed
NG2creER mice (Zhu et al., 2011) with floxed Sulf1/Sulf2 mice (Ai et al., 2007). Littermate controls
lacking cre-expression were also injected with tamoxifen. At 5 dpl, we observed a significant
increase in Olig2* oligodendrocyte lineage cell density in Sulf1/2 cKO mice compared to wildtype
(wt) (n = 3-6 animals per group, t-test p < 0.01) (Fig. 2g, h, k). To assess OPC proliferation
animals were terminally injected with EdU. Increased Olig2* cell density was not due to increased
proliferation (EdU%, p = 0.85) (Fig. 2l). This suggested that ablation of sulfatase encourages a
favorable microenvironment for OPC migration and recruitment.

Intriguingly, the significantly increased density of Olig2* oligodendrocyte lineage cells was
maintained at 7 dpl (Fig. 2i, j). At 7 dpl, Sulf1/2 cKO mice exhibited a 37% increase in density of
Olig2* cells (n = 6-8 animals per group, t-test p < 0.01) (Fig. 2m). Accompanying the increase in
total oligodendrocyte lineages cells, we noted a 73% increase in the proportion of CC1"Olig2*

amongst Olig2* cells in Sulf1/2 cKO relative to wt controls (p < 0.001) (Fig. 2n). This resulted in
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a 2.2-fold increase in the density of Olig2*CC1* post-mitotic oligodendrocytes (p < 0.001).
Intriguingly, the increase in oligodendrocyte differentiation as this stage resulted in a relative
depletion of Olig2*CC1-defined OPCs at this stage. Thus, sulfatases Sulfl/2 act to impair
recruitment and early differentiation of OPCs following demyelination.

Individual sulfatase deletion is sufficient to improve oligodendrogenesis following
demyelination

In order to define whether the effects of Sulf1/2 cKO was mediated specifically via deletion
of either Sulfl or Sulf2, we assessed the effect of individual Sulf1/2 cKO on OPC recruitment and
differentiation following demyelination at 7 dpl (n = 5-6 animals per genotype) (Fig.3a-g).
Interestingly, individual Sulf2 deletion resulted in a significant increase in the density of Olig2*
oligodendrocyte lineage cells that resembled that of Sulfl/2 double cKOs (Fig. 3e). In contrast,
Sulfl deletion resulted in only a relatively mild increase to Olig2* density relative to control (Fig.
3e). Indeed, two-way ANOVA treating Sulf1/2 as dependent variables indicated a main effect of
Sulf2 but not Sulfl genotype on Olig2* recruitment (Sulf2 p < 0.0001, Sulf2 p = 0.67). Consistent
with a shared mechanism, a significant interaction between Sulfl and Sulf2 was found (F (1, 17)
= 17.4, p = 0.001) (Fig. 3e). In contrast, individual deletion of either Sulfl or Sulf2 resulted in a
highly significant increase in CC1'Olig2* oligodendrocyte density relative to WT (two-way
ANOVA, main effects p < 0.05). A highly significant interaction of Sulf1 and Sulf2 genotype effect
on Olig2*CC1* cell density was also consistent with a common function of either gene (F (1, 17)
= 17.4, interaction p = 0.0006) (Fig. 3f). Likewise, as an estimate of differentiation, the proportion
of CC1*0lig2* cells among Olig2* oligodendrocyte lineage cells was increased following ablation
of either Sulfl or Sulf2, and comparable with Sulf1/2 double cKO mice (F (1, 16) > 10, p < 0.01
main effects and interaction) (Fig. 39).

Together, these data suggest that Sulfl and Sulf2 both contribute to delayed OPC
recruitment and oligodendrocyte differentiation following demyelination. As deletion of either
sulfatase resulted in substantial alterations in the density of oligodendrocytes and oligodendrocyte
lineage cells, it is clear that the loss of either Sulfl or Sulf2 was not fully compensated by the

remaining sulfatase gene.

SULF2 expression inhibits hOPC differentiation and is enriched in MS lesions

Having established that Sulf2 can impair OPC recruitment and differentiation in mice
following demyelination, we next studied the functional role of sulfatase expression in purified
human OPCs. RNA-seq and gPCR revealed that SULF2 was the principal sulfatase expressed
by hOPCs (Table S1 and Fig. S3a). We examined the function of SULF2 in hOPCs following
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infection with lentivirus expressing SULF2 shRNA (Phillips et al., 2012), which significantly
reduced SULF2 mRNA expression by 72.9 + 5.7% (Fig. S3b) (p < 0.0001, n = 8 individual fetal
samples). Importantly, SULF1 mRNA expression was not increased in compensation following
SULF2 knockdown (Fig. S3c) (p = 0.90) and remained at the lower detection limit (C; > 30).
Importantly, SULF2 knockdown significantly accelerated human O4* oligodendroglial
differentiation by 46% compared to scrambled controls (Fig. 3i-j) (n = 6 samples, p < 0.0001). To
determine if hOPCs actively secreted SULF2, we performed slot blot analysis of conditioned
media as well as cell lysates (Fig. S3d). Consistent with SULF2 mRNA downregulation upon
differentiation (Fig. 1a), both cellular and secreted SULF2 protein expression decreased during
hOPC differentiation.

As SULF2 acted to prevent efficient hOPC differentiation in vitro, we next asked whether
SULF2 was expressed by OPCs in adult human brain and in chronic active demyelinated lesions
from secondary progressive MS patients (n = 2). SULF2 mRNA was expressed by PDGFRA"
OPCs in normal appearing white matter and substantially increased around the demyelinated
lesion border (Fig. 3I-p). We confirmed that these SULF2 mRNA transcripts were restricted to
OPC and oligodendrocyte cells by their colocalization with PDGFRA (Fig. 3m-n) and PLP1
transcripts, respectively (Fig 30-p ). Almost all PDGFRA" and PLP1" cells observed at the lesion
border expressed SULF2 mRNA. Together, these data suggest that SULF2 is up regulated in a
similar manner following demyelination in the human brain and in vitro act in a similar manner to

prevent efficient OPC differentiation.

Conditional sulfatase ablation accelerates remyelination following demyelination

To address whether Sulf1/2 modulation of HSPG sulfation could influence oligodendrocyte
generation and remyelination following lysolecithin-induced demyelination, additional cohorts of
Sulf1/2 cKO and control mice were sacrificed at 14 dpl. As observed at 5 and 7 dpl, demyelinated
lesions were similar in size in Sulf1/2 cKO and control mice (n = 4, t-test p = 0.81) (Fig. 4a, b).
Sulfatase deletion resulted in a 2-fold increase in the density of Plp1* oligodendrocytes and 2.6-
fold increase in Olig2*CC1* oligodendrocyte density (n = 4 per group, p < 0.05) (Fig. 4c-d, k, I)
as seen at 7 dpl. Robust oligodendrogenesis in Sulfl/2 cKO animals was accompanied by a
significant increase in total density of Olig2* oligodendrocyte lineage cells relative to wt controls
(p< 0.01) (Fig. 4l). Indeed, the density of Olig2"CC1 OPCs had recovered at 14 dpl such that the
percentage of Olig2*CC1* oligodendrocytes within the Olig2™ population was no longer enhanced
in Sulf1/2 cKO (p = 0.72) (Fig. 4m). Taken together, at 14 dpl Sulf1/2 cKO resulted in enhanced
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generation of new oligodendrocytes and increased the density of both mature oligodendrocytes
and OPCs following demyelination in the CNS.

As OPC secreted sulfatases may regulate local signaling in other cell types, we examined
the effect of OPC-specific deletion of Sulfl/2 on astrocyte and microglial activation following
demyelination. We did not observe differences in the pattern or intensity of astrocytic Gfap
immunoreactivity (Fig. 4g, h). Likewise, the intensity of Ibal* microglia/macrophages staining was
not significantly altered by Sulf1/2 cKO (p = 0.20) (Fig.4i-j, n).

We next investigated whether decreased sulfatase activity in OPCs might accelerate
remyelination (Fig. 40-v). At 14 dpl, Sulfl/2 cKO significantly increased the proportion of
remyelinated axons relative to WT controls (n = 4 animals per group, t-test p = 0.01) (Fig. 4s).
Consistent with an acceleration of differentiation, myelin thickness was significantly increased in
remyelinated axons following Sulf1/2 deletion. The myelin g-ratio, which represents the ratio of
axon to axon plus myelin diameter, was significantly decreased in Sulfl/2 cKO (g-ratio calculated
from n = 4 animals, t-test p < 0.05). Linear regression analysis of individual g-ratio vs. axon
diameter also demonstrated a significant effect of Sulf1/2 cKO (Fig. 4t). Likewise, the distribution
of g-ratios demonstrated a significant reduction in the frequency of very thinly remyelinated axons
consistent with improved remyelination initiation following Sulf1/2 cKO (Two-way ANOVA, Sidak
post hoc, 0.85-0.9 p < 0.0001 and 0.9-0.95 p<0.01) (Fig. 4u). Sulf1/2 cKO did not influence the
distribution of axonal diameter within the lesion suggesting that deletion of Sulf1/2 does not induce
axonal swelling (Fig. 4v). These results indicate that OPC-expressed sulfatases act as negative

regulators for remyelination in a cell-autonomous manner.

Wnt/Bmp signaling inhibits oligodendrocyte differentiation following demyelination in a
sulfatase-dependent manner

Pathological activation of both Bmp and Wnt signaling prevents efficient remyelination by
inhibiting OPC differentiation (Deininger et al., 1995, Ara et al.,, 2008, Fancy et al., 2009).
Importantly, antagonism of either Wnt or Bmp signaling can accelerate OPC differentiation and
remyelination (Fancy et al., 2011, Sabo et al., 2011). As sulfatase ablation has been shown to
impair both BMP (Otsuki et al., 2010) and Wnt signaling (Nawroth et al., 2007), we hypothesized
that Sulfl/2 cKO increased oligodendrocyte generation due to modulation of Wnt and Bmp
signaling in OPCs. To this end, we used pharmacological approaches to specifically activate or
inactivate either Wnt or Bmp signaling in the context of Sulfl/2 deletion at 7 dpl (Fig. 5a-m).

Consistent with previous studies and data presented above, two-way ANOVA revealed significant
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effects of drug treatment and Sulf1/2 genotype on all parameters as well as highly significant
interaction between them (n = 3-8 animals per group) (Tables S2 and S3).

As previously shown with genetic activation of Wnt signaling (Fancy et al., 2009),
pharmacological Wnt activation via CHIR-99021 (3 pM) in wild-type animals resulted in
significantly impaired differentiation with reduced density of CC1*Olig2* oligodendrocytes (n = 4
and 8 respectively, Holm-Sidak multiple comparison test p < 0.05) (Table S2) (Fig. 51) and
reduced proportion of CC1*Olig2* oligodendrocytes among total Olig2* cells (Holm-Sidak p <
0.001) (Fig. 5m) following demyelination. Likewise, tankyrase inhibitor XAV939 (0.1 uM) which
blocks Wnt signaling significantly promoted oligodendrocyte differentiation in wild-type mice
measured as CC1*0lig2* density and CC1% at 7 dpl (Hold-Sidak p<0.0001), as previously shown
(Fancy et al., 2011). As described above, Sulfl/2 cKO significantly increased both metrics of
differentiation (Table S2). In the context of Sulf1/2 cKO, Wnt activation (CHIR-99021) was unable
to block oligodendrocyte differentiation (Olig2*CC1* density p = 0.94, CC1% p = 0.89) (Fig. 5I-
m). Likewise, additional Wnt antagonism by XAV939 did not further potentiate the increase in
oligodendrocyte differentiation afforded by Sulf1/2 cKO (Olig2*CC1" density p = 0.90, CC1% p =
0.99). Thus, interaction between Wnt signaling and sulfatase was clear and strongly supported
the hypothesis that Sulf1/2 ablation acts to promote oligodendrocyte differentiation via modulation
of Wnt signaling.

Next, we used A01 (100 nM) to inhibit E3 ligase Smurfl and thereby activate intracellular
BMP signaling (Cao et al., 2014) and Bmp type | receptor antagonist LDN193189 (100 nM) to
antagonize Bmp signaling (Fig. 5a-m). In wild-type animals, pharmacological Bmp activation
(A01) significantly decreased Olig2*CC1* oligodendrocyte density and CC1* percentage (Holm-
Sidak p < 0.05 and p < 0.001) (Table S2) (Fig. 51-m). In contrast, Bmp receptor antagonist (LDN)
increased all three parameters, total Olig2* density (Holm-Sidak p < 0.001) (Fig. 5k), CC1* density
(p < 0.0001) (Fig. 5I) and % CC1 (p < 0.0001) (Fig. 5m). In Sulf1/2 cKO mice, intracellular Bmp
activation via A0l treatment reduced oligodendrocyte differentiation (Olig2*CC1* density and
CC1%) compared to Sulfl/2 cKO alone (Table S2) (Fig. 5l-m). However, this level of
differentiation was significantly enriched compared to wild type indicating that Sulf1/2 cKO effect
was still effective in the context of Bmp excessive activation. In contrast, Sulf1/2 cKO did not
further enhance oligodendrocyte differentiation in animals treated with Bmp receptor antagonist
(LDN) (Hold Sidak, Olig2*CC1* density p = 0.99, CC1% p = 0.18) (Fig. 5I-m). The interaction
between Bmp receptor antagonist treatment and sulfatase suggests that sulfatase acts via Bmp

signaling.

Page 16 of 36


https://doi.org/10.1101/2020.01.21.906073
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.01.21.906073; this version posted February 20, 2020. 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-NC-ND 4.0 International license.

Sulfatase regulation of OPC dynamics

As modulation of these pathways could occur at multiple levels, we next asked whether
sulfatase modulated Wnt and Bmp signaling directly in human OPCs. To this end, scrambled
control or SULF2 knockdown (KD) hOPCs were transduced with viral reporters for Wnt and Bmp
signaling (see methods). Wnt-dependent TCF reporter luciferase was >11-fold induced following
WNT3a treatment (n = 4 fetal samples) (Fig. 5n). Strikingly, SULF2 KD significantly attenuated
Wnt induction by more than 40%. Likewise, Bmp response element (BRE)-dependent luciferase
was increased >18-fold by BMP7 treatment and this Bmp-induced BRE luciferase activity was
significantly inhibited by SULF2 KD (Fig. 50). Two-way ANOVA revealed a significant interaction
effect between SULF2 KD and both Wnt and Bmp signaling (p < 0.05) and was consistent with a
direct effect of sulfatase on these signaling pathways. To further test whether SULF2 KD could
directly influence the effects of Bmp signaling on hOPC fate, we treated SULF2 KD and scrambled
infected hOPCs with BMP7 and assessed the effects on O4* oligodendrocyte differentiation (n =
5-6 fetal samples) (Fig. S4). As shown previously (Sim et al., 2011), BMP7 treatment inhibited
04* differentiation from hOPCs (Two-way ANOVA, p < 0.001) (Fig. 5p). Importantly, SULF2 KD
significantly rescued the effects of BMP7 (Hold-Sidak test, p < 0.01). As such, sulfatase expressed
by hOPCs directly potentiates both Wnt and Bmp signaling and is consistent with sulfatases
exerting cell-autonomous role in OPCs.

P1-88 modulates OPCs sulfation and regulates Bmp and Wnt signaling in hOPCs

As sulfatases act in the extracellular space, they represent a pharmacologically relevant
target for manipulation in demyelinating disease. PI-88, a highly sulfated structural mimetic of
heparan sulfate acts as a non-cleavable substrate and inhibitor for sulfatases (Parish et al., 1999,
Yu et al., 2002) and is currently in clinical trials for cancer therapy. We first assessed basal HS
sulfation on rat CG4 and human primary OPCs by flow cytometry using RB4CD12 antibody that
recognizes highly sulfated HS GAG maotifs (Jenniskens et al., 2000) (Fig. 6a, b). Treatment with
P1-88 caused a progressive and persistent enrichment of HS sulfation at 30-min and 24 hours
(Fig. 6b).

We next examined whether PI-88 via induced increased HS sulfation could inhibit Wnt
and Bmp signaling in OPCs. In rat CG4 cells, activated B-catenin, a downstream effector of
canonical Wnt signaling was substantially induced following Wnt3a treatment (Fig. 6c).
Importantly, PI-88 treatment effectively blocked the effect of Wnt3a. Likewise, PI-88 attenuated
Bmp7-induced Smad 1/5 phosphorylation (pSmad) (Fig. 6d). Using luciferase-expressing
lentiviral reporters of Wnt and Bmp signaling, we found PI1-88 exhibited a clear dose-dependent

effect and antagonized Wnt and Bmp signaling with IC50s of 0.38 ug/ml and 0.89 pug/ml for Wnt3a
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and Bmp7 respectively (Fig. 6e-f). Interestingly, when we compared the effect of PI1-88 treatment
on low and high dose Wnt/Bmp-induced luciferase we observed a downward shift of the dose-
response curve following PI-88 treatment (data not shown). This suggests that the effect of PI1-88
is noncompetitive and is consistent with inhibition of sulfatase rather than direct agonist binding
or another receptor-mediated mechanism.

Next, we explored the effects of PI-88 on human primary OPC signaling. Lentiviral reporter
infected hOPCs were treated with BMP/WNT ligands and/or PI-88. BMP and WNT ligand
treatment (50 ng/ml) induced robust >15-fold increase in reporter activity (two-way ANOVA, p <
0.05) that was significantly attenuated by PI-88 (Fig. 6g-h). PI-88 treatment alone did not alter
BMP or WNT-dependent luciferase activity. Thus, we concluded that PI-88 was capable of
inhibiting BMP and WNT signaling in both rat and hOPCs.

P1-88 rescues the BMP7 mediated inhibition of hOPC differentiation in vitro

The inhibitory effects of PI-88 treatment on BMP-induced transcription suggested that PI-
88-mediated inhibition of sulfatase activity could prevent BMP-mediated effects on OPC cell fate
(Sim et al., 2011). hOPCs were cultured following mitogen withdrawal to induce oligodendrocyte
differentiation. As described above, BMP7 (5 ng/ml) blocked O4* differentiation (n = 4 fetal
samples, two-way RM ANOVA p < 0.001) (Fig. 6m). Following BMP7 treatment, PI-88 treatment
significantly increased O4* differentiation (Holm-Sidak p<0.05). Likewise, BMP7 induced GFAP~*
astrocyte fate from hOPCs (Fig. 6n). Following PI1-88 treatment, BMP7 was unable to significantly
increase astrocyte differentiation. In the absence of BMP7, PI-88 did not significantly alter hOPC
fate. Taken together, these results suggest that pharmacologically biasing hOPCs toward a state
of elevated 6-O sulfation is phenotypically relevant, opposing the BMP7-mediated induction of

astrocytic fate in vitro.

PI1-88 promotes oligodendrocyte differentiation and remyelination following focal
demyelination

As PI-88 was able to effectively modulate HS sulfation and antagonize Wnt and Bmp
signaling in vitro, we next asked whether sulfatase inhibition by PI-88 could modulate
remyelination. PI-88 (10 pg/ml) or saline was co-injected with lysolecithin. At 3 dpl, P1-88 did not
influence lesion size, microglial infiltration or astrogliosis. Loss of oligodendrocytes and OPCs
within the lesion was likewise complete in both groups (Fig. S5). As such lesion formation was
indistinguishable between PI-88 treated and untreated animals. At 5 dpl, during OPC recruitment,
we observed a significant >25% increase in Olig2* density following PI-88 treatment (n = 6-7

animals, t-test p < 0.01) (Fig. 7a-b, k) that was not due to increased proliferation (EdU%, p =

Page 18 of 36


https://doi.org/10.1101/2020.01.21.906073
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.01.21.906073; this version posted February 20, 2020. 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-NC-ND 4.0 International license.

Sulfatase regulation of OPC dynamics

0.78) (Fig. 71). Similar to our observations following Sulf1/2 cKO, PI-88 treatment did not notably
influence astrocytic or microglial responses at 7 dpl (Fig. 7g-j). At 7 dpl, the density of
oligodendrocytes, defined as the density of either Plpl® or CC170Olig2* cells, was significantly
increased by PI-88 (n = 4, p < 0.05) (Fig. 7m-n). Similar to Sulf1/2 cKO, the overall Olig2*
oligodendrocyte lineage cell density was significantly increased by PI-88 treatment (p < 0.05) (Fig.
7n). Consistent with accelerated differentiation, the percentage of CC1* oligodendrocytes among
total Olig2* was significantly increased by PI-88 (n = 6-7) (Fig. 70). Thus, PI-88 treatment acts in
a similar manner to Sulfl/2 cKO resulting in accelerated oligodendrocyte generation following
demyelination.

Next, we examined whether enhanced differentiation following PI-88 treatment resulted in
accelerated remyelination (Fig. 7p-s). We found that PI-88 treatment significantly increased the
proportion of remyelinated axons at 14 dpl (n = 5 animals per group, t-test p < 0.05) (Fig. 7t).
Linear regression analysis of axon diameter vs. g-ratios demonstrated a significant reduction of
g-ratio following PI-88 treatment (Fig. 7u). Likewise, the distribution of g-ratios binned by axon
diameter was left shifted and indicated increased myelin sheath thickness in PI-88 treated mice
(Fig 7v). Similar to Sulf1/2 cKO, PI-88 treatment did not induce axonal swelling confirmed by axon
diameter frequency distribution (Fig 7w). Together, these data demonstrate that PI-88 treatment
promoted both OPC differentiation and accelerated remyelination following demyelination.

PI-88 induced oligodendrocyte differentiation following differentiation is mediated via
inhibition of sulfatase

To determine the mechanism by which PI-88 increased oligodendrocyte differentiation,
and whether the effects of PI-88 were dependent on OPC-expressed sulfatase, we treated mice
with PI-88 in the context of OPC-specific sulfatase deletion (i.e. Sulf1/2 cKO). We induced
lysolecithin lesions in Sulfl/2 cKO and treated with PI-88 (n = 4-5 animals per group) (Fig. 8). As
described above, PI-88 treatment or Sulfl/2 cKO alone significantly increased Olig2*
oligodendrocyte lineage density (Fig. 8m), Olig2*CC1* density (Fig. 8n), and the proportion of
CC1* oligodendrocytes (Fig. 8n). Importantly, we did not observe an additive effect of PI-88
treatment on Sulf1/2 cKO mice for these parameters (Fig. 8m-0). Two-way ANOVA revealed a
highly significant interaction between genotype and PI-88 treatment on all parameters (Table S4).
Thus, PI-88 likely lead to increased oligodendrocyte differentiation primarily via inhibition of OPC-
expressed Sulfl/2.

Finally, to determine if PI-88 might similarly regulate Wnt and Bmp signaling and exert a

pro-differentiative effect via Wnt/Bmp antagonism, we examined the expression of Wnt and Bmp
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target genes following Sulf1/2 cKO and/or PI-88 treatment using in situ hybridization (Fig. 8e-I).
Similar to our results using pharmacological manipulation of Wnt and Bmp pathways, we
observed significantly decreased expression of Apcddl (Wnt target) and 1d4 (Bmp target) in
Pdgfra® OPCs in Sulf1/2 cKO mice (two-way ANOVA, Sulf1/2 cKO main effect p < 0.01, n = 4-6
animals per group) (Fig 8p-q). Likewise, PI-88 treatment alone significantly inhibited expression
of both genes in Pdgfra® OPCs (two-way ANOVA, PI-88 effect p < 0.05). Combined treatment of
P1-88 in Sulf1/2 cKO mice did not significantly decrease Wnt or Bmp target gene expression any
further compared to Sulfl/2 cKO alone (Holm-Sidak, p > 0.5). These observations suggest that
P1-88 acts via OPC-expressed Sulf1/2 to influence BMP and Wnt signaling in OPCs and thereby
promote myelin repair.
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DISCUSSION

The inhibitory tissue environment of chronic demyelinated lesions acts to prevent efficient
myelin repair and remyelination in MS (Lau et al., 2013). The cellular environment and local
extracellular matrix determine the availability and signaling of multiple growth factor and cytokine
pathways. Here, we show that sulfation of heparan sulfate proteoglycans (HSPG) critically
influences the paracrine signaling environment surrounding OPCs and can be modulated to
improve recruitment and generation of new oligodendrocytes leading to accelerated myelin repair.
These data demonstrate that extracellular sulfatases expressed by human and mouse OPCs
promote inhibitory Wnt and Bmp signaling following demyelination and that ablation of sulfatase
function either by conditional genetic deletion or pharmacological inhibition can enhance
remyelination.

The mammalian genome contains two sulfatase genes which share substrate specificity
but differ in expression pattern in a cell- and tissue-specific manner (Ai et al., 2006, Morimoto-
Tomita et al., 2002). We found that OPCs express high levels of sulfatases that are eliminated
during oligodendrocyte differentiation. During mouse CNS development, both sulfatases were
expressed by OPCs and immature oligodendrocytes. In contrast, human OPCs express SULF2
more than 10*-fold higher than SULF1. The significance of this species-difference in expression
is unclear but has significant implications for the design of sulfatase-specific small molecules. In
the adult mouse CNS, Sulfl/2 expression is largely restricted to OPCs and a subpopulation of
cortical layer V neurons, as previously described (Zeisel et al., 2015). Neuronal Sulf2 expression
suggests that the heparanome within cortical demyelinated lesions differs from subcortical white
matter and may potentiate inhibitory signals that contribute to failed remyelination. Intriguingly,
sulfatase expression remained predominantly restricted to OPCs following demyelination in both
mouse and human lesions. While the specific HSPG core proteins that undergo sulfatase-
mediated editing are unknown, Syndecan-3 (SDC3) is noteworthy due to its high expression in
fetal and adult human OPCs (Sim et al., 2009, Sim et al., 2011) and in cultured murine cells
(Winkler et al., 2002).

The role of heparanome sulfation has not been previously studied in the context of
demyelination. Constitutive sulfatase expression by OPCs suggests these enzymes prevent
complete 6-O sulfation and our functional studies indicate that increased HSPG sulfation is
associated with inhibition of various extracellular signaling cascades. The resting state of OPC
heparanome is predominately composed of highly sulfated HexA2S-GIcNS6S trisulfated
disaccharide units which are specific among glial subtypes (Stringer et al., 1999). As such,

sulfatases are ideally situated to modulate OPC signaling. The generation of highly sulfated
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HSPGs is catalyzed by sulfotransferases. These enzymes, expressed at high levels by OPCs,
are localized to the Golgi apparatus and do not act once HSPGs are presented on the cell surface
(Habuchi et al., 2004). As such, the increased prevalence of surface HS sulfation following
sulfatase inhibition is most likely due to de novo HSPG presentation and suggests a rapid turnover
of OPC-expressed HSPGs.

In the adult CNS, sulfatase deletion in OPCs results in a substantial increase in recruitment
and generation of oligodendrocyte lineage cells following demyelination leading to improved
remyelination. Interestingly, antisense Sulfl treatment during embryonic development results in
reduced migration (Kakinuma et al., 2004). As HSPG sulfation is expected to influence multiple
pathways, we observed distinct effects on OPC dynamics following demyelination. In addition to
accelerated differentiation (assessed by density and proportion of post-mitotic oligodendrocytes),
we noted that sulfatase deletion resulted in progressive recruitment of Olig2* cells such that the
density of oligodendrocyte lineage cells progressively increased from 5-14 days post lesion. This
contrasts with wild-type lesions which typically reach maximal density at 5 days. The effect of dual
sulfatase deletion on oligodendrocyte number was striking as we observed a more 2-fold increase
in generation of oligodendrocytes. Intriguingly, and consistent with shared substrate specificity,
the effect of individual sulfatase deletion was consistent with a model in which sulfatases act in a
dose-dependent manner. As such, once a lower limit of sulfatase activity was reached,
oligodendrocyte generation and differentiation were increased. The dose-dependent effects of
sulfatase inhibition in vitro is consistent with this model and supports the potential for future
therapeutic intervention. Importantly, the effect of conditional deletion of Sulfl/2 in NG2-
expressing cells was restricted to OPCs as we did not observe pericyte Sulfl/2 expression either
in normal CNS or following demyelination with similar results observed in purified human OPCs.
As pericytes did not express Sulfl/2, conditional deletion of sulfatase in NG2-expressing cells
resulted in specific deletion of OPC-expressed sulfatase activity.

HSPG sulfation is known to regulate several signaling pathways (Rosen and Lemjabbar-
Alaoui, 2010). Here, we show both Wnt and Bmp pathways are inhibited by sulfatase inhibition in
OPCs. Canonical Wnt signaling prevents efficient oligodendrocyte differentiation following
demyelination (Fancy et al., 2009, Fancy et al., 2011). Wnt target genes are activated in OPCs
following human white matter injury and correlate with failed differentiation and repair (Fancy et
al., 2014). We found that endogenous sulfatases promote Wnt signaling and sulfatase inhibition
decreases Wnt target gene expression in OPCs. This likely occurs in a ligand-receptor dependent
manner as TCF/LEF transcriptional activity was dependent on SULF2 expression in purified

human OPCs. Moreover, we found a highly significant interaction between sulfatase function and

Page 22 of 36


https://doi.org/10.1101/2020.01.21.906073
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.01.21.906073; this version posted February 20, 2020. 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-NC-ND 4.0 International license.

Sulfatase regulation of OPC dynamics

pharmacological manipulation of Wnt signaling. CHIR-99021 acts as a GSK-3f inhibitor to
potentiate canonical Wnt signaling. As Sulfl/2 cKO was observed to block the effect of
pharmacological Wnt activation, it suggested that CHIR-induced Wnt signaling influences
differentiation via another extracellular pathway. Intriguingly, the effect of Wnt3a on purified OPC
differentiation occurs in a Bmp-dependent manner (Feigenson et al., 2011) and our data suggest
that Wnt may be acting via Bmp signaling in vivo as well. Supporting a direct role of sulfatase
manipulation on Wnt signaling in demyelination, the lack of an additive effect of XAV939 treatment
to block Wnt signaling and sulfatase deletion on oligodendrocyte differentiation suggests that Wnt
signaling is a key mechanism by which HSPG sulfation regulates OPC dynamics. Of note, Wnt
antagonist treatment did not entirely phenocopy Sulf1/2 cKO, as treatment with XAV939 did not
increase overall Olig2 density whereas Sulf1/2 cKO resulted in a significantly increased density.

Our data support a role for sulfatase mediated potentiation of Bmp signaling following
demyelination. Genetic sulfatase deletion in OPCs resulted in impaired Bmp-response element-
dependent transcription and reduced ld4 expression by OPCs in vivo. Bmp signaling is up
regulated following demyelination (Ara et al., 2008, Sabo et al., 2011) and is active in MS lesions
(Deininger et al., 1995). We found that Bmp receptor antagonist increased both Olig2 recruitment
and oligodendrocyte differentiation, as shown (Govier-Cole et al., 2019). Sulfatase deletion in the
context of Bmp blockade did not further increase differentiation suggesting this process is
dependent on Bmp signaling. In contrast, intracellular activation of Bmp signaling by treatment
with A01, a Smurfl E3 ligase specific antagonist, could not be effectively compensated for by
sulfatase deletion. Given the intracellular mode of action for A01, this is entirely consistent with a
model in which HSPG sulfation regulations Bmp ligand/receptor accessibility.

In addition to Wnt and Bmp, modulation of HSPG sulfation by sulfatases regulates several
additional signaling cascades that influence the demyelinated lesion microenvironment.
Previously, Sulf activity has been to shown to potentiate PDGFaR signaling in glioblastoma
(Phillips et al., 2012). PDGF is the principle OPC mitogen during development (Sim et al., 2011,
Sim et al., 2006, Noble et al., 1988, Raff et al., 1988) but does not appear to be rate-limiting
following murine spinal cord demyelination (Calver et al., 1998, Woodruff et al., 2004). In addition
to PDGF, previous studies suggest that sulfatase activity inhibits FGF2 signaling (Otsuki et al.,
2010, Wang et al., 2004, Lamanna et al., 2006, Holst et al., 2007, Seffouh et al., 2013) and
pharmacologically reduced sulfation blocks FGF responsiveness in OPCs (Bansal et al., 1996,
Fortin et al., 2005). As FGFR ablation in oligodendrocyte lineage cells results in hypomyelination
(Furusho et al., 2012), inhibition of sulfatase leading to increased FGF signaling is consistent with

our observed acceleration of remyelination and increased myelin sheath thickness following
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Sulfl/2 cKO. In addition to PDGF and FGF2, heparan sulfatase regulation of inflammatory
signaling cascades such as IFN-y have been described (Lortat-Jacob et al., 1991). As such,
HSPG 6-O sulfation via regulation by OPC-expressed sulfatases provide the basis for the
coordinated regulation of the lesion microenvironment.

Given that sulfatases are secreted into the extracellular milieu, it is likely that paracrine
effects of sulfatase inhibition may influence other glial and inflammatory cell signaling following
demyelination. Although a broad assessment of microglial number via Ibal immunoreactivity and
astrogliosis via Gfap did not indicate a major effect following sulfatase deletion, we cannot exclude
the possibility that paracrine effects may influence the infiltration, proliferation, or activation of
microglia and other immune cells within the lesion environment. Importantly, while lysolecithin-
induced demyelination provides the ideal model to assess the effects of sulfatase deletion on the
cellular dynamics of remyelination, paracrine influences of sulfatase inhibition cannot be ruled out
due to the relative absence of adaptive immune system related signaling in this model.

P1-88 is a heparin mimetic acting as a competitive antagonist to sulfatases (Parish et al.,
1999). The effects of PI-88 treatment on OPC dynamics following lysolecithin demyelination
essentially phenocopied that of OPC-specific sulfatase deletion. Importantly, when PI-88
treatment was combined with Sulf1/2 cKO, there were no additive effects and the PI-88 did not
further influence OPC dynamics or differentiation. This is consistent with the effects of PI-88 being
mediated solely via inhibition of OPC-expressed sulfatase. However, we cannot exclude the
possibility that heparanase antagonism by PI-88 could influence the lesion environment (Karoli et
al., 2005).

By modulating the local OPC niche in the context of demyelination, we have found a single
target capable of modulating several signaling cascades in concert. Previous remyelination
approaches have targeted single signaling pathways such as LINGO-1 (Mi et al., 2007), Wnt
(Fancy et al., 2011), RXRy, muscarinic receptor antagonists (Mei et al., 2014, Deshmukh et al.,
2013, Abiraman et al., 2015), amongst others. Other approaches such as miconazole or
clobetasol have less defined mechanisms of action (Najm et al., 2015). While these and other
small molecules have been discovered that promote OPC differentiation and remyelination in
rodent models, given the apparent diversity of inhibitory cascades involved, it seems unlikely that
targeting single pathways will yield an effective clinical intervention. As such, PI-88 may allow
simultaneous modulation of several distinct signaling inputs in favor of a single biological goal, a
unique approach to the treatment of demyelinating disease. In addition as cell therapies for myelin
disorders approach clinical translation (Franklin and Goldman, 2015), modulation of the

heparanome might represent a viable approach to overcome the local inhibitory environment into
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which cells are engrafted. Future studies will need to directly address the clinical utility of PI-88,
and whether PI-88 or another Sulf-targeting compound could function synergistically with one or
more of the previously described compounds to exact efficient myelin repair. Systemic PI-88
(Muparfostat) is currently being investigated in various oncology-related clinical trials
(clinicaltrials.gov), with a favorable safety profile reported (Chen et al., 2017).

Taken together, OPC-expressed sulfatases by regulating their local heparanome,
potentiate inhibitory signals present in demyelinating lesions that prevent efficient myelin repair.
Treatment with PI-88 represented a potent means to inhibit sulfatases and support the potential
for therapeutic approaches aimed at sulfatase inhibition. CNS optimized delivery of PI-88 or
similar heparan mimetics may represent a potent and multifaceted approach to achieve

enhancement of endogenous myelin repair in diseases such as multiple sclerosis.
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FIGURE LEGENDS

Figure 1. Sulfatase is expressed by mouse and human OPCs. a, RT-PCR analysis of SULF2
MRNA in human primary OPCs during in vitro differentiation after PDGF-AA removal. b-c, SULF2
protein is expressed at low levels in hOPCs (b), and immunoreactivity substantially increased
after treatment with the protein secretion inhibitor brefeldin A (5 pg/ml) (c). SULF2 mRNA
expressing PDGFRA* OPCs in fetal human brain (d). e-g, Sulfl and Sulf2 expression was
analyzed in mouse corpus callosum during normal development by RNAscope in situ
hybridization and combined with Olig2 Immunohistochemistry (IHC) at postnatal day 7 (e, h), day
28 (f, i) and at 24 weeks (g, j). Sulfl mRNA (cyan), Sulf2 mRNA (green), Pdgfra mRNA (red) and
Olig2 protein (pink). White arrows denote Pdgfra® OPCs expressing Sulfl and Sulf2. Arrowheads
denote Sulf1*Pdgfra® OPCs. Yellow arrows denote Olig2*Pdgfra” oligodendrocytes that express
Sulf2. Scale: 100 pum (b-c), 20 um (d-j).

Figure 2. Conditional genetic ablation of OPC-expressed Sulfl/2 accelerates
oligodendrocyte recruitment and lesion colonization following demyelination. a-f, Dual
RNAscope in situ hybridization (ISH) of mouse spinal cord (a, c, e) revealed increased Sulfl and
Sulf2 mRNA expression following demyelination (b, d, f; 5 dpl). Sulfl (cyan), Sulf2 (green), or
Pdgfra mRNA (red) and Olig2 protein (pink). White arrows denote Pdgfra® OPCs that co-
expresses Sulfl/2. Arrowheads denote Sulfl1*Pdgfra® OPCs. Blue arrows denote Sulf2*Pdgfra*
OPCs. Yellow arrows denote Sulf2'Olig2*Pdgfra’ oligodendrocyte lineage cells. Inducible
NG2creER-mediated OPC-specific ablation of Sulf1/2 (Sulfl/2 cKO) in adult mice followed by
lysolecithin-induced demyelination (g-n). Analysis of OPC dynamics at 5 days post-lesion (dpl)
(k-I) and 7 dpl (m-n). At 5 dpl, Olig2* cell density was significantly increased in Sulf1/2 cKO (k).
No difference in the proportion of proliferating EdU*Olig2* cells compared to wild type (1) (** p <
0.01, t-test, n= 3 - 6 per group). At 7 dpl, Sulf1/2 cKO exhibited increased overall Olig2* and post-
mitotic Olig2*CC1* oligodendrocyte density (i-j) (cells/mm? quantified in m, ** p < 0.01). The
percentage of CC1*Olig2* oligodendrocytes among Olig2* cells was increased in Sulf1/2 cKO
animals compared to controls (n, *** p < 0.001, n = 3 - 6 per group). Mean + SEM shown. Scale:

20 pm (a-f) and 10 pm (g-j).

Figure 3. Sulf2 deletion results in improved oligodendrocyte recruitment and
differentiation and is up regulated in chronic active MS lesions. Tamoxifen-dependent OPC-
specific ablation of either Sulfl, Sulf2 alone or both Sulfl/2 in NG2" OPCs was initiated prior to

demyelination. Control animals (lacking cre) were treated in an identical manner.
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Immunofluorescence for Olig2 and CC1 at 7 dpl (a-d). The density (cells/mm?) of Olig2*
oligodendrocytes lineage cells (e), Olig2*CC1* post-mitotic oligodendrocytes (f) and percentage
of CC1* oligodendrocytes (g) was quantified (n = 5 - 6 mice per group). Two-way ANOVA for
Sulfl and Sulf2 genotypes. Holm-Sidak post-test vs. wild-type control *, **, *** *** indicates p <
0.05, 0.01, 0.001, 0.0001 respectively. h-j, human primary OPCs infected with lentiviral SULF2
knockdown (KD) or scrambled control cultured in mitogen-free conditions for 4 days.
Oligodendrocyte differentiation assessed by O4 immunocytochemistry (green) and DAPI (blue)
(h-i). j, SULF2 KD accelerated O4* oligodendrocyte differentiation (**** p < 0.0001 paired t-test,
n=6 fetal human samples). k, PLP1 immunohistochemistry of chronic active human MS lesion
and surrounding normal white matter (NAWM). | (insert in K), RNAscope for PLP1 mRNA in
NAWM (pink box in k). m-p, RNAscope in situ hybridization at lesion border (black box in k) for
SULF2 (green), PDGFRA (red, n) and PLP1 (red, p) mRNA. Arrow represents colocalization of
SULF2 with PDGFRA and PLP1 mRNAs. Mean = SEM is shown. Scale: 20 um (a-d, n-q), and
50 pum (i-j).

Figure 4. Conditional ablation of Sulf1/2 accelerates remyelination. a-b, Solochrome cyanine
stained lesions at 14 dpl. Oligodendrocyte differentiation was assessed by Plpl ISH (c-d) and
Olig2*CC1* immunofluorescence (e-f). Astrogliosis was assessed by GFAP (g-h), and the
microglial responses assessed by Ibal (i-j). Quantification of Plpl* oligodendrocyte cell density
(k), Olig2* and CC1* density (1) (n = 3 - 4 mice per group). * indicates t-test p<0.05. 0-v, Analysis
of remyelination by EM at 14 dpl. s, Proportion of remyelinated axons (** indicates t-test p < 0.01),
t, relationship between axon diameter and g-ratio (linear regression shown). Frequency
distribution of axonal g-ratio (u) and axon diameter (v) in lesion (n = 4 animals/group, 2400 axons).

Mean £ SEM is shown. Scale: 20 ym (a-j) and 5 ym (0, q) and 1000 nm (p, r).

Figure 5. Sulfatase promotes inhibitory Wnt and Bmp signaling on oligodendrocyte
differentiation following demyelination. Pharmacological manipulation of Wnt and Bmp
signaling was performed in the context of Sulf1/2 cKO. Wnt pathway activator (CHIR-99021, 3
HM), Wnt antagonist (XAV939, 100nM), Bmp pathway activator (A0O1, 100nM) or receptor
antagonist (LDN-193189, 100nM) were co-injected with lysolecithin. a-j, Oligodendrocyte lineage
recruitment and generation was assessed by Olig2 (green) and CC1 (red) immunofluorescence.
Density of Olig2™ oligodendrocyte lineage cells (k), Olig2*CC1* post-mitotic oligodendrocyte (1),
and percentage of CC1+ oligodendrocytes (m) quantified (n = 3 - 8 group, mean + SEM). Two-

way ANOVA performed. Holm-Sidak multiple comparisons tests vs. ctrl wild-type (blue *) or ctrl
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Sulf1/2 cKO (red *), or as indicated. *, **, *** **** ndicated p < 0.05, <0.01, < 0.001, and <0.0001
respectively. n, hOPCs were co-infected with lentiviral SULF2 shRNAi or scrambled control and
lentiviral TCF/LEF reporter virus and exposed to WNT3A (50ng/mL) or vehicle control. Two-way
RM ANOVA followed by Holm-Sidak post-test (n = 4 fetal human samples, mean + SEM
normalized to control). o, hOPCs infected with lentiviral BMP reporter and SULF2 KD virus.
SULF2 KD reduced BMP activity in hOPCs following BMP7 treatment (50 ng/ml) (n =5, p < 0.05
two-way RM ANOVA Holm-Sidak post-test). Two-way ANOVA revealed significant main effects
for ligand treatment, SULF2 KD and the interaction for both Wnt and Bmp. p, quantification of O4*
oligodendrocyte differentiation following SULF2 KD and BMP7 treatment (5 — 50 ng/mL BMP?7)
(n = 5-6 fetal human samples). SULF2 knockdown attenuated the effects of WNT/BMP signaling
and significantly increased differentiation of hOPCs in the presence of BMP (Two-way RM
ANOVA, Holm-Sidak p < 0.05). * and ** indicate p < 0.05 and p < 0.01, respectively. Scale: 20

um (a-j).

Figure 6. PI-88 inhibits sulfatases leading to increased HSPG sulfation, and inhibition of
Wnt and Bmp signaling in OPCs. a-b, Flow cytometry of HS sulfation using RB4CD12 antibody
on rat CG-4 (a) and human primary (b) OPCs. No antibody control shown (green). PI-88 treatment
(100 pg/ml) resulted in a clear increase in OPC sulfation in a time-dependent manner. c-d,
Western blots for active B-catenin (adABC) and phosphorylated Smad 1/5 (P-Smad) following
treatment of rat CG-4 OPCs treated with BMP7, WNT3a (both 50ng/mL) and/or PI-88 (100 pg/ml).
e-f, Dose-response curves for Wnt and Bmp reporter activity in the presence/absence of PI-88
(20 hours following treatment, n = 3, one-way ANOVA). ** and *** indicate significant effect of PI-
88 by Dunnett’s post-test p < 0.01, < 0.001. g, human primary OPCs were infected with lentiviral
TCF reporter and treated with PI-88 (2 ug/mL) and/or Wnt3a (50 ng/ml) (n=3 fetal human samples,
normalized mean = SEM). h, similarly, hOPCs were infected with BMP response element
dependent reporter and treated with PI-88 and/or BMP7 (n = 3). Two-way ANOVA revealed
significant effects of Wnt/Bmp and PI-88 treatment, *, *** indicates Holm-Sidak post-test p < 0.05,
p < 0.001, respectively. i-n, the effect of PI-88 treatment on hOPC differentiation was assessed
in the context of inhibitory BMP treatment. hOPC were treated with BMP and/or PI-88 and O4*
oligodendrocyte (red) and GFAP* astrocyte (green) differentiation assessed after removal of
mitogens. Quantification of O4% (m, n = 5 fetal samples) and GFAP% (n, n = 3), mean = SEM
shown. Two-way RM ANOVA revealed significant effects of BMP and PI-88 on both O4 and
GFAP% (main effect p < 0.05). Scale: 50 pm.
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Figure 7. Sulfatase inhibitor PI-88 promotes OPC differentiation and remyelination
following demyelination. PI-88 was injected into demyelinated lesions in young adult mouse
spinal cord at the time of lysolecithin injection. a-b, Olig2* recruitment and proliferation
(EdU*Olig2*) was assess at 5 days post-lesion (dpl). c-j, oligodendrocyte generation,
differentiation and glial response was assessed at 7 dpl. Oligodendrocyte density and
differentiation was assessed by Plpl in situ (c-d), and Olig2/CC1 immunofluorescence (e-f). g-j,
Astrocyte and microglial responses were assessed by Gfap and Ibal, respectively. Kk-I,
guantification of Olig2* density and percentage of EdU* cells among total Olig2 at 5 dpl (n = 6-7
animals, mean + SEM). *, ** indicate t-test p < 0.05 and 0.01, respectively. m-o, at 7 dpl
guantification of Plp1* cell density (m), Olig2* and CC1*Olig2* cell density (n), and percentage of
CC1* cells within the Olig2 population (0) (n = 4-6 animals). p-w, Analysis of remyelination by EM
at 14 dpl (n = 5 animals/group). t, Proportion of remyelinated axons (* indicates t-test p < 0.05),
u, relationship between axon diameter and g-ratio (linear regression shown). Frequency
distribution of axonal g-ratio (v) and axon diameter (w) in lesion. Scale: 20 ym (a-j) and 5 ym (p-
r) and 1000 nm(g-s).

Figure 8. PI-88 treatment accelerated OL differentiation via inhibition of Sulf1/2 following
demyelination. WT and Sulf1/2 cKO mice underwent focal spinal cord demyelination with or
without PI-88 injection and were sacrificed at 7 days post-lesion. a-d, Olig2 (green)/CC1 (red)
immunofluorescence. e-lI, RNAscope in situ hybridization for OPC-expressed Pdgfra (red) and
either Wnt target gene Apcddl (green, e-h) or Bmp target gene 1d4 (green, i-l). Arrows indicate
double labelled OPCs. m-o0, Quantification of oligodendrocyte lineage density (Olig2*, m), post-
mitotic CC1*0Olig2* cells (n), and percentage of CC1* cells within the Olig2 population (0) (n = 4-
5 animals per group). Quantification of Wnt pathway activity Appcd1% (p) and 1d4% (q) among
Pdgfra® OPCs (n = 4-6 animals). Mean + SEM shown. *, ** *** *x* indicate Two-way ANOVA
Holm-Sidak post-test p < 0.05, <0.01, <0.001, and < 0.0001 respectively. Scale: 20 um.
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Figure S1 (related to Figure 1a). Expression of HS-associated genes in the rodent CNS. The HS biosynthetic
pathway is presented as a series of six biological steps beginning with translation of core proteoglycan mRNA in the
rough endoplasmic reticulum and concluding with editing of HS side chains at plasma membrane (Esko and Selleck,
Fernandez-Vega et al., 2013, Malfait et al., 2013). HS-associated genes have been classified based on the involvement
of their protein products in one of these six biosynthetic steps. The heat map presents gene expression on a log(FPKM)
scale across murine purified CNS cell populations (Zhang et al., 2014).
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Figure S2 (related to Figure 2). Increased Sulf2 expression in other glial cells after demyelination in lesion area.
RNAscope in situ hybridization (ISH) and immunohistochemistry (IHC) of mice spinal cord after demyelination
revealed Sulf 1 and 2 expression by astrocytes and microglial in lesions as assessed by immunohistochemistry of Gfap
and Ibal and Sulfl and 2 mRNA transcripts. Scale: 20 pm
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Figure S3 (related to Figure 3). Lentiviral-mediated expression of SULF2-targeting shRNA reduces SULF2
MRNA. a, Sulfl and 2-fold expression in hOPC normalized to GAPDH. b, hOPCs transduced with a lentivirus
expressing a ShRNA targeting SULF2 show significantly reduced expression of SULF2 mRNA, compared to non-
targeted scrambled (Scr) shRNA. (****P<0.0001 one sample t test vs 100, n = 8) (c) SULF1 expression was not
significantly affected by targeted SULF2 knockdown, compared to Scr controls. (P > 0.05 one-sample t test vs 100, n
= 3) Graphs represent mean £ SEM normalized to Scr. d, Western blot for SULF2 and active p-catenin (¢ABC) from
cultured hOPCs in the presence or absence of growth factors for 3 days to initiate oligodendrocyte differentiation
labeled as immature OL (iOL). 30ug protein was examined by slot blot and western blot using anti-Sulf2 antibody.
We observed a decrease in secreted and cellular Sulf2 protein levels in iOL as compared to OPC secreted and cellular

Sulf2 protein level
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Figure S4 (related for Figure 5). Sulfatase 2 knockdown increases differentiation despite inhibitory BMP
signaling. Human OPCs were transduced with Sulf2-targeted lentivirus or a scrambled control and allowed to
differentiate in the absence or presence of BMP7, as indicated. After four days of differentiation, cultures were live-
stained with differentiation marker O4 (green), and DAPI (blue) following fixation. Human OPC differentiation is
significantly reduced following BMP7 treatment. SULF2 knockdown attenuated the effects of BMP, significantly
increased differentiation of human OPCs, even in the absence of exogenous BMP, compared to scramble knockdown
controls. Quantification in Figure 5. Scale: 100um

| Solochrome | Iba1 | Gfap | Ng2 |

Figure S5 (related to Figure 7). Administration of P1-88 does not alter lesion dynamics at 3 days post-lesion.
Adult mice were subjected to lysolecithin-mediated focal demyelination of the spinal cord with or without
simultaneous administration of 10ug/ml PI-88 directly into the lesion site. Animals were sacrificed at 3 days post-
lesion (3dpl) to assess lesion dynamics. Demyelinated lesions of similar size were observed in the ventral white matter
of mice (a-e) in both experimental groups. (b-f) Microglial infiltration, activation and proliferation were similar across
experimental groups as assessed by Ibal immunohistochemistry. (c-g) Gliosis was comparable in control and P1-88
treated animals, as assessed by GFAP immunohistochemistry. Oligodendrocyte progenitor cell infiltration was similar
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20 pm (a-h).

Supplemental Tables

Table S1 (related to Figure 1) — Comparison of human and mouse HS-related gene expression

Human Description Mouse OPC Human OPC Enrichment in OL
Symbol FPKM (FPKM) lineage (Score)
(FPKM)
SULF1 Sulfatase 1 75+04 0.2+0.1 0.92
SULF2 Sulfatase 2 262.5 £53.0 99.9+84 0.95
XYLT1 Xylosyltransferase | 63+0.5 462+ 7.3 0.78
HS3ST1 | Heparan sulfate (glucosamine) 3- | 3.1+0.8 ND 0.72
O-sulfotransferase 1 L
(very high in mature
OoL)
EXTL2 Exostoses (multiple)-like 2 26419 146+1.2 0.57
CSPG4 Chondroitin sulfate proteoglycan | 117.4 +15.5 88.0+£2.8 0.91
4
PDGFRA | PDGF receptor, alpha 596.2 +32.4 422 £154 0.99
polypeptide
SOX10 SRY-box 10 147.1+£179 46.4+0.9 0.99

For mouse and human FPKM data, mean £ SEM shown, n=2. An oligodendrocyte lineage enrichment score was
defined as the sum of expression (FPKM) across the three oligodendrocyte lineage populations (OPC, MOG, new
OL) divided by the sum of its expression across all seven CNS populations. Mouse data taken from (Zhang et al.,

2014).
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Table S2 (related to Figure 5) — Comparison of effects of WNT and BMP modulating drugs on OPC
recruitment and oligodendrogenesis in WT and Sulf1/2 cKO.

Olig2* cell density CC1" cell density % CC1* cells
(cells / mm?) (among Olig2* cells)
(cells / mm?)

Condition WT Sulfl/2 cKO WT Sulf1/2 cKO WT Sulf1/2 cKO

Control 655.6 £ 43.7 | 899.7 £ 39.8 311.8+37.6 | 718.2+69.4 478+29 | 79056
(n=8) (n=6)

CHIR 519.3+92.1 | 952.6 +45.0 111.1+25.8 | 695.8+28.5 208+25 | 73.6+3.4
(n=4) (n=16)

XAV 808.9 £50.8 | 837.2+63.8 624.9+56.4 | 671.5+68.0 76.8+33 | 80.2+4.9
(n=8) (n=5)

A01 552.7+43.3 | 688.0 £54.7 106.9+33.8 | 403.6 +47.5 184+48 |544+74
(n=14) (n=7)

LDN 957.7+17.8 1147.3£37.1 811.2+38.0 | 894.8+£71.0 85.6+24 | 80.6x4.4
(n=5)

(n=3)

Table S3 (related to Figure 5) — Two-way ANOVA showing effects of WNT and BMP modulation in WT and

Sulfl/2 cko and the interaction.

Olig2* cell density

CC1* cell density

%CC1* cells

F (DFn, DFd) p value F (DFn, DFd) p value F (DFn, DFd) p value
Interaction F(4,46)=3.894 0.0083 F(4,46)=8.488 <0.0001 F(4,46)=12.23 <0.0001
Drug vs F(4,46)=13.91 <0.0001 F(4,46)=31.08 <0.0001 F(4,46)=34.17 <0.0001
Control
Wt vs F(1,46)=35.34 <0.0001 F(1,46)=67.39 <0.0001 F(1,46)=64.58 <0.0001
Sulfl/2 cko
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Table S4 (related to Figure 8) — Two-way ANOVA showing effects P188 treatment in WT and Sulf1/2 cKO
and the interaction.

Olig2* cell density CC1" cell density %CC1* cells

F (DFn, DFd) p value F (DFn, DFd) p value F (DFn, DFd) p value
Interaction F(1,13)=8.368 <0.05 F(1,12)=14.42 <0.001 F(1,12)=9.993 <0.001
Drug vs F(1,13)=0.460 0.50 F(1,12)=5.147 <0.05 F(1,12)=11.05 <0.05
Control
Wt vs F(1,13)=1.93 0.18 F(1,12)=32.33 <0.0001 F(1,12)=81.42 <0.0001
Sulfl/2 cko
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