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Abstract

Heparan sulfate (HS) proteoglycans contribute to the structural organization of various neurochemical synapses. Depending on the system,
their role involves either the core protein or the glycosaminoglycan chains. These linear sugar chains are extensively modified by HS modifi-
cation enzymes, resulting in highly diverse molecules. Specific modifications of glycosaminoglycan chains may thus contribute to a sugar
code involved in synapse specificity. Caenorhabditis elegans is particularly useful to address this question because of the low level of
genomic redundancy of these enzymes, as opposed to mammals. Here, we systematically mutated the genes encoding HS modiification
enzymes in C. elegans and analyzed their impact on excitatory and inhibitory neuromuscular junctions (NMJs). Using single chain antibod-
ies that recognize different HS modification patterns, we show in vivo that these two HS epitopes are carried by the SDN-1 core protein,
the unique C. elegans syndecan ortholog, at NMJs. Intriguingly, these antibodies differentially bind to excitatory and inhibitory synapses,
implying unique HS modification patterns at different NMJs. Moreover, while most enzymes are individually dispensable for proper
organization of NMJs, we show that 3-O-sulfation of SDN-1 is required to maintain wild-type levels of the extracellular matrix protein
MADD-4/Punctin, a central synaptic organizer that defines the identity of excitatory and inhibitory synaptic domains at the plasma
membrane of muscle cells.
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Introduction

The formation and maintenance of synapses involve a wide di-
versity of synaptic adhesion molecules as well as extracellular
matrix (ECM) components (Yuzaki 2018). Among these diverse
classes of molecules, heparan sulfate proteoglycans (HSPGs)
have emerged as bona fide synapse organizers (Condomitti and de
Wit 2018; Saied-Santiago and Biilow 2018). HSPGs are composed
of a core protein and of one or several heparan sulfate (HS) glycan
chains. Both protein and sugar moieties can interact with synap-
tic components, but in some cases, the glycosaminoglycan (GAG)
chains were demonstrated to be required for the synaptic func-
tions of HSPGs. For instance, in the mouse hippocampus, HS
chains of the presynaptically bound HSPG glypican 4 are required
to bind both the postsynaptic adhesion protein LRRTM4 (de Wit
et al. 2013; Siddiqui et al. 2013) and the presynaptic co-receptor
LARs (Ko et al. 2015). Thus, HS chains create a trans-synaptic
bridge that is required for the synaptogenic activity resulting
from this interaction. HS sugar chains are linear glycans of the
repeating disaccharide hexuronic acid/N-acetyl-glucosamine,

which are modified by a series of HS modification enzymes
(HSMEs, Figure 1). Such modifications trigger an exquisite level of
molecular diversity that contributes to the binding of specific
partners. Based on the expression pattern of HSMEs, it is
supposed that neurons express HS chains with different modifi-
cations, thus generating a “sugar code,” where precise HS
modifications may contribute to specificity during nervous
system development, including at the synapse (Holt and Dickson
2005; Poulain and Yost 2015).

HS chains are enriched at synapses in both mammals and
invertebrates (Ethell and Yamaguchi 1999; Ren et al. 2009; Attreed
et al. 2012; Maiza et al. 2020). Enzymatic degradation of HS chains
in cultured slices prevents long-term potentiation (LTP) in acute
treatments (Lauri et al. 1999) and results in network impairments
in chronic treatments (Korotchenko et al. 2014). Complete
absence of HS chains is lethal in the mouse (Lin et al. 2000) and in
C. elegans (Kitagawa et al. 2007). However, specific removal of the
HS-copolymerase EXT1 in the nervous system results in abnor-
mal brain morphogenesis (Inatani et al. 2003), while the absence
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Figure 1 Biosynthesis and modification of HS chains. HSPGs are composed of a core protein and linear GAG chain(s) attached at the level of serine
residue(s). Prior to chain expansion, a tetrasaccharide linker is added on the core protein by four enzymes: a xylosyltransferase (squ-6), a £31,4-
Galactosyltransferase (squ-3), a 33-Galactosyltransferase (squ-2) and a 31,3-Glucuronosyltransferase (squ-8). Next, two co-polymerases (rib-1 and rib-2)
synthetize the HS chain, which is composed of 50-150 repetitions of the disaccharides N-acetylglucosamine and glucuronic acid. Several modification
enzymes can alter these chains. hst-1 deacetylates and adds a sulfate group to the nitrogen atom in N-acetylglucosamine. hse-5 catalyzes the C5
epimerization of the glucuronic acid into iduronic acid. hst-2 transfers a sulfate group in position 2 of the hexuronic acid. hst-6 transfers a sulfate group
in position 6 of glucosamine residues. hst-3.1 and hst-3.2 transfer a sulfate group in position 3 of glucosamine residues. The 6-O-sulfatase sul-1 can then
remove specific sulfate groups in position 6 of glucosamine residues. These modifications occur in a template free, yet nonrandom, manner and result
in formation of different domains with specific properties and binding partners: N-acetylated (NA) domains, N-sulfated (NS) domains, and N-sulfated/
N-acetylated (NA/NS) domains. This biosynthesis predominantly occurs in the Golgi apparatus, and some steps may occur simultaneously.
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of EXT1 from glutamatergic neurons in the forebrain impairs
AMPA receptor-mediated transmission and induces behavioral
deficits reminiscent of autism spectrum disorder (Irie et al. 2012).
In humans, EXT1 mutations cause hereditary multiple exostoses
(Liang et al. 2020) sometimes associated with autism (Li et al.
2002). At drosophila neuromuscular junctions (NMJ), the absence
of HS chains or the complete lack of sulfation causes both mor-
phological and physiological defects (Ren et al. 2009). In C. elegans,
hypomorphic mutations of rib-1/EXT1 result in neuronal pattern-
ing defects (Blanchette et al. 2017). Moreover, removing HS chains
from a single HSPG can have major consequences. For example,
mutation of HS attachment sites in Neurexin compromises
mouse survival and results in synaptic impairments (Zhang et al.
2018).

Specific modifications of HS chains likely contribute to their
synaptic functions. For example, heparin inhibits LTP in hippo-
campal slices only if it contains 2-O- or 6-O-sulfated residues
(Lauri et al. 1999). However, assessing the role of HS modifications
at the synapse is difficult to address in mammals because many
HSMEs are encoded by multiple paralogs. Lowering activities of
HS 6-O-sulfotransferase (hs6st) or HS 6-O-endosulfatase (sulfl) at
drosophila NMJ results in decreased or increased transmission,
respectively (Dani et al. 2012). Here, we used the nematode C. ele-
gans, which encodes single orthologs for most HSMEs (Figure 1),
to systematically explore the synaptic roles of HS modifications
individually and in combinations at the NMJ. This system pro-
vides a simple, genetically tractable model, where individual syn-
apses from multiple innervations can be studied in live animals.

In C. elegans, each body-wall muscle cell is innervated by both
excitatory cholinergic and inhibitory GABAergic motoneurons
that form alternating en passant synapses along the ventral and
dorsal cords (VNC and DNC, respectively). The synaptic organizer
MADD-4/Punctin controls the cholinergic vs GABAergic identity
of the postsynaptic domains (Pinan-Lucarré et al. 2014). MADD-4
is an evolutionarily conserved ECM protein that belongs to the
ADAMTS-like (ADAMTSL) family and has 2 poorly characterized
mammalian orthologs, ADAMTSL1/Punctinl and ADAMTSL3/
Punctin2. The madd-4 locus expresses long (MADD-4L) and short
(MADD-4S) isoforms. MADD-4L is solely expressed by cholinergic
neurons. Its secretion controls the synaptic localization of two
types of ionotropic acetylcholine receptors (AChR), the hetero-
meric levamisole-sensitive L-AChRs and the homomeric nico-
tine-sensitive N-AChRs. MADD-4S is expressed by GABAergic and
cholinergic motoneurons. It triggers the localization of type-A
GABA receptors (GABARs) at GABA synapses and prevents their
recruitment by MADD-4L at cholinergic synapses (Pinan-Lucarré
et al. 2014; Maro et al. 2015; Tu et al. 2015).

We recently showed that MADD-4 is necessary for the locali-
zation of the HSPG syndecan SDN-1 at C. elegans NMJs (Zhou et al.
2020a). In contrast with mammals that express 4 syndecans, in C.
elegans there is only one syndecan, a transmembrane core protein
carrying at least 2 HS chains (Minniti et al. 2004; Rhiner et al.
2005). Our study revealed that SDN-1 is present at both choliner-
gic and GABAergic synapses. At cholinergic NMJs, SDN-1 triggers
the formation of an intracellular scaffold that localizes N-AChRs
at the synapse. SDN-1 is also required to maintain the synaptic
content of L-AChRs and GABARs, likely through extracellular
interactions with additional synaptic proteins. The synaptic lo-
calization of SDN-1 depends on MADD-4: in the absence of
MADD-4, SDN-1 is almost completely depleted from NM]Js.
Reciprocally, MADD-4 levels are decreased by 30% in the absence
of SDN-1. To date, SDN-1 is the only protein shown to regulate
the amount of MADD-4 while not presenting gross presynaptic

defects. Interestingly, point mutations of the GAG attachment
sites in SDN-1 cause a 20% decrease of MADD-4 levels at the
nerve cords. However, since these mutations also reduced SDN-1
levels at the synapse, it was difficult to conclude on the role of
the HS chains in the NMJ organization.

Here, we investigated the synaptic functions of HS chains by
systematically inactivating HS synthesis and modification
enzymes and assessing their impact on MADD-4, L-AChR, and
GABAR levels. We show that specific HS modifications are pre-
sent at C. elegans nerve cords at both cholinergic and GABAergic
synapses and are likely carried by SDN-1. Expression of antibod-
ies recognizing specific HS chain modification patterns can in-
crease synaptic protein levels, suggesting that these antibodies
mask a negative regulation of HS chains. Moreover, epimeriza-
tion, 2-O-sulfation and 6-O-sulfation modifications are individu-
ally largely dispensable for correct establishment of postsynaptic
identity at C. elegans NM]J, while 3-O-sulfation is required to main-
tain normal levels of MADD-4 at the NM]J.

Materials and methods

Strains and genetics

All C. elegans strains were grown at 20°C on nematode growth me-
dium (NGM) agar plates with Escherichia coli OP50 as a food source.
All strains were originally derived from the wild-type Bristol N2
strain. A complete list of strains used in this study is provided in
Supplementary Table S1in Supplemental File S1.

Confocal microscopy

Animals were imaged at the young adult stage (24 hours post L4
larval stage), except for strains expressing scFv antibodies (and
corresponding controls) that were acquired at the L4 stage. For
in vivo imaging, live hermaphrodites were mounted on 2% aga-
rose (w/v in water) dry pads immersed in 5% poly-lysine beads di-
luted in M9 buffer (3g of KH2PO4, 6g of Na2HPO4, 5¢g of NaCl,
and 0.25g of MgS04.7 H20, distilled water up to 1L). Confocal
images were taken on an Andor spinning disk system (Oxford
Instruments) installed on a Nikon-1IX86 microscope (Olympus)
equipped with a 60x/NA1.42 oil immersion objective and an
Evolve EMCCD camera. For each animal, an image of the nerve
cord was acquired as a stack of optical sections (0.2 pm apart).
Images of the DNC and VNC were acquired around the mid-body,
anterior to the vulva.

Whole fluorescence quantification

Quantification of the signal intensity at the cord was per-
formed using a macro in the Fiji software (Schindelin et al.
2012; Rueden et al. 2017). Briefly, images of DNCs and VNCs
were cropped as a rectangle containing solely the nerve cord
and projected as a sum in Z direction. Then, the mean inten-
sity was projected in x direction (orthogonal to the cord) and
the intensity was measured as the area under the curve, after
exclusion of the background.

Data representation and statistics

Confocal imaging of control and test groups were repeated at
least 3 times for each experiment and the data were pooled to-
gether. Fluorescence intensity was normalized as a percentage of
the mean value of the control group. Violin plots were generated
using the Prism software (GraphPad) as follows: the median is
shown by a solid dark line, quartiles are shown by two lighter
lines, and individual worms are indicated by dots. N numbers are
indicated above or below the genotype for each graph. Statistical
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testing was performed using the Prism software (GraphPad). For
2-group comparisons, the nonparametric Mann-Whitney test
was applied and for >2 group comparisons, the nonparametric
Kruskal Wallis test was performed with the Dunn’s multiple
comparison test.

Data availability

All strains and reagents are available upon request.
Supplementary Table S1 in Supplementary File S1 provides a
complete list of strains used in this study. Supplementary
material is available at figshare: https://doi.org/10.25386/genet-
ics.14533956.

Results

HS epitopes at NMJs are likely carried by SDN-1/
syndecan

Chemical modifications of HS chains expand the versality of
HSPG interactions. In order to visualize the pattern of specific HS
modifications at C. elegans NMJs, we used two strains expressing
the GFP-tagged single chain variable fragment (scFv) antibodies
HS3A8 and HS4C3, which are expressed from mid-embryonic de-
velopment to adulthood (Attreed et al. 2012). HS3A8 recognizes
an HS epitope with 6-O-sulfated and 2-O-sulfated glucosamine,
and HS4C3 binds an HS epitope with 3-O-sulfated and 6-O-sul-
fated glucosamine(s) (with minor contribution of 2-O-sulfated
glucosamine) (Attreed et al. 2012). In these transgenic strains,
scFv-GFP fusions are secreted in the pseudocoelomic cavity of the
worm and bind specific HS epitopes in vivo while unbound anti-
bodies are eliminated by scavenger cells that continuously filter
the extracellular fluid. As previously reported, HS3A8 and HS4C3
strongly concentrate at the nerve cords and more specifically in
synaptic regions [Figure 2, A and B and (Attreed et al. 2012)]. At
high magnification, the HS3A8 signal appeared enriched at cho-
linergic synapses, as shown by its very strong colocalization with
L-AChRs (Figure 2A). In contrast, HS4C3 was also detected in-be-
tween cholinergic synapses (Figure 2A, arrowheads), suggesting
that it may be localized at both types of synapse (cholinergic and
GABAergic). Indeed, HS4C3 appears colocalized with GABARs
(Figure 2B). Thus, HSPGs with distinct HS modifications are pre-
sent at different types of synapses.

We previously showed that the HSPG syndecan SDN-1 concen-
trates at NMJs (Zhou et al. 2020a). To test if HS epitopes detected
by the HS-specific scFv-GFP fusions are carried by SDN-1, we
looked at HS3A8 and HS4C3 expression in two different sdn-1 mu-
tant strains, containing either a null allele (zh20) (Rhiner et al.
2005) or a predicted truncated protein missing the GAG chain at-
tachment sites (0k449) (Minniti et al. 2004). In both mutants, the
fluorescence of these two scFv antibodies was abolished at the
nerve cords (Figure 2, C and D). Thus, distinct HS modification
patterns recognized by these two scFv antibodies are likely car-
ried by SDN-1 at C. elegans NMJs. This may reflect a sugar code
where SDN-1 carries distinct HS modifications between choliner-
gic and GABAergic NMJs, which may be important for synapse
specificity.

HS3AS8 antibodies increase L-AChR, GABAR, and
MADD-4 synaptic content

Since HS3A8 and HS4C3 differentially localize at cholinergic and
GABAergic NMJs, we wondered if the binding of scFv antibodies
themselves might differentially impact the localization of synap-
tic proteins. To test this possibility, we quantified the levels of
L-AChRs and GABARs, respectively, as well as the level of the

synapse organizer MADD-4, using knock-in lines expressing RFP-
tagged endogenous proteins. The madd-4 knock-in allele involves
a C-terminal tag that labels both MADD-4S and MADD-4L iso-
forms (Figure 2E). Remarkably, we observed that HS3A8 induced
a 70% increase of L-AChR levels at NMJs while HS4C3 had no ef-
fect (Figure 2A). HS3A8 expression also increased the levels of
GABARs and MADD-4, by 30 and 20%, respectively, while HS4C3
did not impact GABAR nor MADD-4 levels (Figure 2, B and F). Two
main hypotheses could explain the impact of HS3A8 on synaptic
protein content. First, HS3A8 binding could neutralize negative
regulatory functions provided by the GAG modification patterns
that it recognizes. Alternatively, the scFv antibody could trap
SDN-1 at the synapse. To distinguish between these hypotheses,
we measured SDN-1 levels, using a knock-in allele with a N-ter-
minal mNeonGreen (mNG) tag, in strains expressing HS3A8 or
HS4C3. We found that SDN-1 levels were not significantly
changed by the presence of HS3A8 nor HS4C3 (Figure 2G). These
findings suggest that the HS3A8 antibody displays neutralizing
activity, rather than artificially retaining SDN-1 at the synapse.

Synaptic proteins are decreased in squ-6 mutants

Our results indicate that HS chains participate in the organiza-
tion of NMJs. To assess the synaptic impact of removal of GAG
chains, we first analyzed squ-6 mutants, in which the tetrasac-
charide linker is not added to core proteins (Figure 1). As null
alleles of squ-6 are maternal lethal (Hwang et al. 2003), we used
the hypomorphic allele dz165, a splice acceptor mutation in the
squ-6 gene (Diaz-Balzac et al. 2014). In these mutants, MADD-4-
RFP and L-AChR-RFP levels were decreased by 19% and 16%, re-
spectively, at the DNC (Figure 3, A and B). GABAR-RFP levels were
significantly decreased by 22% at the VNC of squ-6 mutants as
compared to control animals (controls, N=17; squ-6, N=24,
Mann-Whitney test P=0.01), but failed to reach statistical signifi-
cance at the DNC (Mann-Whitney test P=0.12; Figure 3C).
Despite these decreases, both L-AChRs and GABARs appeared
correctly localized opposite the corresponding presynaptic bou-
tons in squ-6 mutants (Figure 3, B and C). These results suggest
that GAG chains are necessary to maintain correct levels of sev-
eral synaptic proteins at the NMJ, but did not distinguish between
HS and chondroitin sulfate (CS) chains, since squ-6 is required for
the synthesis of the tetrasaccharide linker (Figure 1) that is com-
mon to both HS and CS biosynthesis.

Epimerization, 2-O-sulfation and 6-0 sulfation
are dispensable for NMJ organization

To more specifically test the function of HS at the NMJ, we ana-
lyzed MADD-4, L-AchR, and GABAR levels in mutants of HSMEs,
including the hse-5 epimerase, the hst-2 2-O-sulfotransferase and
the hst-6 6-O-sulfotransferase. The mutant alleles (tm472, ok595,
and o0k273, respectively) are large deletions (Biilow and Hobert
2004) that correspond to functionally null alleles (Townley and
Bilow 2011). No single mutant had an impact on NMJ organiza-
tion (Table 1), suggesting that these modifications are individu-
ally dispensable for correct expression and localization of MADD-
4 and neurotransmitter receptors at NMJs. However, it has been
demonstrated that impairing the activity of one HSME can in-
crease other HSME activities (Townley and Bilow 2011).
Specifically, loss of hst-2 results in increased 6-O-sulfation and,
conversely, loss of hst-6 in increased 2-O-sulfation. Since HS3A8
recognizes 2-O-sulfated and 6-O-sulfated HS chains and induces
a phenotype at NMJs, we hypothesized that either 6-0O- or 2-O-sul-
fation might modulate synaptic protein content. We thus ana-
lyzed synaptic organization in hst-2 hst-6 double mutants. We
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Figure 2 HS modifications carried by SDN-1 contribute to NMJ organization. (A, B) Confocal images of scFv antibodies coupled with GFP (green), together
with L-AChRs (UNC-29-tagRFPt knock-in, magenta, panel A) or GABARs (UNC-49-tagRFPt knock-in, magenta, panel B) at the DNC of worms expressing
none (left panels), HS3A8-GFP (middle panels) or HS4C3-GFP (right panels). Arrowheads indicate HS4C3 signal in-between L-AChR clusters (A).
Quantifications show the L-AChR (A) or GABAR (B) fluorescence intensity at DNC in each genotype and results of Dunn’s multiple comparison tests. (C,
D) Confocal images of scFv antibodies coupled with GFP (green; C, HS3A8-GFP; D, HS4C3-GFP), together with L-AChRs (UNC-29-tagRFPt knock-in,
magenta) at the DNC of control (left), sdn-1(0k449) (middle) and sdn-1(zh20) (right) worms. Quantifications show the scFv fluorescence intensity (C,
HS3A8-GFP; D, HS4C3-GFP) at DNC in each genotype and results of Dunn’s multiple comparison test. (E) Schematics of the madd-4 locus modified in the
kr373 knock-in allele, resulting in C-terminal tagging of both MADD-4S and MADD-4L isoforms with TagRFP-T. (F) Confocal images of scFv antibodies
coupled with GFP (green), together with MADD-4-tagRFPt knock-in (magenta) at the DNC of worms expressing none (left panels), HS3A8-GFP (middle
panels) or HS4C3-GFP (right panels). Quantifications show the MADD-4 fluorescence intensity at DNC in each genotype and results of Mann-Whitney
tests. (G) Confocal images of scFv antibodies coupled with GFP (green) and SDN-1-BFP knock-in (magenta ) at the DNC of worms expressing none (left
panels), HS3A8-GFP (middle panels) or HS4C3-GFP (right panels). Quantifications show the SDN-1-BFP fluorescence intensity at DNC in each genotype
and results of Dunn’s multiple comparison test. In all igures, data distribution in each group is represented as violin plots where the median is shown
by a solid dark line, quartiles by two lighter lines and individual worms are represented by dots. In all figures, quantifications are represented as a
percentage of the control group, N numbers are indicated above or below each genotype and significance of statistical tests is indicated as follows: ns,
not significant, *P<0.05, *P<0.01, **P<0.001. In all figures, scale bars are 5 pm.
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Table 1 hse-5, hst-2, hst-6, and sul-1 are individually dispensable for NMJ organization

MADD-4 L-AChRs (UNGC-29) GABARSs (UNC-49)
Controls Mutants P-value Controls Mutants P-value Controls Mutants P-value

Mean * N Mean * N Mean + N Mean *= N Mean + N Mean + N

SEM (%) SEM (%) SEM (%) SEM (%) SEM (%) SEM (%)
hse-5(tm472) 100+=7 25 100+7 25 0.99 100+4 23 108*x4 25 0.08 100+7 32 81+3 31 0.06
hst-2(0k595) 100+11 18 124+10 18 0.08 1006 24 99+6 16 0.94 100+19* 24 110+19* 26 0.46
hst-6(o0k273) 1005 26 107*x4 36 0.26 100x5 30 90x6 28 0.11 100+ 4 34 93+4 29 0.32
sul-1(gk151) 1006 24 110x5 21 0.28 1005 26 101+4 21 0.81 100+ 4 20 114 5 22 0.01

Quantification of the fluorescence intensity of MADD-4 (MADD-4-tagRFPt knock-in), L-AChRs (UNC-29-tagRFPt knock-in), and GABARs (UNC-49-tagRFPt knock-in),
at the DNC, in hse-5(tm472), hst-2(0k595), hst-6(0k273), and sul-1(gk151) mutants, except for hst-2(0k595), where GABARs were quantified in UNC-49-pHluorin
knock-in (*). Quantifications are expressed as a percentage of mean control intensity * standard error of the mean (SEM) and P-values are calculated using the

Mann-Whitney test.

observed a significant decrease of MADD-4-RFP and L-AChR-RFP,
but not GABAR-RFP levels at the DNC of hst-2 hst-6 double
mutants (Figure 4, A-C). However, we often observed axon guid-
ance defects and a disorganization of cholinergic boutons in
these mutants. Thus, presynaptic defects at the DNC may ex-
plain the decrease in L-AChR-RFP and MADD-4-RFP levels, as
well as the reduced number of MADD-4 clusters at the DNC. Both
cholinergic and GABAergic motoneurons are located in the VNC
and extend commissural neurites toward the DNC (Figure 4D). In
some hst-2 hst-6 worms, cholinergic commissures were not prop-
erly formed and we could sometimes observe ectopic cholinergic
boutons forming outside the DNC (Figure 4D). We, therefore,
quantified the levels of MADD-4-RFP, L-AChR-RFP, and GABAR-
RFP at the VNC, which should be exempt from this commissural
defect, and we observed no postsynaptic defects, even though we
cannot exclude the presence of presynaptic defects (Figure 4, E
and F). Thus, hst-2 hst-6 double mutants may have fewer or disor-
ganized cholinergic synapses at the DNC accounting for the over-
all decreased receptor content. Therefore, epimerization, 2-O-

sulfation and 6-O-sulfation are likely not critical for the postsyn-
aptic organization of NMJs.

Furthermore, we checked if the 6-O-sulfatase sul-1 could have
arole at synapses. We find that sul-1 mutants have normal levels
of MADD-4 and L-AChRs at the synapse (Table 1). We measured a
slight increase of GABARs at the DNC (+14%, Table 1), which was
not seen at the VNC (4% increase, controls N =25, sul-1 mutants
N =24, Mann-Whitney test P=0.98). Altogether, this suggests
that selectively removing or adding 6-O-sulfated groups may not
be critical for the regulation of receptor content at the NMJ.

3-0O-sulfation is necessary for MADD-4
stabilization at NMJs

We then tested the requirement of 3-O-sulfation for NMJ organi-
zation. Individual removal of 3-O-sulfotransferase enzymes hst-
3.1 or hst-3.2 did not impact the levels of MADD-4-RFP, L-AChR-
RFP or GABAR-RFP (Figure 5, A-C). As the two enzymes may serve
partially redundant functions, we also tested the hst-3.1; hst-3.2
double mutant. These mutants showed a 22% decrease in
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Figure 4 Postsynaptic NMJ organization is unchanged in hst-2 hst-6 double mutants. (A) Confocal images of MADD-4-tagRFPt knock-in (magenta) at the
DNC of control and hst-6(0k273) hst-2(0k595) worms. Quantifications show the MADD-4 fluorescence intensity at DNC in each genotype and results of
Mann-Whitney test. (B) Confocal images of L-AChRs (UNC-29-tagRFPt knock-in, magenta) and cholinergic (ACh) boutons (SNB-1-BFP, green) at the DNC
of control and hst-6(0k273) hst-2(0k595) worms. Quantifications show the L-AChR fluorescence intensity at DNC in each genotype and results of Mann-
Whitney test. (C) Confocal images of GABARs (UNC-49-tagRFPt knock-in, magenta) and GABA boutons (SNB-1-GFP, green) at the DNC of control and hst-
6(0k273) hst-2(0k595) worms. Quantifications show the GABAR fluorescence intensity at DNC in each genotype and results of Mann-Whitney test. (D)
Confocal images of L-AChRs (UNC-29-tagRFPt knock-in, magenta) and cholinergic (ACh) boutons (SNB-1-BFP, green) in controls (top panels) and hst-
6(0k273) hst-2(0k595) worms (bottom panels), showing an example of commissures that did not reach the DNC and formed ectopic synapses outside the
main and sublateral cords. * Indicates autofluorescent signal coming from intestinal granules as the intestine is located below the DNC in this image.
The schematics show an example of defect of cholinergic motoneurons projections: in the control, cholinergic motoneurons are located ventrally and
project axons in the VNC, as well as commissural axons toward the DNC. In hst-6(0k273) hst-2(0k595) mutants, commissural axons sometimes fail to
reach the DNC and can form ectopic synapses, as illustrated here in red. The black square indicates the approximate location of the image shown
above. (E) Confocal images of MADD-4-tagRFPt knock-in (magenta) at the VNC of control and hst-6(0k273) hst-2(0k595) worms. Quantifications show the
MADD-4 fluorescence intensity at VNC in each genotype and results of Mann-Whitney test. (F) Confocal images of L-AChRs (UNC-29-tagRFPt knock-in,
magenta) and cholinergic (ACh) boutons (SNB-1-BFP, green) at the VNC of control and hst-6(0k273) hst-2(0k595) worms. Quantifications show the L-
AChR fluorescence intensity at VNC in each genotype and results of Mann-Whitney test. (G) Confocal images of GABARs (UNC-49-tagRFPt knock-in,
magenta) and GABA boutons (SNB-1-GFP, green) at the VNC of control and hst-6(0k273) hst-2(0k595) worms. Quantifications show the GABAR
fluorescence intensity at VNC in each genotype and results of Mann-Whitney test. Scale bars, 5 pm.
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Figure 5 3-O-sulfation is required for the stabilization of MADD-4 and SDN-1 at the NMJs. (A) Confocal images of MADD-4-tagRFPt knock-in (magenta)
at the DNC of control (left), hst-3.1(tm734) (middle) and hst-3.2(tm3006) (right) worms. Quantifications show the MADD-4 fluorescence intensity at DNC
in each genotype and results of Dunn’s multiple comparison test. (B) Confocal images of L-AChRs (UNC-29-tagRFPt knock-in, magenta) and cholinergic
(ACh) boutons (SNB-1-BFP, green) at the DNC of control (left), hst-3.1(tm734) (middle) and hst-3.2(tm3006) (right) worms. Quantifications show the L-
AChR fluorescence intensity at DNC in each genotype and results of Dunn’s multiple comparison test. (C) Confocal images of GABARs (UNC-49-tagRFPt
knock-in, magenta) and GABA boutons (SNB-1-GFP, green) at the DNC of control (left), hst-3.1(tm734) (middle) and hst-3.2(tm3006) (right) worms.
Quantifications show the GABAR fluorescence intensity at DNC in each genotype and results of Dunn’s multiple comparison test. (D) Confocal images
of MADD-4-tagRFPt knock-in (magenta) at the DNC of control and hst-3.1(tm734); hst-3.2(tm3006) worms. Quantifications show the MADD-4
fluorescence intensity at DNC in each genotype and results of Mann-Whitney test. (E) Confocal images of L-AChRs (UNC-29-tagRFPt knock-in,
magenta) and cholinergic (ACh) boutons (SNB-1-BFP, green) at the DNC of control and hst-3.1(tm734); hst-3.2(tm3006) worms. Quantifications show the
L-AChR fluorescence intensity at DNC in each genotype and results of Mann-Whitney test. (F) Confocal images of GABARs (UNC-49-tagRFPt knock-in,
magenta) and GABA boutons (SNB-1-GFP, green) at the DNC of control and hst-3.1(tm734); hst-3.2(tm3006) worms. Quantifications show the GABAR
fluorescence intensity at DNC in each genotype and results of Mann-Whitney test. (G) Confocal images of mNG-SDN-1 knock-in (green) at the DNC of
control and hst-3.1(tm734); hst-3.2(tm3006) worms. Quantifications show the SDN-1 fluorescence intensity at DNC in each genotype and results of

Mann-Whitney test. Scale bar, 5pm.

MADD-4-RFP levels at the DNC (Figure 5D) while there was no dif-
ference for L-AChR-RFP (Figure 5E) and a 12% decrease of GABAR-
RFP (Figure SF). We also quantified the levels of synaptic proteins
at the VNC. MADD-4-RFP levels were decreased by 15% (controls,
N=39; hst-3.1; hst-3.2, N=29; Mann-Whitney test P=0.04), con-
firming the effect seen at the DNC, whereas L-AChR-RFP and

GABAR-RFP levels were not significantly changed at the VNC
(UNC-29: 9% increase, controls N=27 and hst-3.1; hst-3.2 mutants
N =18, Mann-Whitney test P=0.38; UNC-49: 11% decrease, con-
trols N=37 and hst-3.1; hst-3.2 mutants N=27, Mann-Whitney
test P=0.19). So far, syndecan SDN-1 is the only protein known to
regulate MADD-4 synaptic content without having major
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presynaptic defects (Zhou et al. 2020a). We, therefore, wondered
if the absence of 3-O-sulfation also impacted the levels of SDN-1
at NMJs. Indeed, the level of mNG-SDN-1 was decreased by 27%
at the DNC in hst-3.1; hst-3.2 double mutants (Figure 5G).

Since MADD-4 levels are decreased by about 30% in sdn-1(0)
(Zhou et al. 2020a), we wondered if the small decrease of SDN-1 in
hst-3.1; hst-3.2 double mutants could explain the MADD-4 pheno-
type in these mutants. To test this hypothesis, we generated het-
erozygous sdn-1(+/-) animals, expressing only one copy of mNG-
SDN-1, and checked whether these animals presented a change
in MADD-4-RFP levels. In these animals, mNG-SDN-1 levels are
decreased by 27% at the DNC, while MADD-4-RFP levels remain
unchanged (Figure 6A). Thus, the comparable reduction of SDN-1
levels in hst-3.1; hst-3.2 double mutants does not explain the de-
crease of MADD-4. Since MADD-4 is absolutely required for SDN-
1 localization at C. elegans NMJs (Zhou et al. 2020a), we tested the
opposite hypothesis, i.e., whether the MADD-4 decrease is respon-
sible for the drop in SDN-1 levels in hst-3.1; hst-3.2 double
mutants. We followed the same strategy and observed a 16% de-
crease of MADD-4-RFP levels in madd-4(+/-) heterozygotes while
SDN-1 levels remain unchanged (Figure 6B). These results sug-
gest that the phenotypes observed for SDN-1 and MADD-4 report-
ers do not result from their mutual changes. Thus, 3-O-sulfation
is required to stabilize MADD-4 at the synapse. In addition, 3-O-
sulfation is required for SDN-1 stability or trafficking to the syn-
apse. Consistent with this hypothesis, sdn-1(AGAG) worms, in
which SDN-1 does not carry HS chains, also have decreased levels
of SDN-1 at the NMJ (Zhou et al. 2020a). To test the genetic inter-
action between the 3-O-sulfotransferases and sdn-1, we gener-
ated hst-3.1; hst-3.2 sdn-1 triple mutants. At both DNC and VNC,
we observed around 40% decrease in MADD-4 levels in triple
mutants, which was not significantly different from the 30%

decrease seen in hst-3.1; hst-3.2 and sdn-1 mutants (Figure 6, C
and D). This suggests that the 3-O-sulfation modifications re-
quired to stabilize MADD-4 are specifically located on SDN-1
chains. Indeed, if modification of other HSPGs were involved, we
would expect a substantially larger reduction of MADD-4 levels
in triple mutants compared to sdn-1(0) animals.

Removing 6-0O-sulfation can compensate for the
absence of 3-O-sulfation

In the absence of a given HSME, other types of modifications can
be changed and potentially induce compensatory effects. The use
of C. elegans provides a means to test if inactivating other HSME
enzymes could potentiate the effect of the absence of 3-O-sulfa-
tion on MADD-4 levels. We, therefore, measured MADD-4-RFP
levels in triple mutants. We find that in hst-3.1; hse-5; hst-3.2 and
in hst-3.1; hst-3.2 hst-2 triple mutants, MADD-4RFP levels are de-
creased by about 20% (Figure 7, A-C and E), which is comparable to
the hst-3.1; hst-3.2 double mutant alone (Figure 5D). However, a
MADD-4 decrease is no longer observed in hst-3.1; hst-3.2 hst-6 triple
mutants (Figure 7, D and E), indicating that removing 6-O-sulfation
could compensate the absence of 3-O-sulfation. One potential ex-
planation for this effect is that the lack of 3-O-sulfation in hst-3.1;
hst-3.2 double mutants may result in a compensatory increase in 6-
O-sulfation. Alternatively, the increase in N-sulfation or in 2-O-sul-
fation observed in the absence of hst-6 (Townley and Biillow 2011)
may compensate for the decrease in 3-O-sulfation.

Discussion

Here, we have systematically assessed a potential role for HSMEs
in the synaptic organization of C. elegans NMJs. We show that HS
chains recognized by HS3A8 and HS4C3 antibodies are enriched
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Figure 6 3-O-sulfation of SDN-1 is required for stabilization of MADD-4 at NMJs. (A) Confocal images of MADD-4-tagRFPt knock-in (magenta) and mNG-
SDN-1 knock-in (green) at the DNC of sdn-1(+/-) heterozygous worms. Quantifications show the MADD-4 (left) and SDN-1 (right) fluorescence intensity
at DNC in each genotype and corresponding results of Mann-Whitney test. (B) Confocal images of MADD-4-tagRFPt knock-in (magenta) and mNG-SDN-
1 knock-in (green) at the DNC of madd-4(+/-) heterozygous worms. Quantifications show the MADD-4 (left) and SDN-1 (right) fluorescence intensity at
DNC in each genotype and corresponding results of Mann-Whitney test. (C, D) Confocal images of MADD-4-tagRFPt knock-in at the DNC (C) and VNC
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10 | GENETICS, 2021, Vol. 218, No. 4

A DNC Control

hst-3.1(tm734); hse-5(tm472); hst-3.2(tm3006)

hst-3.1(tm734); hst-3.2(tm3006) hst-2(ok595)

hst-3.1(tm734); hst-3.2(tm3006) hst-6(ok273)

B DNC

C DNC

D DNC

E

0]

Q250+ Fa—

O *%

= ?

O 200+

S £

S 8 150

S5 100- & A %

22 o U

9(&, 50+ \ir/ 9

s 0 4[5 3|3 2]4 215
hst-3.1. + tm734 tm734 tm734
hst-3.2. +  tm3006 tm3006 tm3006
hse-5: + tm472 + +
hst-2: + + ok595 +
hst-6: + + + 0k273
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at the synapse and most likely carried by SDN-1/syndecan.
HS3A8 binding causes a strong increase of L-AChR synaptic con-
tent, as opposed to HS4C3, suggesting that specific HS modifica-
tions might negatively regulate L-AChR clustering at synapses.
Partial removal of HS and CS chains in squ-6 hypomorphic
mutants results in decreased levels of MADD-4, L-AchRs, and
GABARs. Epimerization, 2-O-sulfation and 6-O-sulfation of HS
seem individually dispensable for proper recruitment of these
synaptic proteins. However, disruption of 3-O-sulfation in hst-3.1;
hst-3.2 double mutants resulted in decreased levels of the synap-
tic organizer MADD-4, which can be compensated by further re-
moval of the 6-O-sulfotransferase hst-6. Additional removal of
sdn-1 in hst-3.1; hst-3.2 double mutants did not further reduce the
levels of MADD-4 at NMJs. Altogether, our results point to a spe-
cific role of 3-O-sulfotransferases in synapse organization and
support a role for the sugar code in synapse specificity.

Regulation of MADD-4 levels by HS chains

Here, we identify a role for HS chains and, more specifically, for
3-O-sulfation in the maintenance of synaptic levels of the syn-
apse organizer MADD-4/Punctin. MADD-4 is secreted by moto-
neurons and concentrates in the synaptomatrix of C. elegans NMJ.
Interestingly, both MADD-4 isoforms contain the same Ig-like do-
main whose structural model shows a highly electropositive sur-
face pocket of a suitable size for lodging heparin with high
affinity. Experimentally, a truncated version of MADD-4, retain-
ing only 4 thrombospondin repeats (TSP-1) and the Ig-like do-
main, binds heparin with an estimated Kd value of 10nM
(Platsaki et al. 2020), showing that MADD-4 is indeed able to bind
HS chains in vitro. Together with the co-localization of MADD-4
with HS chains at cholinergic and GABAergic NMJ, MADD-4 ful-
fills the criteria of a bona fide HS binding protein (Xu and Esko
2014).

MADD-4 was shown to position several components at the
post-synapse based on demonstrated physical interactions (UNC-
40/DCC, NLG-1/neuroligin) (Maro et al. 2015; Tu et al. 2015; Zhou
et al. 2020b) or by phenotypic analysis of madd-4 mutants (LEV-9,
LEV-10, OIG-4, AchRs, and GABARs) (Gally et al. 2004; Gendrel
et al. 2009; Rapti et al. 2011; Pinan-Lucarré et al. 2014). Yet, how
MADD-4 itself localizes at cholinergic and GABAergic synapses is
not known. MADD-4 might interact with presynaptic partner(s)
that remain to be identified. Alternatively, interactions with ECM

components might limit the diffusion of MADD-4 after secretion
by presynaptic boutons and subsequently organize the post-syn-
aptic membrane compartment in register with neurotransmitter
release sites. 3-O-sulfated HS chains of syndecan seem to provide
such binding sites to stabilize MADD-4 in the synaptic cleft. First,
MADD-4 synaptic levels are reduced by 30% in sdn-1(zh20)
mutants (Zhou et al. 2020a), which is comparable to the pheno-
type observed in hst-3.1; hst-3.2 double mutants. Second, MADD-4
is also decreased in sdn-1(AGAG) mutants, in which HS chain at-
tachment sites were mutated (Zhou et al. 2020a). The interpreta-
tion of these data was initially complicated by the decrease of
SDN-1 itself in these mutant contexts. However, sdn-1(+/-)
worms, which express only one copy of sdn-1, have a similar de-
crease of SDN-1 as in hst-3.1; hst-3.2 double mutants but retain
wild-type amounts of MADD-4 at the synapse. Moreover, the hst-
3.1; hst-3.2 sdn-1 triple mutants do not show a further reduction
of MADD-4 levels compared to hst-3.1; hst-3.2 double mutants
and sdn-1 mutants. This suggests that MADD-4 interacts with
syndecan 3-O-sulfated HS chains rather than with the core pro-
tein. The requirement of syndecan HS chains for MADD-4 stabili-
zation is reminiscent of the requirement of HS chains on glypican
4 for the binding of the synaptic organizers LRRTM4 and GPR158
in vitro (de Wit et al. 2013; Condomitti et al. 2018).

Interestingly, in the absence of HS chains, SDN-1 still localizes
at NMJs (Zhou et al. 2020a). Since MADD-4 is required for SDN-1
localization at NMJs (Zhou et al. 2020a), this implies that MADD-4
can still localize syndecan at NMJs in the absence of HS chains.
This probably reflects the dual function of MADD-4 that binds,
localizes, and activates the netrin receptor UNC-40/DCC, which
in turn is able to nucleate the formation of an intracellular scaf-
fold that recruits syndecan at synaptic sites (Zhou et al. 20203, b).
These intracellular interactions were demonstrated to be critical
for the synaptic localization of N-AChRs (Zhou et al. 2020a), which
unlikely depends on extracellular modifications of the SDN-1 HS
chains, as opposed to L-AChRs, which clustering depends solely
on an extracellular scaffold (Gally et al. 2004; Gendrel et al. 2009;
Rapti et al. 2011). The crosstalk between extra- and intracellular
scaffolds adds degrees of freedom to increase the functional di-
versity of synapses in the brain using a limited number of struc-
tural components. It will be of major interest in the future to test
a potentially conserved interaction between the MADD-4 ortho-
log ADAMTSL3/Punctin2 and GAG chains in vertebrates, either at



M. Cizeronetal. | 11

synapses or in perineuronal nets, which control major features of
network plasticity during development.

A conserved role for 3-O-sulfation at synapses?

We performed here a comprehensive analysis of HSMEs and it is
interesting to see that 3-O-sulfation is the only HS modification
that is individually required in our system, as it represents a very
rare modification (Thacker et al. 2014). Despite this rarity, mam-
mals express 7 different 3-O-sulfotransferases, with distinct
properties and spatiotemporal regulations (Yabe et al. 2005;
Thacker et al. 2014). During evolution, the diversification of 3-O-
sulfotransferases correlates with the development of a central-
ized nervous system (Tecle et al. 2013). Moreover, this modifica-
tion is the last one to be added in the HS biosynthesis pathway,
suggesting that it constitutes a final refinement of the HS code
(Tecle et al. 2013). 3-O-sulfation is linked to high-affinity binding
of proteins (Lindahl and Li 2009) and can organize a network of
ionic and nonionic interactions as documented for the binding of
heparin to antithrombin (Xu and Esko 2014). In drosophila,
knock-down of Hs3st-B results in neurogenic phenotypes linked
to aberrant Notch signaling (Kamimura et al. 2004). Moreover, hst-
3.1 was also shown to be required for correct establishment of
synapses between B-type ray neurons and EFs in C. elegans males
(Lazaro-Pena et al. 2018). In addition, in a recent publication, ex-
pression of 2 different 3-O-sulfotransferases, Hs3st4 and Hs3st2,
was detected at pre- and postsynaptic sites, respectively, in neu-
ronal cell cultures (Maiza et al. 2020). This study also showed that
a peptide, which is able to bind HS chains containing 3-O-sulfated
residues, induces a decrease in glutamatergic transmission in
acute treatments and has an impact on synapse assembly when
used chronically to treat hippocampal neuron cultures.
Altogether, these results highlight a prominent and conserved
function of 3-O-sulfation at synapses.

Surprisingly, removing 6-O-sulfation by itself has no impact
on MADD-4 levels, while it suppresses MADD-4 decrease in the
hst-3.1; hst-3.2 double mutant. We speculate that the increase in
N-sulfation or in 2-O-sulfation observed in the absence of hst-6
(Townley and Billow 2011) may compensate for the decrease in 3-
O-sulfation. Similar rescue has been observed previously between
HSMEs regarding the migration of hermaphrodite specific neu-
rons (HSN) defects in hst-2 mutants. While additional removal of
hst-6 worsens the phenotype, further removal of hst-3.1 partially
rescues the phenotypes in hst-3.1; hst-6 hst-2 compared to hst-6
hst-2 double mutants (Kinnunen 2014).

Is there a sugar code at C. elegans NMJs?

We have observed a differential patterning of two scFv antibodies
(HS3A8 and HS4C3) at the NM]J. Indeed, HS3A8 appeared prefer-
entially enriched at cholinergic synapses, while HS4C3 is also pre-
sent at GABAergic synapses. The functional impact of the two
scFvs was unambiguous, with a strong increase of L-AChR con-
tent in animals expressing HS3A8, and no impact of HS4C3.
These two antibodies were characterized in vitro and HS3A8
seems to recognize 2-O- and 6-O-sulfation containing HS modifi-
cation patterns while HS4C3 mostly binds a 3-O- and 6-O-sulfated
glucosamine-containing epitope (Dennissen et al. 2002). We can-
not exclude that the difference of effect may be due to distinct af-
finities of HS3A8 and HS4C3 for HS chains in vivo, but it is
reasonable to propose that scFvs selectively disrupt relevant HS
interactions and differentially impact the content of synaptic
proteins.

Both scFv antibodies recognize epitopes carried by the core
protein syndecan, which implies that syndecan HS chains may

be differentially modified between excitatory and inhibitory syn-
apses. What could lead to the differential segregation of distinct
HS modification patterns between cholinergic and GABAergic
synapses in muscle? One possibility is that additional modifica-
tions of the HS chains occur in the extracellular space. For exam-
ple, the 6-O-endosulfatase QSulfl has been shown to function
extracellularly (Al et al. 2006). Similarly, both 6-O-and 3-O-sulfo-
transferases are secreted in cell culture (Habuchi et al. 1998;
Nagai et al. 2007), raising the possibility that these enzymes could
also act extracellularly at specific synapses, thereby creating
SDN-1 with different HS modification patterns in spatially dis-
tinct domains. Alternatively, differentially modified SDN-1 in
muscle could be segregated by specific extracellular interactions
into different domains, i.e., synapses. Using tissue-specific degra-
dation of syndecan, we previously demonstrated that about 70%
of the syndecan present at NMJs is synthesized in muscle cells
(zhou et al. 2020a). Therefore, distinct HS modifications could
also be present on neuronal syndecan, which represents about
20% of its synaptic content (Zhou et al. 2020a). Indeed, it remains
unknown whether HSMEs are expressed differentially in cholin-
ergic versus GABAergic motoneurons in C. elegans. Whether HS
chain modifications are segregated among synapses in the mam-
malian brain and which mechanisms might underlie these
processes represent very challenging questions to address in vivo.
The simplicity of the C. elegans NMJ might provide a valuable
system to meet this challenge.
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