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CHAPTER |

INTRODUCTION

The extracellular matrix (ECM) and ECM-affiliated constituents comprise a complex glycoprotein network with
fundamental roles in health and disease. The ECM regulates numerous important cellular functions including
proliferation, adhesion, migration, differentiation and signaling communication. The synaptomatrix is a highly
specialized and heavily glycosylated neural matrix that orchestrates coordinated neural development, but how
this is regulated remains elusive. Extracellular proteases are critical regulators of ECM functions, cellular
signaling, and cellular behavior. One family, the matrix metalloproteinases (Mmps), consists of secreted and
membrane-anchored enzymes that might function as such key players in signaling networks regulating ECM-
and non-ECM mediated biological processes. This thesis investigates the intersection of coordinated Mmp

functions and synaptogenesis in normal neural development and disease.

The Extracellular Matrix

Characterizing the Extracellular Matrix

A substantial portion of tissues is extracellular, with ECM accounting for 50-70% of human body mass.
The heavily-glycosylated ECM controls a wide variety of biological processes essential for all life. At the
ultrastructural level, electron microscopy shows all cells are surrounded by developmentally dynamic and
tissue-specific electron dense material (1). Early biochemical analyses described the ECM as a highly insoluble
meshwork containing large structural proteins that are heavily cross-linked. Early molecular studies revealed
that many ECM proteins contain characteristic, repetitive domains that are arranged in a highly characteristic
manner. Multiple domains within a single ECM molecule permit multiple binding interactions to occur
simultaneously (2). Genome sequencing paired with bioinformatics has shed light on the elaboration,
diversification, and specialization of ECM molecules and domain functions throughout evolution (2, 3). Recent
advances in proteomic and genomic analyses has enabled researchers to begin organizing and categorizing
ECM molecules (3, 4), which account for 4% of the mammalian proteome and encompasses both ECM and
ECM-affiliated proteins encoded by >1,000 genes (“the matrisome”; Fig. 1) (4). The core matrisome contains

~300 proteins with the most abundant including collagens, proteoglycans and non-collagenous glycoproteins.



Other matrisome components include ECM-associated factors such as ECM-modifying enzymes, growth
factors (GF), and ECM-receptors, all of which increase the complexity and diversity of ECM functions (4). The
ECM is synthesized by cells both proximal and distal within a given tissue. The ECM is produced locally by cells
residing within the tissue and en passant by migratory cells (5). In some cases, secreted ECM diffuses over a
long distance and is captured by the target tissue via cell-surface expressed ECM-receptors (5). Diversity in
ECM composition is reflected in cell- and tissue-specific characteristics. Broadly speaking, mammals have two
basic types of ECM; 1) basement membrane (BM or basal lamina (BL)) and 2) interstitial matrix (IM). The highly
conserved BM forms a thin, sheet-like ECM layer ~100 nm thick at boundaries between the basal surface of
epithelial and stromal cell layers forming connective tissues (2). In mesenchymal tissue, cells are clustered and
grouped close together, but are not strictly adherent, and these cells secrete an IM which forms a variably
hydrated, porous three-dimensional lattice filling the space surrounding cells (2).

The ECM was originally described as a passive, structural scaffold that simply filled intercellular space
(1). It is now realized that along with scaffolding functions, the matrix has crucial, interactive roles in normal
cell physiology, homeostasis and intercellular communication (1). Moreover, the ECM is a highly dynamic
environment that is constantly remodeled, with tissue-specific developmental and spatio-temporal changes in
composition and organization driving diverse ECM functions, including 1) serving as an adhesive substrate
directing cell migration, 2) providing a structural support defining tissue boundaries, controlling cellular
invasion events, maintaining tissue integrity and regulating elasticity, 3) sensing and transducing mechanical
signals instructing differentiation and other cellular behaviors by cuing intracellular signaling and cytoskeletal
machinery, 4) serving as a signaling reservoir sequestering and storing GFs, and 5) enabling context-specific,
spatio-temporal signaling regulation by controlling the spatial distribution and bioavailability of ECM-bound
molecules, regulating ligand-receptor interactions and establishing morphogen gradients (4, 6—9). Numerous
ECM molecules are encoded by essential genes with loss-of-function (LOF) resulting in lethality. The functional
relevance of the ECM is further highlighted by the large number of human diseases attributed to matrix
dysfunction (10).

The Drosophila melanogaster genetic model is an excellent system to interrogate the functional
relevance of coordinated cell-matrix signaling driving tissue development and disease progression (5, 11).
Numerous core ECM constituents, ECM-associated molecules and ECM-dependent developmental processes
are evolutionarily conserved between mammals and Drosophila, with less redundancy and compensation in
this reductionist model (3, 5, 11). For example, Drosophila epithelial cells associate with an apical ECM

(external, exoskeleton) and a basal ECM (internal, BM) (5, 11). The exoskeleton contains cuticular ECM, rich in



chitin, which lines the apical surface of the epidermis, sensory organs and inner walls of trachea (respiratory
organ) (12, 13). Like bone matrices, the Drosophila exoskeletal matrix is quite rigid (13). Representative
internal matrices include the tendon matrix located at muscle-epidermis attachment sites, specialized
neuronal matrices, and BM/BL matrices lining the outer surfaces of all organs as well as the basal surface of
the epidermis (11). A BL encases muscles and nerves, but this BL is excluded from interfacing motoneuron-
muscle terminals at the neuromuscular junction (NMJ). The Drosophila NMJ contains a specialized, electron-
dense and heavily glycosylated matrix termed the “synaptomatrix” (11, 14, 15). The synaptomatrix is unique
with interspaced patterning that likely assists in compartmentalizing specialized neural signaling domains (14).
Similar to mammals, Drosophila ECM constituents are produced by the epithelium, deposited locally by
migratory cells, and secreted from distal or proximal tissue (5, 16—18). Sources of Drosophila ECM include the
fat body (analogous to adipose tissue/liver; long-range) and circulating haemocytes (analogous to blood
cells/macrophages; local deposition) (11, 19-21). The follicular epithelium of adult Drosophila females encases
the germ cells in the developing ovary and is the only tissue known to secrete all of its own BM. Drosophila
utilizes an open-circulatory system and internal organs are bathed in haemolymph (22). Drosophila tissues
commonly used for assaying matrix-cell functions during development include imaginal discs, egg chamber,
trachea, Malpighian tubes (kidney) and the nervous system. The following sections first introduce mammalian

matrix biology followed by the corresponding Drosophila matrix biology.
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Figure 1: Components of the ECM and ECM-interacting molecules. Cartoon schematic shows examples of extracellular matrix (ECM)
components and molecules that interface with the extracellular environment. These include ECM scaffolds such as Laminin and
Collagen IV, ECM receptors such as integrin dimers, co-receptors, heparan sulfate proteoglycans (HSPGs), signaling ligands,
transmembrane channels, cell adhesion molecules (CAMs), as well as enzymes and inhibitors such as matrix metalloproteinases
(MMPs) and tissue inhibitor of MMPs (TIMPs).



Core Matrisome Components

Collagens

Major ECM constituents include collagen glycoproteins, proteoglycans, glycosaminoglycans (GAGs) and
non-collagenous glycoproteins (3, 4). Collagen is found in all metazoans, where it is the most abundant protein
(2, 23, 24). All collagens are structurally defined by a triple helical organization composed of Gly-X-Y repeats
where X is usually a proline and Y is usually a hydroxyproline (24). Collagens are considered the main
scaffolding proteins of ECMs including bone, cartilage, BM and IM; however, not all of the 28 collagen
members are part of the ECM proper. The mammalian core matrisome contains > 40 collagen subunits (3, 4).
Collagens are subdivided based on their supramolecular assemblies and can be more generally grouped as
fibrillar or non-fibrillar (24). Fibrillar collagens (I-1ll, V, XI, XXIV and XXVII) are the most abundant collagens, and
are prominently found in bone, skin, tendons, ligaments, and cartilage. The fibrillar collagens provide tensile
strength and viscoelasticity to tissues with interstitial collagen | forming the major structural scaffold for
tissues (24). Fibril-associated collagens with interrupted triple helices (FACIT) associate with fibrillar collagens
and help organize collagen fibrils in the matrix. BM/BLs are more compact than IMs, consisting of non-fibrillar,
network-forming collagens (IV, VIII, X) that link together matrix components and matrix-cell (24-26). Collagen
IV is the main non-fibrillar collagen, and is instrumental for BM formation. BM-localized collagen XVIII contains
both collagenous and proteoglycan domains as do collagens IX, XlI, XIV and XV. Besides structural support
roles, collagens interact with GFs in the matrix and function themselves as ligands. Proteolytic cleavage of
collagen XVIII C-terminus produces endostatin, a bioactive signaling molecule (24, 27). Mechanical force or
ECM-collagen interactions can generate a conformational change in collagen, exposing cryptic functional sites.
These so called “matricryptins” appear particularly relevant in BM signaling functions as most are derived from
collagens associated with the BM (collagen 1V, VIII, XVIII, XV and XIX). Transmembrane collagens (XIII, XVII,
XXIII, and XXV) localize to the cell-surface and have roles in cell adhesion, differentiation and maintaining
structural integrity. Similar to matricryptins, proteolytic cleavage and release of the extracellular domain
(ectodomain shedding) can have signaling capabilities (24). Some collagens show strong developmental and
tissue-specific expression, and thus have specialized biological functions. For example, collagen XXVI is
specifically restricted to the extracellular space of reproductive organs (28). A recently identified collagen,
collagen XXVIII, is almost exclusively expressed in the peripheral nervous system (PNS) surrounding glia (29).

Collagens are subject to extensive posttranslational modifications (PTMs) that modify function, and additional



non-collagenous protein domains contribute to structural properties, specific binding affinities and dictate
protein-protein interactions (24).

Drosophila lacks fibrillar collagens (2, 11), however, collagen IV is well conserved with two genes
encoding type IV collagens, Cg25C (Coldal) and Viking (Vkg). These collagens are major BM components,
required for tissue integrity and signaling interactions (30—32). Loss of Drosophila collagen IV function results
in thin, fragile BMs and late embryonic lethality (33). Collagen IV metabolism and deposition are required for
wound healing, organogenesis, embryonic neuromuscular adhesion and nervous system integrity (33-37).
Drosophila contains another type IV-like collagen, Pericardin (Prc), involved in heart development and tissue
morphogenesis (38, 39). A homolog of collagen XV/XVIII, Multiplexin (Mp), is also present in Drosophila (27,
40). Like mammalian collagen XVIIl, Mp contains collagenous and non-collagenous domains, an N-terminal
thrombospondin type 1 repeat domain, and a cleavable C-terminal endostatin domain with important
signaling functions (27, 40). Mp binds the secreted glycoprotein Slit, enhancing Slit signaling, and also localizes
Whnt signaling ligands (41, 42). Mp is required for synaptic homeostasis, calcium channel localization, calcium
influx, neurotransmitter release at the NMJ synapse (27), motor axon pathfinding in the peripheral nervous

system (40), as well as heart development (37, 41).

Proteoglycans

The human genome encodes 43 distinct proteoglycans (PG) (43), and the core mammalian matrisome
includes ~36 extracellular PGs, defined as glycoproteins with at least one covalently linked GAG chain (3, 4).
Both the core protein and GAG chains contribute to PG function, originally described as matrix “space-filler”,
but that definition has dramatically expanded (44). Currently, PGs are reported to interact with over 200 GFs
to modulate intercellular signaling. PG classification is based on cellular/subcellular localization, overall
gene/protein homology and use of specific protein modules within the core proteins (43). GAGs are
synthesized in the Golgi apparatus as long, unbranched carbohydrates composed of repeating disaccharide
units that contain carboxyl, hydroxyl and sulfate groups (45). These chains are further modified by
extracellular sulfatases and heparanase. The disaccharide units, consisting of either N-acetylgalactosamine or
N-acetylglucosamine and uronic acid, are attached to serine residues of core proteins via a tetrasaccharide
linker (45). GAGs are defined by carbohydrate composition and include chondroitin sulfate (CS), dermatan
sulfate (DS), keratan sulfate (KS) and heparan sulfate (HS). GAGs contribute to the functional diversity of PGs
since GAG attachment, composition, length and modifications vary from cell to cell and throughout

development. CS is the most abundant GAG, and CSPGs are major matrix components in tissues such as bone



and cartilage. DSPGs are largely found in skin, vasculature and tendons. KS is commonly linked to core proteins
that also contain CS and KS is primarily found in bone, cartilage and cornea. HSPGs are important BM and cell-
surface molecules that can bind numerous ligands (45—47). GAG chains have a net negative charge lending to
electrostatic interactions that sequester water, divalent cations and bind secreted molecules in the ECM.
Matrix PGs are osmotically active and can create passageways between cells as well as regulate migration,
invasion and signaling events (43, 47-50). PGs are responsible for the hydrated gel-like properties of the IM
and impart tissues with properties of high viscosity and low compressibility while maintaining rigidity. PGs can
interact with various glycoproteins and the CSPGs and DSPGs are important for collagen organization (43, 51).
IM PGs display spatio-temporal diversity in both size and GAG composition which mainly includes CS, DS and
KS. For example, neurocan is found in the central nervous system (CNS) during late embryogenesis and inhibits
neurite outgrowth while brevican is produced by terminally differentiated neurons in the CNS (43, 52, 53). BM
PGs include the HSPGs perlecan (Pcan), agrin and collagen XVIII as well as the CSPG leprecan. Pcan is the most
common HSPG present in BMs and maintains tissue borders, functions in cell adhesion and modulates several
GF morphogens (44, 54). Pcan and agrin have numerous functions in the nervous system that are further
discussed below. The membrane-tethered, ECM-associated HSPGs include 6 glypicans and 4 syndecans, which
function as ECM-receptors as well as in signaling roles (43). It is important to note that similar to
transmembrane collagens, membrane-tethered PGs are subject to ectodomain shedding which serves a range
of signaling functions.

Biochemical analyses show that Drosophila GAGs consist of both CS and HS, which display spatio-
temporal heterogeneity like mammals (55). Drosophila contains one Pcan homolog, terribly reduced optic
lobes (trol) (56—58). Trol is a major constituent of the BM and interacts with ECM components and signaling
GFs. Trol functions include matrix assembly and integrity, cell polarity, cell proliferation, tissue morphogenesis
and GF signaling. An early biochemical study reported on a large proteoglycan, Macrophage-Derived
Proteoglycan-1 (MDP-1), secreted exclusively from haemocytes and regulated by apoptosis with expression
highly enriched in the developing nervous system (59). However, MDP-1 remains unannotated and its function
remains unclear (FlyBase). Another biochemical study reports Proteoglycan-1 (DROP-1) as an HSPG expressed
in the embryo; however, DROP-1 remains unannotated and follow-up studies have not yet been performed
(FlyBase). Carrier of wingless (Cow) is a recently identified secreted HSPG with homology to Testican-2 and
Testican-3 (60). Cow binds the Wnt-1 homolog Wingless (Wg) and this interaction stabilizes and promotes the
extracellular Wg morphogen gradient in the developing wing disc (60). The Drosophila membrane-bound

HSPGs include 2 glypican orthologues; Division-abnormally delayed (Dally) and Dally-like (Dlp), as well as a



single transmembrane Syndecan (Sdc). The glypicans are exclusively HS modified while Syndecan might exist
as an exclusive HSPG or hybrid PG species containing HS modifications plus a single CS GAG attachment (61,
62). These HSPGs also function as ECM-receptors as well as in signaling roles. As with mammals, Drosophila

HSPGs have significant functions in the nervous system that are discussed in detail below.

Glycoproteins

The third group of abundant matrix molecules is the non-collagenous glycoproteins. The mammalian
matrisome contains ~200 glycoproteins representing many protein families with a wide diversity of functions
(3, 4). Such glycoproteins include laminins, fibronectins, thrombospondins, nidogens and elastin. These
molecules function to bridge ECM and/or ECM-affiliated components, serve as ligands signaling via ECM-
receptors enabling matrix assembly and adhesion, and also function as a reservoir of GFs (2, 3, 9, 54, 63). ECM
glycoproteins contain multiple domains that enable simultaneous protein interactions, and thus act as
regulatory platforms coordinating various ECM functions. Laminins are cruciform-shaped heterotrimeric
proteins composed of a-, - and y-subunits, that function as structural components of all BMs (9, 54, 64, 65).
Laminins interact with ECM receptors such as integrins and HSPGs to regulate tissue morphology, cell
adhesion and cell migration via matrix-mediated signaling events. Fibronectins form dimers, bind GAGs,
collagens and GFs, and similarly interact with ECM receptors to regulate cell adhesion, migration and
differentiation. Thrombospondins are transiently expressed adapter molecules that associate with a variety of
ECM molecules including fibronectin, laminin, PGs and collagens to guide ECM synthesis and tissue remodeling
(2, 37, 66). Nidogens are ECM linker proteins ubiquitously expressed in BMs. Along with collagen, another
main structural support glycoprotein is elastin. As the name implies, elastin imparts elasticity or flexibility on
the ECM, permitting tissues to undergo repetitive mechanical stress without malforming or rupturing.

The Drosophila genome encodes two laminin a-chains, one B-subunit and one y-subunit. Laminins have
conserved roles in ECM assembly, BM integrity, adhesion and tissue morphogenesis (11). Disrupting Laminin-8
function abolishes BM formation with reduced accumulation of Trol and Collagen IV (67). Laminin-A (LanA) is
required for neuromuscular adhesion, and is regulated by Wnt signaling (19, 68). Like mammals, Drosophila
laminins interact with integrins and bind mammalian nidogen. Drosophila lacks fibronectin, consistent with
the fact that the fibronectin domains 1 and 2 appeared recently in evolution and are largely restricted to
chordates (2). Thrombospondins are evolutionarily conserved and are necessary for integrin-mediated cell
adhesion at tendon-muscle attachment sites (37, 66, 69). Nidogen/entactin is a conserved BM linker molecule

important for cell adhesion. Elasticity is clearly an important property for Drosophila morphogenesis and
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tissue integrity, but elastin proteins remain poorly described (70). Tentative elastin genes include elastin-like
and resilin with several uncharacterized cuticular and ECM proteins containing elastin-like motifs (70, 71).
Other conserved ECM glycoproteins include fibulins, BM-40/SPARC (secreted protein, acidic, cysteine-rich) and
M-spondin (11). Many of these ECM glycoproteins are particularly enriched in the nervous system, and play

prominent roles in many aspects of neural development.

Matrisome-Associated Molecules

ECM-cell interaction is reciprocal and bidirectionally coordinated. Cells both initiate or respond to
extracellular cues by producing ECM and/or matrisome-associated molecules. Alterations in ECM composition
or function are relayed back to the cell via ECM-receptors in a cyclical process signaling either homeostasis or
instructing cellular behaviors (7, 72, 73). Matrisome-associated groups include ECM-affiliated molecules
known or predicted to interact with the ECM (~176 in humans), ECM-regulators such as remodeling enzymes
(~250 in humans), and other secreted factors including GFs and cytokines (~350 in humans) (3, 4). However,
any protein spanning the extracellular environment is probably integrated with the ECM. A particularly
important sub-group consists of ECM-receptors, which permit cell-ECM signaling by integrating environmental
cues and transducing downstream signaling events accordingly to direct changes in cellular behaviors. ECM
receptor activation/deactivation provides critical cues coordinating cell survival, growth, proliferation and
differentiation (72). Reciprocally, ECM-cell signaling mediates coordinated changes in ECM gene expression
and/or ECM-receptor activity. ECM-receptor interactions are multifunctional, also serving as adhesive and
physical connections controlling cell and tissue morphology, organization, polarity and migration. ECM
receptors containing intra- and extracellular domains enable bidirectional signaling via both “inside-out” and
“outside-in” cell-matrix regulatory functions. Well-described ECM-receptors include integrins, dystroglycan

(Dg), PGs and GF-receptors.

Extracellular Matrix Receptors

The integrins make up the largest family of ECM-receptors and are the main cell adhesion receptors
controlling cell migration (72, 74, 75). The integrins were the first ECM-receptors identified, and were named
to highlight their importance for tissue integrity. Integrins bind the Arg-Gly-Asp (RGD) motif found in many
ECM ligands, which include laminins, fibronectin, collagen IV, nidogen/entactin and thrombospondins.

Integrins are composed of heterodimeric a- and B-subunits that assemble into distinct combinations with



differential ligand affinities, making integrin expression an important determinant of cell adhesion on a given
matrix (72). Integrins respond to both biochemical and mechanical properties of an ECM and integrate both
modalities through direct interactions with the cytoskeleton, which reciprocally regulate integrin
conformations. The integrin-adhesion complex (or “integrin-adhesome”) contains over 150 components that
mediate signaling activities. Integrin and GF signaling display extensive cross-talk, and these pathways contain
several points of convergence. A second transmembrane ECM-receptor, Dg, is the major non-integrin ECM-
receptor; ubiquitously expressed but most well-studied in the context of the nervous system and skeletal
muscle (76, 77). Dg is a constituent of the dystrophin-associated glycoprotein complex (DGC) which stabilizes
ECM-cell adhesion and forms a critical link between the matrix and cytoskeleton. Dg ligands include laminins,
perlecan and agrin, and functional interactions strongly rely on proper glycosylation of both receptor and
ligand (76, 78, 79). Dg is required for the initial anchoring of cell-BM, organizing the laminin matrix, preserving
structural integrity of muscle and BM attachment, and influencing ECM metabolism. Laminin-dg binding
activates Src-family signaling necessary for glial cell survival. In muscle, both laminin binding and mechanical
force activate a dg-dependent signaling cascade leading to Ras-related C3 botulinum toxin substrate 1 (Racl)
activation and calcium immobilization. At the NMJ, the dg-agrin interactions enhance agrin function
presumably by maintaining/stabilizing agrin in the extracellular space (80-82). Integrin- and Dg-dependent
ECM receptor functions are likely cooperative.

Drosophila integrin heterodimers are constructed from 5 a-subunits and 2 B-subunits (11). Known
ligands include laminins and an RGD-containing, secreted ECM molecule called Tiggrin (19, 20, 83). Fly
integrins are involved in cell adhesion and migration, with prominent LOF phenotypes including defects in
muscle attachment and morphology, and defects in epithelial tissue integrity, cell migration and tissue
morphology. The Drosophila integrin-adhesome is conserved with fewer redundant components. Moreover,
Drosophila and mammalian integrin signaling activate similar intracellular kinase pathways, suggesting
conserved signal transduction. However, in contrast to vertebrates, cell fate and proliferation do not seem to
have a strong requirement for integrin-mediated adhesion in flies (84). Drosophila Dg is likewise central to the
DGC, connecting the ECM-cytoskeletal networks, and is ubiquitously expressed. Dg is required for cell-polarity
in various cell types and facilitates muscle-matrix attachment (57, 85, 86). Dg ligands include laminins and
Pcan, and glycosylation is an important posttranslational modification regulating Dg function. Dg is enriched in
neural tissues with functions in scaffolding, maintaining the neural stem cell niche, and regulating intercellular

communication and morphology (11, 85-88).
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Membrane-bound PGs also function as ECM-receptors and, like integrins, PGs detect, integrate and
respond to many extracellular cues and exert spatio-temporal control of intra- and extracellular signaling (44).
Mammals have 13 cell-surface PGs, including 7 transmembrane PGs and 6 glycosylphosphatidylinositol (GPI)-
anchored glypicans (43). The extracellular ectodomains of these PGs are subject to proteolytic cleavage and
subsequent membrane release which serves both extracellular and intracellular functional roles. The syndecan
proteins (1-4) contain an extracellular ectodomain, transmembrane domain with a dimerization motif and
intracellular C-terminal domain containing a PDZ-binding motif important for cytoskeletal anchoring (43). GAG
attachments are prominently HS, but sometimes include CS, making syndecans hybrid species. Syndecans
regulate cell adhesion, migration and proliferation by binding ECM molecules, largely through HS-interactions,
establishing morphogen gradients, and cooperating with other cell-surface receptors. As the name implies,
betaglycan/transforming growth factor B (TGFB) type Il receptor has high affinity for TGFB GFs (43).
Interestingly, TGFB induces expression of the BM components collagen IV and HSPG perlecan highlighting
bidirectional coordination of matrix-cell signaling (89-91). Betaglycan is another GAG hybrid containing a
single HS and CS. The intracellular domain is contains several Ser/Thr residues subject to protein kinase C
(PKC)-mediated phosphorylation, and also contains a PDZ domain that interacts with B-arrestin to stabilize
betaglycan at the membrane and potentiate its activity (43). CSPG4/NG2 regulates fibroblast growth factor
(FGF) ligand and receptor bioavailability and can bind other ECM molecules promoting PI3K-mediated cell
survival and migration (43). Phosphacan/receptor-type protein tyrosine phosphatase B is a CSPG of particular
importance in the nervous system. As a cell adhesion regulator, phosphacan interacts with neural-cell
adhesion molecules, tenascin, contactin, and voltage-gated sodium channels to restrict neuronal migration
during cortical development and promote neural stem cell self-renewal/ maintenance (43, 52, 92, 93). The
glypicans (1-6) are lipid-anchored and contain HS GAG chains juxtaposed in close proximity to the membrane.
Glypican-dependent intracellular signal transduction is indirect and must be mediated through associated
transmembrane receptors since glypicans are not directly connected to any intracellular components.
Consequently, glypicans are poised to serve important roles as co-receptors with HS-bound ligands held near
their membrane-bound receptors (94). Among many functions, the glypicans regulate ligand-receptor
interactions, morphogen gradients and ECM-modifying enzymes. As a result, glypicans control a vast number
of cell behaviors.

Drosophila contains a single transmembrane Sdc and two glypicans, Dally and Dlp (11, 62, 95, 96).
These PGs are categorized as exclusive HSPGs and hybrid HSPG/CSPG, respectively, with conserved GAG

composition and structural arrangement (55, 62). Perdido/Kon-tiki, is an ECM-associated transmembrane PG
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similar to mammalian CSPG4/NG2 (43). Perdido/Kon-tiki genetically interacts with integrin receptors and is
required for proper muscle development and muscle-tendon attachment. Numerous phenotypes associated
with disruption of the HS-biosynthesis pathway highlight the conserved importance of HSPGs in Drosophila
(97—99). Sdc is expressed in Drosophila embryonic tissues consistent with analogous mammalian syndecan
expression patterns (62). Sdc is either a full HSPG or a hybrid PG bearing HS and an additional CS modification
(61, 62). The Sdc transmembrane and cytoplasmic protein domains are highly similar to vertebrates and the
ectodomain is likewise subject to shedding (62). Sdc is required for visual-system assembly and has been
predominantly studied in the nervous system. The two fly glypicans contain all 14 conserved cysteine residues
and a globular head domain (95, 100, 101). Dally is analogous to the mammalian glypican 3/5 subfamily and
Dlp is an orthologue of the glypican 1/2/4/6 subfamily (94). They are implicated in polyamine uptake, tissue
patterning, and interact with several signaling pathways. Glypican-mediated signal regulation is highly context-
dependent with HS-, core-protein and GPIl-domain requirements. The glypicans regulate Wnt, FGF, bone
morphogenic protein (BMP), hedgehog (Hh) and TGF- transport, morphogen gradient formation, and signal
transduction strength with spatio-temporal and tissue-specificity (102—107). HS chains are required for FGF
signaling regulation, but only partially required for Hh, Wnt, and BMP signaling. In eye development, both
glypicans regulate extracellular Unpaired (Upd) ligand abundance and Janus kinase/signal transducers and
activators of transcription (JAK/STAT) signaling activity in an HS-dependent manner (105). The glypicans bind
receptors at the membrane, and both Dlp and Sdc interact with the receptor phosphatase leukocyte common
antigen-related (dLar) (108). Membrane-released Dally expands the range of Hh signaling activity, whilst Dlp
transcytosis is necessary to activate full-strength Hh signaling (109, 110). Dlp serves dual functions as both a
positive and negative regulator of Wnt signaling dictated by the relative abundance of signaling ligand,
receptor and co-receptor (111, 112). These HSPGs, especially Dlp, also have well documented requirements in

the context of the nervous system.

Extracellular Matrix Modifying Enzymes

The extracellular space is a highly dynamic environment with many enzymes at work re-modeling the
ECM. Secreted and membrane-tethered ECM-regulators involved in remodeling the extracellular space include
ECM cross-linkers and PG-modifiers, as well as proteases and their endogenous inhibitors (23). Once ECM
components are deposited into the matrix they can be further organized and remodeled through additional
PTMs such as cross-linking (7). For example, collagen is modified by an intricate series of PTMs both within and

outside of the cell (113). Extracellular enzymatic cross-linking of fibrillar collagen modifies matrix stiffness and
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stability. This necessarily changes matrix topology and mechanics which in turn, instruct cell behaviors (113).
Following secretion and proteolytic procollagen processing, lysyl oxidase (LOX) initiates the covalent cross-
linking of collagen fibrils via formation of reactive aldehydes (deamination) from lysine and hydroxylysine
residues (113). Interestingly, BMP1/ Tolloid-like proteinase cleavage of both procollagen and pro-LOX
zymogen are required for fibrillogenesis and activated LOX translocates to the nuclei regulating chromatin
remodeling (113). Elastin fibril formation is likewise synthesized by these enzymes, providing structural
integrity and stability to tissues under high mechanical stress. Peroxidasin mediates the formation of
sulfilimine cross-linked collagen IV which is necessary for the sheet-like architecture and integrity of the BM
(114-116). Transglutaminase-2 (TG2) is a promiscuous, multifunctional enzyme catalyzing covalent cross-
linking, transamidation and deamidation of over 100 identified substrates (including itself) in both
extracellular and intracellular compartments (117). Interestingly, TG2 possesses other enzymatic functions,
including kinase activity at the cell surface, as well as non-enzymatic roles as an ECM co-receptor interacting
with endostatin, integrins, HSPGs and MMPs (117). TG2 is an MMP proteolytic target and TG2 reciprocally
regulates several MMPs at the transcriptional level (117). Thus, TG2 critically regulates cell adhesion,
migration, scaffolding, tissue integrity and signal transduction (117).

Attempts to unravel mammalian LOX mechanisms led investigators to the Drosophila model which
encodes only two LOX genes (dLOX-1 and dLOX-2), with conserved functions and differential spatio-temporal
expression patterns (118). Indeed, dLOX-2 expression and catalytic activity is restricted to adults while dLOX-1
is the sole LOX functioning in the embryonic, larval and pupal stages (118). Drosophila Lox activity is still
similarly required to regulate matrix stiffness (118, 119). Integrin and dLOX activities are reciprocally regulated
forming a positive feedback loop to maintain matrix rigidity necessary for glial cell migration (119). Other
observed phenotypes in dLOX-1 manipulations include developmental delay and a significant shift in sex ratio
attributable to dLOX-1 mediated gene regulation (118). Consistent with mammalian peroxidasin, Drosophila
Peroxidasin (Pxn) catalyzes bromide-dependent sulfilimine cross-linking of collagen IV in the BM (120, 121).
Loss of Pxn function results in abnormal BM assembly with diminished tissue integrity caused by weakened
Collagen |V scaffolds (120, 121). Drosophila contains a single transglutaminase gene (Tg, TG) with two
alternatively spliced isoforms (TG-A and TG-B) that display cross-linking activity (122, 123). TG is important for
morphogenesis, immune processes and intestinal homeostasis (123, 124). TG helps form the fat body matrix
via cross-linking chitin-binding proteins (124). A recent study provides strong evidence of calcium and
exosome-dependent TG-A secretion via a non-canonical ER/Golgi-independent pathway (123). Four-jointed

(Fj) is a Golgi-resident kinase that phosphorylates secreted cadherins and contains a signal peptidase site.
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Though secretion is not essential to Fj function, similarities in its architecture enabled mammalian researchers
to identify a family of secreted atypical kinases that phosphorylate several ECM proteins utilized for
biomineralization (125). Therefore, matrix-enzymes also have important, conserved functions in Drosophila
and Drosophila studies have helped shed light on mammalian functions.

A second group of critically important extracellular enzymes includes the HSPG-modifying sulfatases
(Sulfs) and heparanase. Similar to collagen, HSPG biosynthesis and subsequent processive modification is an
extremely intricate process involving more than 40 enzymes and giving rise to remarkable GAG complexity
(45). Each HS chain contains between 20-400 repeating GAG units in which ~40-50% of the GIcNAc residues
are first deacetylated and then sulfated (GIcNS), a process that sets the stage for a series of subsequent
modifications. Accordingly, one HSPG could potentially contain several thousand sugar codes. With ~10°-10°
HSPGs present at the cell surface, these molecules are collectively one of nature’s most information-rich
biopolymers (45). HSPGs are further fine-tuned outside the cell by sulfate-modifying enzymes. The
endosulfatases (Sulfs) remove specific sulfates from internal disaccharides in HS-GAGs and heparanase
endoglycosidase releases HS from PGs in the extracellular space (126, 127). Heparanase may also facilitate
HSPG internalization or engage other cell surface receptors (126). Intracellular heparanase is mostly localized
within endosomal and lysosomal compartments where it facilitates breakdown of internalized HSPGs (126).
Modifying sulfation patterns and degrading HS regulate morphogenesis and context-dependent ligand
functions via signaling complex and morphogen gradient formation, GF binding affinity, turnover and signal
transduction. For example, Sulfs have been shown to promote Wnt signaling, restrict FGF signaling, and
bidirectionally regulate BMP ligand-receptor interactions (128-130). Heparanase co-localizes with BM HSPGs
such as Perlecan and HS cleavage reduces matrix cross-linking. Moreover, its activity not only alters PG
structure and function but also releases bioactive HS and ligand-bound HS. Although somewhat controversial,
endogenous lipases, such as Notum, are reported to release HSPG glypicans from the cell membrane (131,
132). The function of Notum has recently been re-defined as a secreted carboxylesterase, deacylating Wnts to
suppress signaling (133).

Though the heparanase homolog has not been identified, Drosophila contain one Sulf orthologue
(Sulf1) with conserved enzymatic activity and substrate specificity (134—136). Sulfl regulates Wnt, FGF, BMP
and Hh signaling pathways in a context-dependent manner. In the wing disc, Sulfl activity differentially affects
Hh signaling in Hh-receiving vs. Hh-producing compartments (137). Both human and Drosophila Sulfs mediate
Wnt-HSPG interactions and regulate Wnt morphogen gradient distribution (130, 134). Moreover, Wnt

signaling induces Sulfl expression thereby stabilizing the Wnt gradient (134). However, Wnt-HSPG disruption
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promotes Wnt signal transduction in mammals, but inhibits Wnt signaling in flies (130). An elegant study
showed that both mammalian and Drosophila Sulfl are intrinsically similar and context-specific differences in
the fate of released Wnt influence downstream signaling activities (130). In vertebrates, HS-released Wnt
enables receptor binding promoting intracellular signal transduction while in Drosophila, HS-released Wnt is
rapidly degraded to reduce signaling (130). Notum was originally identified in Drosophila as a feedback
inhibitor of Wnt/Wingless (Wg) activity that reciprocally regulates Notum expression (138). Moreover,
structure/function analyses of both human and Drosophila Notum show a conserved mechanism in which
HSPG glypicans bind Notum in close proximity to Wnt thereby facilitating the removal of a lipid moiety from
the Wnt molecule essential for Wnt activity (133).

The third group of ECM-modifying enzymes includes a network of extracellular proteases that sits at
the nexus of cell-ECM and cell-cell signaling (Fig. 6) (7). A protease is any enzyme that hydrolyzes either an
internal peptide bond (endopeptidase) or terminal peptide bond (aminopeptidases and carboxypeptidases) in
a protein substrate. Extracellular proteases modify signaling circuits and cell function and as such could be
considered components of signaling pathways (139). Proteolytic activity is critical for development, with
aberrant proteolysis underlying numerous disease states. Proteases are classified according to the catalytic
residue or ligand used in the active site, and further grouped according to sequence and structural similarities
(Fig. 6) (140). In humans, >450 proteases make up the cysteine, serine, threonine, aspartic and metallo
protease classes. The degradome refers to all protease, protease-substrates, inhibitors and interactors related
to the protease proteome (141-143). More than half of the degradome is secreted or membrane-anchored,
thus ~225 proteases, balanced by numerous endogenous inhibitors, and ~300 extracellular constituents with
various spatio-temporal expression and posttranslational modifications, converge to regulate a reciprocal
ECM-cell signaling network (4, 23, 139, 140). The most abundant proteases are the cysteine, serine, and
metalloproteases. Proteolytic processes are interconnected and yield context-dependent protein-protein
outputs and cell behaviors. Proteolysis is a special PTM with pleiotropic functional outputs and is necessarily
tightly regulated. Regulation of proteases occurs at the level of transcription, translation, secretion, cellular
and subcellular localization and turnover. Endogenous protease inhibitors reversibly or irreversibly restrict
catalytic activity and most enzymes are produced as latent, inactive zymogens requiring pro-domain removal
for activation.

Cysteine proteases are mostly intracellular with the notable exceptions of Cathepsin-B, Cathepsin-L,
and Legumain, as well as the aggrecan-degrading, aspartyl-protease Cathepsin-D (6, 7, 140). In general,

cathepsins function optimally in the acidic environment provided by intracellular lysosomal compartments,
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but PGs within a local microenvironment might afford favorable conditions for secreted cathepsin activity.
Conversely, serine proteases (SPs) prefer a more neutral environment, and numerous secreted or
transmembrane SPs function in the ECM with roles in signal transduction, enzyme-activation and ECM
degradation (144, 145). Secreted elastase is capable of degrading fibronectin and elastin. A proteolytic cascade
involving urokinase- and tissue plasminogen activators (UPA and tPA, respectively) converts plasminogen to
plasmin, which then degrades laminin, fibrin and fibronectin. SPs can also activate other proteases such as
ADAMTS (a disintegrin and metalloprotease with thrombospondin type I-like motifs) and MMPs. Other
secreted SPs include chymotrypsin, trypsin, clotting factors and complement convertases, an important
component of the immune system (144, 145). SPs are irreversibly inhibited by endogenous serpins via a
“suicide-trap” mechanism that utilizes SP-mediated serpin-cleavage. Members of the metalloprotease family
are found in all kingdoms of life (146, 147). Extracellular metzincin metalloproteases are master regulators of
the extracellular space and intercellular signaling, orchestrating tissue growth, adhesion, remodeling and
mediating cellular responses to extracellular cues (141, 148, 149). Numerous described roles include ECM
degradation, molecular processing, cell-ECM and cell-cell signaling, cell adhesion, migration, and proliferation
(7, 148, 150, 151). Of particular note are the astacins, adamlysins (ADAM and ADAMTS) and matrixins (MMPs)
(7, 151). The astacins, including meprins and BMP-1/tolloid proteases, are involved in tissue morphogenesis,
differentiation and matrix degradation (152). BMP-1/tolloid proteases do not degrade ECM, but rather process
precursors and activate matrix molecules such as collagen, laminin, TGF-B, matricryptins and select PGs to
regulate ECM assembly, maturation and mechanics (7, 152, 153). These zymogens (catalytically inactive
enzymes) are activated by substrate-specific activators, or ADAMTS, and inhibited by the general scavenger
a2-macroglobulin (154). The meprins, secreted and transmembrane, promote pro-MMP-9 activation and
cleave ECM molecules such as collagen IV, nidogen and fibronectin. Meprins are inhibited by endogenous
mannan-binding lectin and the transmembrane meprin is shed by ADAM-10 (152). The transmembrane
adamlysins, ADAMs, are involved in ectodomain shedding, GF ligand and receptor processing, cell adhesion,
differentiation, cell migration, and regulated intramembrane proteolysis (150, 155). ADAMs contain a
disintegrin domain mediating adhesion and cell-matrix interactions via integrin binding (156). The cysteine-
rich domain promotes adhesion, binds fibronectin, and serves as a ligand for Sdc (155, 156). The cytoplasmic
domain serves various regulatory roles, adaptor functions, and signal transduction purposes (155). Pro-ADAM
cleavage and activation occurs intracellularly and the released pro-domain can inhibit ADAM-9, 10 and 17 (7,
155). ADAM and ADAMTS inhibition is mediated by TIMPs (tissue inhibitor of metalloproteases), RECK

(reversion-inducing cysteine-rich protein domain with kazal motifs), and the general scavenger a2-

16



macroglobulin (155, 157, 158). Secreted ADAMTS proteases degrade ECM components and PGs, activate pro-
proteinases, and regulate cell-matrix interactions (150, 151, 155). ADAMTS domain structure and composition
follows that of the ADAMs but lacks transmembrane and cytoplasmic domains and instead contains
thrombospondin type 1-like repeats (147, 155, 159, 160). The matrixin/MMP group is discussed in more detail
below.

Drosophila contains proteases from each of these catalytic groups. The cathepsins largely function
within lysosomes, and are important for cuticular, exoskeletal molting and tissue remodeling during
development. Similar to certain mammalian cathepsins, aspartic protease Cathepsin-D is secreted
extracellularly and found in the haemolymph (161). SPs and SP-homologous proteases consist of 193 putative
members, but with only ~12% characterized (FlyBase). Similar to mammals, many of these members are
putative digestive enzymes; however, extracellular SP signaling requirements include roles in tissue
patterning, immune response and wound healing (162, 163). The type Il transmembrane SP Stubble-stubbloid
is required for epithelial tissue morphogenesis, with protease activity necessary for imaginal disc detachment
and the intracellular domain coordinating signal transduction via cytoskeletal changes (164, 165). Nudel,
Gastrulation-defective, Snake and Easter SPs are part of a signaling cascade that activates Spatzle ligand and
subsequent Toll signaling to establish dorsal-ventral patterning during embryogenesis (163, 166). Thus, similar
to mammals, Drosophila SPs function in proteolytic signaling cascades, latent protease activation and ECM
breakdown, and are inhibited by endogenous Serpins (162, 167). The Drosophila genome contains ~13-16
astacin family genes which remain largely uncharacterized, with the exception of seminal metalloprotease-1,
Tolloid (Tld) and Tolkin (Tok) (152). Tld and Tok are members of the BMP1/tolloid-like family required for TGF-
B-mediated dorsal-ventral axis determination during embryogenesis via interactions with the TGF-B (Dpp)
inhibitor Short gastrulation (Sog) (168—173). Tld and Tok promote BMP diffusion and establish morphogen
gradients in imaginal discs important for adult tissue morphogenesis. Tok also functions as a Procollagen C-
endopeptidase. Drosophila has 12 adamlysins: 5 ADAMs and 7 ADAMTS family members. Like their
mammalian counterparts, Drosophila ADAMs are sheddases and regulate tissue morphogenesis, cell fate and
differentiation, and signaling pathways such as EGF and Notch (37, 174, 175). Kuzbanian (Kuz) and Kuzbanian-
like (Kul) are similar to ADAM10, Meltrin/Neu3 is similar to ADAM12 and ADAM19 (176), Mind-meld (Mmd) is
similar to ADAM11, and TACE (TNF-a converting enzyme) is similar to ADAM17/TACE (177). The Drosophila
ADAMTS members are required for tissue morphogenesis and Wnt signaling, with particularly important roles
in neural development. ADAMTS members include catalytically-inactive Lonely heart (Loh) (38) and No-long

nerve chord (Nolo), and catalytically active Papilin (Ppn) (178, 179), AdamTSA, Stall (Stl), Solo narae (Sona aka
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Dimp), and uncharacterized CG4096 (FlyBase). As MMPs are central to this thesis work they will be discussed

in further detail below.

The Drosophila Neuromuscular Junction as a Genetic Model Synapse

ECM mechanisms play important roles in nervous system development, maintenance, regeneration
and disease (11, 73, 180, 181), with key requirements at synaptic contact sites between presynaptic and
postsynaptic partner cells. The Drosophila larval neuromuscular junction (NMJ) has long been a ground-
breaking model synapse in which to study structural and functional neurodevelopment (11, 182, 183),
providing insights into ECM-mediated signaling functions. Neuromuscular synaptogenesis requires the
formation of an intercellular communicating junction between presynaptic motorneuron and postsynaptic
target muscle which are separated by a specialized matrix (the “synaptomatrix”) (14, 184). This highly
coordinated process is driven by a number of anterograde, retrograde and bi-directional trans-synaptic
signaling molecules that necessarily traverse the heavily-glycosylated synaptomatrix in the ~20 nm
extracellular synaptic cleft without a BM (14, 15, 185). Similar to primary excitatory synapses in the
mammalian CNS, the Drosophila NMJ uses glutamate as the neurotransmitter, transducing this signal via
juxtaposed ionotropic glutamate receptors (GIluRs) contained within postsynaptic scaffolds, resembling
mammalian postsynaptic densities (PSD) (186—188). In contrast, the vertebrate NMJ uses acetylcholine as the
neurotransmitter across a much wider (~50-70 nm) cleft with a continuous BM (188). However, like vertebrate
NM!Js, the Drosophila NMJ contains elaborate postsynaptic membrane folds forming a subsynaptic reticulum
(SSR) opening to synaptic clefts (186, 188). Although Drosophila terminals lack BM, the muscle surface is
covered by BM and BM integrity is important for neuromuscular adhesion (19, 34). Many vertebrate ECM
molecules, signaling pathways and synaptic machinery components are evolutionarily conserved at the
Drosophila NMJ, with less functional redundancy, and numerous human neurological diseases have been

effectively modeled using this synaptic system (11, 189-192).

The NMJ System

The Drosophila neuromuscular system is mapped, displays stereotypical connectivity, is amenable to
genetic manipulation, is easy to visualize, and is well suited for both electrophysiology and functional imaging.
Each Drosophila abdominal hemisegment contains 36 motorneurons derived from 10 defined neuroblasts, and

30 muscles derived from 30 founder cells via myoblast fusion (Fig. 2) (193, 194). In a highly stereotypical
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fashion, axonal projections emanate from motorneuron (MN) soma located in the ventral nerve chord (VNC),
fasciculate to form nerves, defasciculate at determined branch points, and synapse onto specific target muscle
fibers in the periphery (Fig. 2) (183, 184, 195, 196). By the end of embryogenesis, functional NMJs have
formed, each consisting of a defined number of synaptic varicosities (boutons) housing presynaptic
transmitter release machinery juxtaposed to postsynaptic receptor fields (183, 184, 197, 198).
Neurotransmitter release site active zones (AZs) contain electron-dense “T-bars” organizing docked synaptic
vesicles (SVs), and localized voltage-gated calcium channels (Fig. 3) (199—-205). Each bouton contains multiple
spatially segregated AZs. Throughout the three larval instar growth stages, NMJs expand as synaptic boutons
are added and AZ density increases, scaling consistently with the ~100-fold increase in muscle surface area.
Thus, the larval NMJs display structural and functional matching defined as “synaptic homeostasis” (182, 206).
The NMJ is also highly dynamic and displays use-dependent structural growth and functional strengthening
induced by higher motor activity or increased neural function (“activity-dependent plasticity”) (207, 208).
Although structural and functional synaptogenesis are intimately linked, the mechanisms controlling these
developmental processes are distinct and can be genetically uncoupled, indicating differential pathway
regulation. Previous studies, in conjunction with work here, support the idea that NMJ development is
regulated by dynamic interplay of multiple signaling pathways rather than through independent pathways
(209). Importantly, ECM-receptors, cell adhesion molecules (CAMs), and HSPGs are potent regulators of

synapse organization (11, 14).
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Drosophila 3 instar larvae

Figure 2

Figure 2: The Drosophila larval NMJ model synapse. (Left to right; anterior up in all images): Dorsal view of a Drosophila larva at the
wandering 3" instar stage. Fluorescent confocal image of the larval nervous system shown with elav-GAL4>UAS-mCD8::GFP (green).
DIC (differential interference contrast) phase contrast image shows the repeating segmentation of unlabeled larval musculature
from segments A2-A5. The red box outlines muscle 4 of segment A3. Confocal image of the NMJ innervation on muscle 4 from
segment A3 shows the nerve bundle, defasciculating motoneuron axon (red, HRP) and postsynaptic density (green, anti-Discs large
(DLG)). Note that a single NMJ is comprised of multiple boutons. Far right: confocal image of a single bouton showing presynaptic
active zones (AZs as labeled by Bruchpilot (Brp), red) juxtaposed to postsynaptic glutamate receptor fields (GIuR, green). A bouton is
comprised of multiple spaced synapses (circled).
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Structural Synaptogenesis

NMJ synaptic varicosity boutons connected by axonal processes resemble pearls on a string. Boutons
are divided into three classes (type I, Il, 1ll) grouped by morphology, neurotransmitter type and degree of SSR
elaboration (195, 199). Each motorneuron arbor is comprised of only a single bouton type, but more than one
motorneuron might innervate a specific NMJ or muscle at a distinct location. Type | boutons are glutamatergic,
and are further broken down into the smaller Type Is and larger Type Ib classes, which are readily
distinguishable based on the large bouton size and more extensive SSR in the Type Ib class (195). My work
focuses on Type Ib NMJs formed on the dorsolateral longitudinal internal muscle 4, which contain Type | and Il
innervation, and the ventral internal longitudinal muscles 6/7 (195). NMJ expansion is via increases in
branching and bouton number/size throughout the larval instar stages, with the most growth occurring in the
3" instar stage (210). In the wandering 3" instar stage (W3), immediately prior to pupation, different NMJ
arbors display morphologically distinct branching patterns and a fairly stereotypical number of boutons (182,
195). As such, NMJ area, branching, bouton number/size and clustering are all easily visualized and readily
qguantifiable; therefore, these parameters are commonly used as a direct readout for structural
synaptogenesis. The Horse Radish Peroxidase (HRP) antibody recognizes an epitope produced by a neural-
specific fucose modification present on membrane glycoproteins (211). Thus, HRP labeling is commonly used
in imaging and structural studies to specifically visualize the presynaptic motorneuron membrane at the NMJ
(212). NMJ expansion and synaptic growth via new bouton addition is achieved by de novo bouton formation
from the axon, asymmetric budding or symmetric division of a pre-existing bouton (210). Other presynaptic
structures observed during normal development include dynamic and transient filopodial-like protrusions
called synaptopods, shed axonal membrane debris, immature ghost boutons, and developmentally-transient
satellite boutons. Neural activity increases membrane shedding/debris and induces initial ghost bouton
formation, which are either stabilized to form a differentiated, fully mature functional bouton or eliminated
(213, 214). Satellite boutons are small functional varicosities budding from a parent terminal bouton, and in
some cases budding is observed from the axon in between two existing boutons (210). At wildtype NMIJs,
satellites form transiently and normal-sized parent terminal boutons only contain ~1-2 satellite buds at any
given time. Excessive satellite bouton formation is commonly observed at overgrown mutant NMlJs (215).
Ghost boutons are likewise observed at low frequency, and are defined by the absence of postsynaptic
machinery (214, 216). The rare ghost bouton observed under normal conditions could either represent a new
bouton that has yet to establish a postsynaptic compartment or a retracting bouton which has recently lost its

postsynaptic machinery. Conversely, presynaptic retractions with intact postsynaptic densities that have yet to
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be dismantled are called “footprints” and are also rarely observed (217). Overall, proper structural
development requires a collaborative effort between both neuron and muscle with multiple processes

regulating bouton formation, differentiation and maintenance.

Functional Synaptogenesis

Drosophila motoneurons express glutamate as an excitatory neurotransmitter released from SVs at AZs
(195). Postsynaptic SSR elaborates only during the larval stages and houses glutamate receptors (GluRs) and
voltage-gated ion channels necessary for neurotransmission. Apposition of presynaptic AZs and postsynaptic
GluR clusters is critical for efficient glutamatergic signaling (Fig. 3) (205). Numerous scaffolding proteins
organize and maintain the aforementioned pre- and postsynaptic functional machinery (218). The presynaptic
scaffolding protein Bruchpilot (Brp) tethers SVs and calcium channels at AZs and Brp is critical for AZ integrity
and neurotransmission (200, 205). GluR function, mobility and clustering are modulated by postsynaptic
scaffolds and auxiliary subunits (86, 222-227). Discs large (DLG) is an important postsynaptic scaffold
regulating GIuR localization and SSR maturation (Fig. 2). Specifically, muscle cells contain ionotropic, non-
NMDA-type GluR-tetrameric clusters with obligate GIuRIIC/IIl, GIuRIID and GIuRIIE subunits, coupled to either
a GlurllA (A-type) or GIuRIIB (B-type) subunit as the fourth component (187, 204, 219-221).
Neurotransmission strength, synaptic plasticity, homeostatic properties and postsynaptic GIuUR composition
are all tightly co-regulated (221, 228-232). A-type and B-type receptors have different temporal expression
patterns, channel kinetics, distinct functional properties and are independently regulated (221, 230, 233). A-
type GluRs are enriched in newly formed postsynaptic sites and slowly desensitize (228, 230). Reduced
neurotransmission results in a compensatory increase in A-type GluRs (228, 231). Functional
neurotransmission can be measured via two-electrode voltage-clam (TEVC) electrophysiological recordings of
the muscle response to SV release in either the presence (evoked) or absence (spontaneous) of an action
potential (183). Since both pre- and postsynaptic machinery contribute to neurotransmission when measuring
evoked excitatory junctional current or potential amplitudes (EJC or EJP), cell-type specific contributions are
distinguished by measuring the parameters of spontaneous fusion. On the postsynaptic side,
spontaneous/miniature EJC (mEJC) amplitude is thought to largely reflect postsynaptic GIuR responsiveness to
glutamate released from a single synaptic vesicle (221). A-type GIuR properties are largely responsible for
observed mEJC amplitudes (221). On the presynaptic side, the frequency of mEJC events reflects SV density or
fusion probability with increased SV density/fusion rates yielding higher spontaneous release (221, 234).

Quantal content reflects how many SVs are released in response to evoked neurotransmission. Coordinated
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structural and functional development is driven by anterograde, retrograde and bi-directional trans-synaptic
signaling regulated by/in the extracellular space (Fig. 4). Wnt Wingless (Wg) signaling is of particular

importance in both synaptogenesis and neurological disease states.
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Glutamate Receptor Field

Figure 3

Figure 3: Cartoon schematic of a synapse at the Drosophila NMJ. The presynaptic active zone (AZ) is defined by an electron-dense
T-bar (black) with docked glutamate-filled (green circles) synaptic vesicles (SV, grey) and localized voltage-gated calcium channels
(maroon). On the postsynaptic side, glutamate receptor fields (green rectangles) cluster opposite the presynaptic AZs.
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Wnt Trans-synaptic Signaling

Wingless-related integration site (Wnt) ligands are a family of secreted Cys-rich glycoproteins with well
described roles as potent morphogens instructing many developmental processes (235, 236). Several Wnt-
receptors and co-receptors have been identified, including the Frizzled (Fz) receptors, low density lipoprotein-
receptor-related protein (LRP) receptors, receptor tyrosine kinase (RTK) family members, and HSPG co-
receptors (111, 237-239). Canonical Wnt signaling results in B-catenin stabilization and subsequent
transcriptional activation of target genes that modulate cell behavior and development in various tissues with
differential Wnt-responsiveness (238). However, Wnts also stimulate several non-canonical signal
transduction pathways which provide a variety of biological outcomes (240). Many of the Wnt-activated
signaling pathways directing embryonic develop are re-purposed in essential processes during later
developmental stages (241, 242). Wnts are evolutionarily conserved and critically regulate several aspects of
neural development in both vertebrates and invertebrates (239, 243). Importantly, trans-synaptic Wnt
signaling potently regulates structural and functional neuromuscular synaptogenesis and activity-dependent
plasticity (Fig. 4) (214, 216). Misregulated Wnt signaling underlies numerous disease state spanning from
cancers to developmental neurological disorders and neurodegeneration (244-247). In mammals, the
complexity of Wnt-signaling from 19 Wnts creates considerable challenges. In contrast, Drosophila has 7 Wnts,
5 Fz receptors and conserved modes of signal transduction, with a Nobel prize awarded for identifying Wnt-
pathway components and mechanisms (237, 248, 249). Of particular relevance to this thesis, Wnt ligand and
receptor expression are spatially restricted and temporally controlled, and signaling is further regulated by a
range of extracellular Wnt modifiers (237, 250, 251).

Drosophila Wnt family members include the founding Wingless (Wnt1/Wg), Wnt2, Wnt3/5, Wnt4,
Wnt6, Wnt10 and Wnt inhibitor of Dorsal (WntD/Wnt8) (248). To date only Wg, Wnt2 and Wnt3/5 have
reported roles in neuromuscular synaptogenesis (Fig. 33). Anterograde Wnt5 signaling through Derailed is
required for coordinated structural growth to keep pace with larval development. Autocrine Wnt5 activates an
unknown mechanism regulating functional synaptogenesis (252). Retrograde Wnt2 signaling activates an
unidentified pathway(s) required during early larval development to restrict branching and bouton growth,
promote neurotransmission, and is later required in the 3 instar stage to promote presynaptic molecular
assembly (253). Biochemical studies show Wnt2 binds Fz, Fz2 and Fz3 with a similar binding affinity as Wg
(237). During an attempt to identify the Wnt2 receptor(s) in these mechanisms it was discovered that Fz3
functions at the NMJ to restrict branching; however, the corresponding Wnt ligand remains elusive (253). Wg

was first discovered in 1973 and is by far the most commonly studied Wnt in Drosophila with over 1,500 Wg-
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publications compared to >150 for all other Wnt family members (FlyBase). A role for Wg in cell-cell
communication was first hypothesized in 1989 in a study that revealed Wg is localized to both intra- and
extracellular compartments and that extracellular Wg is present in the intercellular space (254). Wg receptors
include Fz, Fz2 and Fz3 which transduce Wg activity via canonical and several non-canonical signaling
pathways (237). Wg signaling restricts Fz2 expression and promotes Fz3 expression which in turn attenuates
“low” Wg activity. Several secreted molecules including the Notum deacylase and ECM LanA are regulated by
Wg activity, and in turn regulate Wg signaling (68, 138). Wg signaling is implicated is a wide range of
neurodevelopmental processes, and has well described functions at the NMJ where it is necessary for both
pre- and postsynaptic structural and functional differentiation (216).

Components of the canonical Wnt pathway including Wg, Fz2, LRP/Arrow (Arr) and GSK-3B/Shaggy
(Sgg) are all present at Type Ib NMJs, with the striking exception of B-catenin/ Armadillo (Arm) (216, 255). The
lack of Arm, in conjunction with rigorous genetic tests, indicates that Wg activates only non-canonical signaling
pathways at the NMJ. Wg is expressed throughout larval NMJ development, Wg activity requires Porcupine-
dependent lipidation and Dynamin/Shibire, and Wg transport and subsequent exosome release requires the
type Il transmembrane protein Evenness Interrupted/Wntless/Sprinter (Evi/WIs/Srt) (216, 256). Wg is secreted
from the presynaptic motoneuron and associated glia (216, 257), and endocytosed by Fz2 receptors on both
pre- and postsynaptic membranes (216). Restricting Wg loss to just the 3" instar stage using a conditional
temperature-sensitive (ts) wg" allele causes significant defects in NMJ growth with reduced bouton numbers
and boutons formed that are either larger or badly misshapen. Muscle size is normal in these animals,
suggesting defects are caused by uncoordinated synaptic growth. Interestingly, mutant animals retain
microtubule features associated with dynamic growth even though structural expansion is halted (216). On
the postsynaptic side, DLG expression is reduced and A-type GIuRs are not clustered appropriately.
Ultrastructural analysis of wg®™ mutants reveals a mixture of deficits: 1) terminal boutons are completely filled
with SVs with reduced AZ T-bars and mitochondria, and 2) non-terminal boutons display misshapen AZ T-bars
and enlarged postsynaptic pockets with pre- and postsynaptic membranes visibly detached and reduced SSR
(216). Moreover, in some cases Fz2 overexpression phenocopies wg LOF, suggesting Wg-Fz2 positional cues
are diluted; however, other studies report Fz2 overexpression reciprocally enhances NMJ growth (216, 258).

On the postsynaptic side, anterograde Wg activity is transduced via a non-canonical Frizzled nuclear
import pathway (FNI) to the muscle (Fig. 5) (259, 260). Wg secreted from the neuron binds Fz2 receptor on the
muscle surface triggering complex internalization (t< 5 minutes), the Fz2-C terminus is cleaved, and Evi-

regulated, glutamate receptor interacting protein (dGRIP) drives Fz2-C trafficking to the muscle nuclei (t< 60
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minutes) via a retrograde transport mechanism (259, 261). Fz2-C terminus cleavage is necessary for Importin-
dependent Fz2-C terminus import into postsynaptic nuclei where the C-terminal fragment localizes near
transcriptionally active DNA (259, 260). Presynaptic distal boutons and postsynaptic muscles contain dGRIP
vesicles associated with the cytoskeleton and dGRIP promotes bouton growth in both cells; however, only
postsynaptic dGRIP knockdown causes increased ghost bouton formation (261). Conversely, Evi functions in
both cells to promote NMJ growth and restrict ghost bouton formation (256). Despite some overlap observed
in cell-type requirements and sufficiency tests, postsynaptic FNI seems to be less important for Wg-dependent
synaptic structural growth and more critical for postsynaptic differentiation and ghost bouton formation (260).
Nuclear Fz2-C associates with ribonucleoprotein particles (RNPs) containing mRNA transcripts encoding
postsynaptic proteins and together this complex shuttles from the nucleus to cytoplasm, presumably
facilitating local protein synthesis in the muscle (262). RNP nuclear exit occurs via nuclear envelope (NE)
budding regulated by atypical PKC-dependent phosphorylation of Lamin C (LamC) (262). Fz2-C containing RNPs
localize with Pumilio and Bazooka/Par-3 proteins and a candidate approach to identify Fz2C-RNP-associated
MRNA revealed 6 transcripts: dcask, tkv, par-6, dpak, camkll, and magi (262). Accordingly, loss of LamC results
in NMlJs that contain a reduced number of differentiated boutons, increased ghost bouton formation,
increased mEJP frequency and amplitude, and increased A-type GIuR volume and intensity, similar to
phenotypes observed in Fz2 LOF and postsynaptic GOF conditions (262).

Autocrine Wg signaling via Fz2 involves LRP/Arrow, Dishevelled (Dsh) and GSK-3B/ Sgg and activates a
transcription-independent, divergent canonical pathway (255). Sgg is enriched on the presynaptic side and is
required in motorneurons to restrict NMJ expansion of synaptic bouton number and satellite formation via
phosphorylation regulation of Futsch-dependent microtubule cytoskeleton dynamics (255, 263, 264).
Functionally, both sgg LOF and Sgg overexpression display reduced neurotransmission strength, and Sgg
restricts INK-mediated AP-1 upregulation of transcriptional targets controlling synaptic structure and function
(263). Loss of LRP/Arrow function at the NMJ causes reduced bouton numbers with larger areas and reduced
microtubule Futsch loops (255). All phenotypes except for Futsch loops can be rescued by either pre- or
postsynaptic Arrow re-expression, and proper Futsch loop formation similarly requires presynaptic Sgg and
Dsh activities (255). No defects are observed following muscle knockdown of Dsh, suggesting Dsh is required in
the motorneuron (255). Postsynaptic knockdown of the canonical Wg-responsive transcriptional regulator
TCF/Pangolin causes gross defects in muscle morphology, but does not phenocopy wg LOF (255). In parallel,
Fz2 physically interacts with the heterotrimeric Go protein to transduce Wg-Fz2 signaling via Sgg inhibition and

local recruitment of Ankyrin, a membrane-cytoskeleton linker (258). Despite all this integration being
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attributed to Wg ligand signaling, genetic interaction experiments have not yet been performed to fully
interrogate the potential role of other Wnt ligands or receptors in these mechanisms. Moreover, contradictory
reports of pre- and postsynaptic requirements and corresponding phenotypes make interpretations
challenging.

Wsg is also secreted from subperineurial glia in the periphery under the transcriptional control of Repo
(257). Wg activity in this context also requires Porcupine-dependent Wg-lipidation for secretion and function
(257). LOF and targeted RNAI studies show that glia-derived Wg regulates postsynaptic GIuRIIA density with no
observable difference in differentiated bouton number at the NMJ (257). Moreover, both neuronal- and glia-
Wg knockdown result in functional defects including reduced neurotransmission, increased mEJP amplitude
and reduced quantal content (257). However, Wg knockdown in glia, but not in neurons, shows a glia-specific
requirement for Wg in restricting mEJP frequency (257). Nevertheless, both neuronal and glial Wg activities
are clearly necessary for functional synaptogenesis, presumably signaling via the postsynaptic FNI pathway.
The glia-specific homeodomain protein, Repo, further regulates the expression of several other Wnt pathway
components including Fz, Pangolin, SImb, Sgg, Arr, Drl and Wnt4, but potential requirements of these
molecules in glia-mediated synaptogenesis have not yet been explored (257).

Bidirectional Wg signaling is required for use-dependent NMJ expansion (plasticity) that is independent
from the NMJ expansion needed to match developmental growth (214). Acute increases in neural activity lead
to structural and functional changes at the NMJ which include the formation of new undifferentiated boutons
(ghost boutons), increased synaptopod dynamics, increased mEJP amplitude (Wg-independent), and increased
mEJP frequency that remains potentiated for ~2-3 hours (214). Conversely, there are no observable changes in
evoked EJP amplitude or quantal content following induced activity stimulation. Activity promotes Wg
secretion and postsynaptic enrichment as well as enhancing FNI (214). Newly formed, undifferentiated ghost
boutons form from existing presynaptic sites containing some AZs, synapsin and the SV-localized chaperone
Cysteine String Protein (CSP) but completely lacking postsynaptic specializations. Activity-induced ghost
boutons eventually acquire all the pre- and postsynaptic machinery that is necessary to form functional
connections (214, 265). Ghost bouton formation following spaced depolarization requires calcium,
transcription, translation, presynaptic action potentials, Wg secretion, actin cytoskeleton rearrangement via
Cortactin activation and Sgg inhibition (214). Ghost bouton formation induced using other activity paradigms
have mixed requirements. Increased ghost bouton numbers observed in importin mutants are suppressed by
either re-expression of postsynaptic Importin or Fz2 conjugated to a nuclear import signal, suggesting that FNI

is indeed an important regulator of this process (260). Experiments assaying plasticity following spaced activity
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in wg LOF or Sgg overexpression conditions show that removal of presynaptic Wg function negates ghost
bouton formation and causes reduced mEJP frequency with a significant reduction in mEJP frequency
potentiation (214). This is in stark contrast to the baseline increase in ghost bouton number reported for
numerous conditions that perturb Wnt pathway signaling including Fz2 LOF and GOF, dGRIP LOF, Evi LOF, Wg
LOF, Importin LOF, LamC LOF, aPKC LOF, Bazooka LOF and PKM LOF (216, 256, 257, 259, 261). Conversely,
assaying plasticity following spaced activity in Wg overexpression, Sgg inhibition, or hyperexcitable conditions
show that increasing Wg activity potentiates ghost bouton formation and mEJP frequency, partially by-passing
the activity requirement to induce new bouton formation (214). This is also in stark contrast to the baseline
decrease in ghost bouton number reported for conditions that enhance Wnt pathway signaling or chronic
activity including Wg overexpression and eagl, sh™*133 mutants (214). Therefore, both Wg LOF and GOF
conditions as well as hyper- and hypoexcitable mutants display separable alterations in developmental and

activity-dependent NMJ formation.
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Figure 4: Trans-synaptic signaling pathways driving NMJ synaptogenesis. A variety of anterograde (neuron to muscle), retrograde
(muscle to neuron), autocrine, and bi-directional signaling pathways interface with the synaptomatrix and drive structural and
function development. Shapes within circles denote ligands, receptors are localized to cell surfaces, boxes represent protein
components that transduce intracellular signaling and many pathways culminate in the nucleus to regulate gene transcription of
pathway-responsive target genes. Specifically, Wnt Wingless (Wg) signaling pathways are shown in blue, BMP Glass bottom boat
(Gbb) signaling pathways are shown in purple and Jelly belly (Jeb) to Anaplastic lymphoma kinase (Alk) signaling pathway is shown in

green.
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Figure 5: Cartoon schematic of the pre- and postsynaptic Wg-activated pathways at the NMJ. See text for complete details. In
brief, Wnt/Wg signaling drives NMJ growth and synapse assembly via the HSPG co-receptor Dlp and Frizzled-2 (Fz2) cognate
receptor. In the presynaptic divergent canonical pathway, autocrine Wg signaling functions through Dishevelled (Dvl), Glycogen
synthetase kinase/Shaggy (Sgg), and MAP1b/Futsch to regulate microtubule stability. Sgg is a central node intersecting with many
signaling pathways, such as JNK signaling. In the postsynaptic, anterograde Frizzled nuclear import (FNI) pathway, Fz2 is endocytosed
following Wg activation, cleaved, transported into the muscle nuclei, where it associates with ribonuceloprotein (RNP) granules
containing postsynaptic target transcripts and thereby drives local expression changes modulating synaptogenesis. According to the
“Wg-exchange-factor model” Dlp functions as both a positive and negative regulator of Wg signaling. In this mechanism, a low
Dlp:Frz2 ratio helps the Frz2 receptor obtain more Wg, whereas a high Dlp:Frz2 ratio prevents Frz2 from capturing Wg as Dlp
competes and sequesters Wg away from Fz2.
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Heparan Sulfate Proteoglycans in Synaptic Development

HSPGs are potent regulators of structural and functional synaptogenesis, with pleiotropic roles as
extracellular signaling platforms for a wide variety of signaling molecules and ECM components (14, 108, 266,
267). HSPGs are well poised to coordinate complex signaling driving synaptogenesis while maintaining
context-dependent flexibility necessary for synapse maintenance. Synaptogenic HSPG-mediated molecular
mechanisms are influenced by HS moieties, HS fine-tuning and the PG core protein (17, 98, 267, 268). A large
proportion of studies that implicate HSPGs in synaptogenesis broadly disrupt HSPG activity via acute
enzymatic HS-removal, exogenous HS application, or by manipulating HSPG biosynthesis. Thus, detailed
molecular mechanisms, specific core protein requirements, and particular HSPG contributions are less well
understood. The conserved reductionist and genetically amenable Drosophila model system is well suited to

interrogate the essential functions of HSPGs in synaptogenesis and coordinated signaling mechanisms.

Secreted HSPGs

The Drosophila genome encodes just two secreted HSPGs, Perlecan and Carrier of Wingless (Cow). In
mammals, Agrin is an important secreted neural HSPG that clusters postsynaptic receptors and coordinates
the formation of the NMJ by stabilizing and aligning pre- and postsynaptic specializations (269-271). Agrin is
not present in Drosophila; however, Perlecan (tro/; Pcan) and other HSPGs function to coordinate
synaptogenesis, akin to the activities described for their mammalian counterpart (11, 14, 268). Moreover,
Drosophila express the Mind-the-Gap (MTG) C-lectin, a presynaptically secreted organizer of the
synaptomatrix required for postsynaptic differentiation (272—274). Cow requirements at the NMJ remain to be
tested, but initial reports indicate likely Cow-dependent functions in the nervous system (275). Developmental
transcriptome profiling and bioinformatics approaches identified Cow as a putative synaptic gene important
for neural development and results from two separate genome-wide RNAI screens suggest Cow might play an
important role in muscle morphogenesis and nociception (276—278). In a Drosophila model, Cow, Furin-1 and
Anaplastic lymphoma kinase (Alk) were identified as candidate genes involved in attention-
deficit/hyperactivity disorders, and this study revealed complex locomotor behavioral defects in cow Minos-
insertion mutants (275).

Pcan regulates several molecular mechanisms via binding a variety of GFs in developmental-, tissue-
and signaling-specific contexts (56, 279). Timing of cell division in different neuroblast populations is strongly

regulated by Pcan-dependent GF interactions requiring core protein and/or HS chains (56, 279-281).
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Specifically, Wg, Dpp, FGF and Hh actively signal in brain neuroblasts throughout larval development, but
Pcan-dependent requirements in these signaling pathways reveal spatiotemporal differences (56). Pcan is a
ligand for Dg, Dg abundance reciprocally regulates Pcan expression and distribution, and Pcan is an integral
component of the neural lamella/BL encasing nerves and the blood brain barrier (BBB) (36, 282, 283). Pcan is
also a guidance cue required for repulsive Sema-la/PlexA mediated motorneuron axon guidance and
defasciculation via integrin-dependent Focal adhesion kinase (FAK) signaling (284). In this context, Pcan
removal suppresses Sema-1a gain-of-function (GOF) while disrupting HS biosynthesis enhances Sem-1a GOF
(284). At the NMJ, muscle-derived Pcan balances bi-directional pre- vs. postsynaptic Wg activity via promoting
muscle FNI which concurrently restricts the divergent, canonical autocrine pathway (17). Both Pcan core
protein and HS chains regulate NMJ development. EM analysis shows Pcan is distributed in the external
muscle BM, throughout the SSR, and in the synaptomatrix (17). Loss of trol causes NMJ defects from early
larval stages that continue to worsen throughout development (17). Trol mutants display an HS-dependent
reduction in muscle surface area with NMJs containing a similar number of boutons, suggesting a defect in
coordinated growth scaling (17). Structurally, trol LOF causes irregular bouton clustering, increased satellite
bouton (core-dependent) and ghost bouton formation, as well as increased Futsch loops associated with
growth (17). Moreover, the SSR is densely packed with fewer layers, resulting in overall reduced SSR area, and
postsynaptic pockets are visibly enlarged. Functional defects include deficits in peristalsis, A-type GIuR
expression and neurotransmission strength, indicating Pcan is required for proper functional differentiation
(17). Total Wg levels are unchanged in trol LOF conditions but extracellular Wg levels, particularly in the
postsynaptic domain, are significantly reduced (17). Similarly, acute HS removal via enzymatic digestion of
GAG chains results in reduced extracellular Wg abundance while total Wg levels remain unchanged (17).
Postsynaptic expression of Fz2-C-NLS in a tro/ null background is sufficient to restore FNI signaling and
suppress most postsynaptic defects observed in trol mutants (17). However, this does not restore A-type GIuR
expression or neurotransmission defects, consistent with the idea that Wg regulates GIuRIIA in an FNI-
independent manner (17, 260). The presynaptic satellite bouton number increase (but not ghost bouton
number) is suppressed by single copy removal of Wg, Sgg overexpression or Dsh disruption, but not by
removal of gbb (BMP) or heartless (htl, FGF), showing this defect is specific to increased presynaptic Wnt

signaling in the trol mutants (17).

33



Membrane-tethered HSPGs

The membrane-tethered Drosophila HSPGs include two lipid-anchored glypicans, Dally and Dlp, as well
as a single transmembrane Sdc. Sdc is reported as both an exclusively HS-bearing PG as well as a hybrid PG
bearing predominantly HS-GAGs plus a single CS-GAG attachment (61, 62). Interestingly, a targeted glycan
screen suggests synaptogenic requirements for several genes involved in CS-GAG biosynthesis, but molecular
mechanisms remain unexplored (98). Sdc promotes NMJ growth through interactions with dLAR, but little else
is known regarding this molecular mechanism (108). Dally modulates a variety of neurodevelopmental
processes, including differentiation (95), axon guidance (284), dendrite morphogenesis (285) and neurotoxicity
(286). However, roles for Dally at the NMJ have not been described and have thus far Dally appears
dispensable for synaptogenesis (17). In contrast, Dlp is a potent modifier of structural and functional
synaptogenesis, with synaptic Dlp expression and/or localization misregulated in many mutant backgrounds
(98, 108, 266, 287-289). Importantly, disease-related synaptogenic defects are often ameliorated by
correcting DIp misexpression. Therefore, understanding how DlIp is regulated and functions in context-
dependent molecular mechanisms are critically important in order to gain insight on human brain
development and disease.

DIp expression is largely restricted to the perisynaptic domain in a punctate pattern between neuron
and muscle with small amounts of Dlp observed on the muscle surface (98, 108, 267). Dlp LOF results in
increased evoked EJP amplitude with no change in spontaneous amplitude or frequency and a significant
elevation in quantal content, likely caused by an increased number of AZs per bouton (108). Likewise,
postsynaptic DIp overexpression causes increased evoked EJC current amplitude, likely caused by increased AZ
area (108, 266). Dlp is limiting for AZ morphogenesis as dlp LOF causes an overall reduction in AZ area but a 2-
fold increase in AZ number/bouton, while Dlp overexpression is sufficient to reciprocally increase AZ area
(108). Dlp regulates AZ morphogenesis in the absence of any large changes in the abundance of pre- and
postsynaptic molecular machinery components (108). This is accomplished by Dlp HS-chains engaging dlLar
with high affinity to inhibit intracellular dLar-phosphatase activity which instructs AZ morphogenesis (108). In
terms of structural growth, dip LOF mutants reportedly show no change in bouton number; however, pre- or
postsynaptic DIp overexpression is sufficient to reduce bouton number at NMJ m6/7 but, counterintuitively,
increased bouton number at NMJ m4 is also observed in postsynaptic DIp overexpression conditions (108,

266).
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HS Biosynthesis and HS-modifying Enzymes

Studies at the Drosophila NMJ show disruptions in HS-biosynthesis/modification enzymes have
overlapping and non-overlapping correlates with single PG LOF phenotypes (98, 267). Complementary
structure/function studies that have integrated HS-biosynthesis and HS-modifications with individual and
combinatorial PG-domain mutations have been particularly informative. Loss of HS sulfation sometimes has
more severe consequences than disrupting HS chain length, suggesting although both chain length and
subsequent modifications are important, aberrant HS sulfation interferes more with biological functions (98,
267). The 2-O-sulfation and 6-O-sulfation modifications of sugar residues are catalyzed by HS 2-O- and 6-O-
sulfotransferases (Hs2st and Hs6st), respectively. HS sulfation compensation is a common mechanism to both
vertebrates and invertebrates, in which loss of one enzyme results in the upregulation of sulfate groups added
by the other enzyme thereby ensuring the correct overall net negative charge on HSPGs (135). However, NM)J
synaptogenic defects are still observed in the absence of Hs6st activity, suggesting that the location of specific
sulfates, not just net charge, critically determines synaptic HSPG functions (98). Moreover, extracellular HS-
modifying enzymes are regulated through feedback systems. For example, Wg signal transduction promotes
Sulfl (Sulfated) expression and Sulfl negatively regulates Wg (134, 290). Roles for synaptic HS-GAG chains
include modulating structural and functional differentiation, regulating extracellular ligand distribution and
signaling efficacy, limiting activity-dependent endocytosis/SV recycling, and restricting autophagy (267). Some
HSPG functions rely on dual core-protein and HS-GAG activities (291). For example, the increased ghost
bouton phenotype caused by trol LOF is neither phenocopied nor enhanced by simply reducing HS
modifications, suggesting an important role for the Pcan core protein. Conversely, overexpressing an
unrelated HSPG (Dally) in the trol mutant background is sufficient to suppress the increased ghost bouton
formation, suggesting an important role for HS chains (17). Reducing sulfation does not change GIuRIIA levels
at the NMJ, indicating GIuRIIA is regulated independent of this HS interaction (17). It is clear that HSPGs fine-
tune structural and functional synapse development by coordinating a variety of signaling events, including

Wnt and BMP pathways, but many of the mechanistic details remain to be explored.

Matrix Metalloproteinases in Neural Development

Matrix metalloproteinases (MMPs) are members of the Metzincin superfamily of zinc-dependent
proteases defined by a common HEXXHXXGXXH zinc-binding motif within the catalytic domain and an

invariant downstream Met-turn which provides a hydrophobic base for the Zinc binding site (Fig. 6) (146, 147).
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The ~24 mammalian MMPs are secreted and membrane-tethered extracellular enzymes, classically described
as ECM-remodeling enzymes that degrade structural ECM components. This interpretation has recently
shifted following the identification of several other substrates, including receptors, cytokines, PGs, signaling
molecules and many other targets (141, 151). Thus, MMPs sit at a central node in the extracellular protease
web and can directly or indirectly influence many intersecting pathways. With a potentially diverse substrate
repertoire, as well as non-proteolytic functions, MMPs are critically important for extracellular remodeling and
modulate a wide variety of biological processes (7, 141, 148, 151, 292). Canonical MMP domains include an N-
terminal, self-inhibitory pro-domain maintaining enzymatic latency via a cysteine-switch, catalytic domain, and
flexible linker region connected to the C-terminal hemopexin domain important for protein-protein
interactions (Fig. 7) (146, 293). The membrane-tethered MMPs contain either a C-terminal transmembrane
domain and intracellular cytoplasmic tail or a GPl-anchor (293, 294). Proteolytic MMP activities also generate
bioactive molecules, reveal neo-epitopes, release, mobilize, activate, inhibit or sequester signaling ligands
and/or receptors/co-receptors, and dictate cell-ECM as well as cell-cell interactions (7, 148, 292, 295-298).
The spatio-temporal enzymatic activity is tightly regulated at many levels, including reciprocal matrix
regulation of MMP expression, localization, activation, internalization and inhibition (299). MMPs are
produced as inactive zymogens requiring destabilization of an inhibitory Cys-switch for activation. Extracellular
MMP activation is mediated by proteolytic cleavage of the pro-domain and environmental factors (293).
MMPs containing a furin-consensus sequence are subject to intracellular activation, or partial activation
requiring a subsequent proteolytic cleavage event (293, 296). Enzymatic activity is balanced by endogenous
inhibitors such as TIMPs, RECK and a2-macroglobulin, and other reported inhibitors include B-amyloid
precursor protein (APP) and serine protease inhibitors (158, 293). Thus, MMP and TIMP functions are largely
coordinated by the MMP/TIMP axis as well as through elaborate feedback loops. The 4 mammalian TIMPs
tightly bind MMPs in a 1:1 ratio via a non-covalent interaction that involves the N-terminal TIMP inhibitory
domain wedging into the MMP-active cleft chelating the zinc ligand and displacing the water molecule
required for catalysis (293, 300, 301). Besides MMPs, TIMPs inhibit ADAM and ADAMTS members and the
TIMP C-terminal non-inhibitory domain can interact with MMP-Hpx domains as well as other molecules (158,
293, 302, 303). Therefore, it is important to note that some TIMP-MMP interactions are non-inhibitory and
actually promote MMP activation while other TIMP functions are independent of MMPs or protease

interactions altogether (158, 292, 303, 304).
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A. Substrate Cleavage B. Classification Active Site and Selected Examples
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Figure 6

Figure 6: Mmps are members of the Metzincin superfamily of metalloproteinases. Proteases cleave internal peptide bonds (endo)
or terminal peptide bonds (exo). MMPs are endopeptidases. Only three protease classes of the human degradome are shown with
their percent make up. Serine proteases comprise ~32% of the degradome, metalloproteases comprise ~36% of the degradome and
cysteine proteases comprise ~23% of the degradome. The classes are further divided as exemplified only for the metalloproteases.
According to the MEROPS database, matrixins, which contain the matrix metalloproteinases (secreted or membrane-tethered, MT),
are members of the metzincin super-family of zinc-dependent proteases (zincins). The metzincin super-family also includes the
adamlysins and the astacins. MMP-9 is an example of a secreted MMP while MT1-MMP is an example of a membrane-tethered
MMP. Two valuable resource centers for peptidase information include the following: the MEROPS database for peptidases and
inhibitors (https://www.ebi.ac.uk/merops/) and the degradome database (http://degradome.uniovi.es).
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There are just two Drosophila Mmps, secreted Mmp1 and GPl-anchored Mmp2 (Fig.7), inhibited by a
single endogenous Timp (305-307). Note that Drosophila nomenclature uses “Mmp” and “Timp” whilst
mammalian nomenclature or general references use “MMP” and “TIMP”. Alternative splicing enables one
Mmp1 isoform to be GPI-modified, and both GPl-anchored Mmps can be shed from the membrane (308). The
Drosophila Mmps display distinct and overlapping expression patterns and functions, as well as different
substrate preferences (305, 306, 308, 309). Mmp domain structure is conserved, as are biological functions.
Both Mmpl and Mmp2 contain the furin-like consensus sequence (RXK/RR) and are likely activated
intracellularly (305, 306, 308). Like mammalian TIMPs, the Drosophila timp gene is nested within the synapsin
gene and is most similar to mammalian TIMP-3 based off surface charge, sequence and functional properties
(301, 302, 307, 309, 310). Drosophila studies show Timp is important in many tissues throughout larval and
adult stages for balanced proteolytic activity with roles in vitality, fertility, tissue integrity, organ growth,
adhesion, as well as ECM metabolism, remodeling and homeostasis (307, 309, 311, 312). In vivo and in vitro
studies reveal potent Timp inhibitory action against both Mmps and ADAMSs (302, 309). Importantly,
mammalian MMPs are inhibited by Drosophila Timp and mammalian TIMPs reciprocally inhibit Drosophila
Mmps (302). Mmps are not essential for viable Drosophila embryogenesis, but are critically important for
tissue growth, remodeling, signaling and tissue homeostasis (8, 309, 313). Drosophila Mmps have direct and
indirect roles in cell migration (314), wound healing (35), immune response (315), adhesion (316), autophagy
(317, 318) and signal transduction (319-321), as well as ECM deposition, remodeling and maintenance (35,
309, 322, 323).
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Figure 7: Drosophila Mmp structure and selected tools. Cartoon schematic of Drosophila Mmp1 (purple) shown as a secreted form
and Mmp2 (green) shown with a GPl-anchor. Conserved domains include N-terminal cleavable signal peptide (SP) directing Mmps
through the secretory pathway. The pro-domain maintains enzymatic latency through a cysteine-zinc interaction. The “cysteine-
switch” must be destabilized for enzymatic activation. The cleavable Furin consensus sequence is shown for Mmp1 (RSKR) and
Mmp2 (RVRR) which enables intracellular activation by pro-domain cleavage. The catalytic domains and zinc binding are shown.
Flexible linker regions intersect the catalytic and hemopexin domains. Hemopexin domains consist of four-bladed propellers. Mmp?2
C-terminal contains a GPl-anchor which tethers Mmp2 to the cell membrane. The location of Mmp point mutations used in this
thesis is denoted by arrowheads. A full description detailing each mutation is included in the materials and methods section within
chapters Il and Ill.
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Mmp functions in the nervous system are beginning to be described, with mammalian MMPs
upregulated following increased neural stimulation and nerve injury (324-327). In the Drosophila embryonic
nervous system, Mmp1 displays expression in midline glial cells and Mmp2 is more broadly expressed in both
glia and neurons (305, 306, 328). During motoneuron outgrowth, Mmp2 activity is necessary to keep axons
adherent within nerves bundles until they reach their target branch point and thus Mmp2 modulates
appropriate axonal responsiveness to specific guidance cues (328). In this way, Mmp2 is not involved in motor
axon extension but rather promotes correct targeting. In this mechanism, Mmp2-dependent cleavage is
spatially restricted and acts on the ECM molecule Faulty Attraction (Frac) producing a signal for axons to stay
bundled via non-canonical LIMK-dependent BMP signal transduction (329). However, this embryonic Mmp2
LOF phenotype does not persist and neuromuscular connectivity is not disrupted 3 instar larvae (330).
Peripheral nerves contain glia layers, which protect and support axon bundles, and both nerves and the CNS
are encased by a dense neural lamella. Exogenous Mmp2 expression in specific glia phenocopies integrin LOF
and is sufficient to degrade the neural lamella resulting in glial detachment and defects in VNC morphology
(36). Interestingly, exogenous expression of wildtype Mmp2, dominant-negative inactive Mmp2, or Timp all
result in a similar phenotype displaying elongated VNCs (331). During pupal metamorphosis, certain peripheral
sensory neurons degrade their larval dendritic field and then regrow an adult dendritic field while axons
remain intact. This dendrite-specific pruning event is triggered by environmental cues and requires the
catalytic activities of both Mmps non-autonomously (332). In another context, Mmp2 is transiently
upregulated in epithelial cells and modifies the Collagen-IV BM driving dendritic reshaping and directional
elongation of dendrites in adult sensory neurons (333). Mmps both have distinct roles remodeling pigment
dispersing factor (PDF) clock neurons in the Drosophila adult brain (334). The structure of PDF neurons
oscillate, displaying more complex arbors during the day and less complex arbors at night (334). Mmp GOF in
PDF neurons abolishes remodeling leading to less complex circuits and LOF has the opposite effect (334). In a
complex mechanism, circadian regulation of electrical activity and Mmp1l expression, with subsequent
cleavage of the PDF neuropeptide, modulates PDF signaling activity to regulate circadian structural plasticity
(334). Thus, in the nervous system, Mmp expression is spatio-temporally regulated and substrates include
ECM components, neuropeptides and signaling molecules, consistent with mammalian functions.

The importance of MMPs is further highlighted by the fact that aberrant MMP upregulation underlies
numerous neurological disorders, including developmental and neurodegenerative disease states, as well as
tumor invasiveness (53, 335—339). A number of these neurological diseases have been effectively modeled in

Drosophila and are likewise linked to Mmp dysfunction (191, 340—345). Huntington’s disease is a progressive
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neurodegenerative disorder, with pathogenesis linked to proteolytic cleavage of huntingtin (Htt) protein (340).
Similar to mammalian models, reducing Drosophila Mmp activity (mmp2/+) improves motor deficits and
prevents retinal degeneration induced by exogenous Htt toxicity (340, 346). Mmp2-dependent cleavage of
tyrosyl-tRNA synthetase generates a signaling fragment recruiting macrophages to dying cells for clearance
(318). Tyrosyl-tRNA synthetase dysfunction and MMP upregulation are both associated with Charcot-Marie-
Tooth disease, a commonly inherited peripheral neuropathy also effectively modeled in Drosophila (347, 348).
In trachea and cell culture, Drosophila Mmp1l displays non-autonomous sheddase activity releasing the
ectodomain of Ninjurin-A, a CAM known to be up-regulated following nerve injury in mammals (316).
Importantly, both pharmacological and genetic Mmp inhibition, as well as HSPG reduction, remediates
synaptogenic defects associated with the Drosophila model of Fragile X syndrome (FXS), the most common
heritable monogenic cause of autism spectrum disorders (ASD) and intellectual disability (266, 342, 349). The
FXS disease state is caused by loss of Fragile X Mental Retardation Protein (FMRP) function due to a CGG
trinucleotide repeat expansion in the 5’ untranslated region of the FMR1 gene leading to hyper-methylation
and gene silencing (350, 351). Surprisingly, Drosophila FMRP co-removal in the mmpl LOF or Timp
overexpression conditions reciprocally circumvents early lethality and non-neuronal phenotypes caused by
Mmp inhibition (342). How MMP/FMRP pathways intersect remains elusive. FMRP is an mRNA and channel
binding protein that regulates mRNA stability, trafficking, neuronal excitability and is most commonly
described as a negative regulator of translation (352—355). FMRP is regulated by neural activity and
phosphorylation and reciprocally modulates activity-dependent processes (356—359). FXS presents with a
range of neurodevelopmental impairments observed in both humans and Drosophila. The fly model has been
instrumental in dissecting the cellular and molecular underpinnings of FXS. Indeed, Drosophila and
mammalian FMRP are evolutionarily conserved, loss of dFMRP leads to phenotypic consequences reminiscent
of those observed in humans, and transgenic expression of human FMR1 in the Drosophila FXS model corrects
synaptogenic deficits (357, 360-362), including structural overgrowth, circuit hyper-connectivity,
accumulation of immature synapses and increased neuronal excitability (362—370). Behavioral phenotypes
include hyperactivity, circadian arhythmicity, repetitive grooming, reduced courtship, and deficits in learning
and memory (371-380). At the NMJ, FMRP modulates the microtubule cytoskeleton network and negatively
regulates Futsch/MAP1B translation in motorneurons to restrict NMJ growth, branching, satellite and mature
bouton number, and functional neurotransmission strength (362, 364, 381). On the postsynaptic side, FMRP
regulates GIuR composition with FXS NMlJs containing a higher ratio of A-type to B-type GluRs, and larval

locomotion is consistently increased in the FXS model (370, 382-384). Interestingly, postsynaptic FMRP
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restricts SV density and vesicle release in the presynaptic motorneuron, suggesting FMRP activity intersects
with trans-synaptic signaling (364, 385). Indeed, FMRP regulates trans-synaptic Wnt signaling driving
coordinated structural and functional synaptogenesis in a mechanism mediated by HSPGs (266). Thus, HSPGs
may provide the missing link between extracellular MMP dysfunction and FXS.

Clearly, Mmps have both beneficial roles important for normal neural development as well detrimental
impacts in multiple disease pathologies. Therefore, in order to identify and design appropriate drug targets it
is critical to understand the full scope of the Mmp network in both the context of development and disease
(386). In the past, modest understanding of essential MMP functions and disease complexity, in conjunction
with the challenges of MMP redundancy and compensation, have been associated with a global failure of
MMP inhibitor (MMPI) clinical trials (387, 388). It is now realized that removing even a single MMP can have
far-reaching consequences on biological processes and other protease functions (389). There have been great
advances in protease biology, but there is still a pressing need to better understand what these extracellular
enzymes regulate and how they are controlled in the context of their in vivo pericellular environments (299).
This thesis work takes advantage of the genetically amenable and much more manageable Drosophila model
system, with only two Mmps and a single Timp, to collectively interrogate Mmp functions in both neural

development and in the context of the FXS disease state (Fig. 8).
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Figure 8: Overarching hypothesis. Mm1 (purple) and Mmp2 (green) are active within the synaptomatrix and cleave structural
extracellular matrix components (ECM), cell adhesion molecules (CAMs), and/or ECM-associated receptors or ligands thereby
influencing trans-synaptic signaling driving structural and/or functional synaptogenesis. Loss of Mmp activity will influence functional
neurotransmission and/or synapse structure (synapse number or synapse size).
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Thesis Outline

Part One

Part one of this thesis work investigates Mmp roles in structural and functional synaptogenesis. We use
a battery of single mmp mutants, double mmp mutants and RNAi knock-down strategies to interrogate Mmp
requirements for NMJ growth, functional neurotransmission, functional molecular assembly and
ultrastructural development. | find that Mmp1 and Mmp2 normally serve to put the brakes on structural and
functional development. | further test Mmp roles in Wnt/Wg trans-synaptic signaling and identify differential
genetic interactions between both Mmps and the HSPG glypican Dlp. | find that Mmp control of
synaptogenesis is through the differential regulation of Dlp. | create new antibody tools and, in conjunction
with previously characterized tools, visualize all matrix metalloproteome components at the synapse and

identify that Mmp1, Mmp2 and Timp expression is mutually co-regulated at the NMJ.

Part Two

Part two of this thesis work investigates Mmp1l and Mmp2 requirements for activity-dependent new
bouton formation, the extracellular regulation of Mmp1 and Mmp2 expression through HSPG Dlp, and how
neural activity regulates Mmp1l and Mmp2 expression and localization at the synapse. | find that Mmp1, but
not Mmp2, is required for new bouton formation following elevated activity. | find that Mmp1 and Mmp2 are
bi-directionally regulated following activity stimulation. Neural activity promotes Mmp1l expression and
restricts Mmp2 abundance. Moreover, | find that extracellular Mmp1 localization is dependent upon the HSPG
glypican, Dlp. | provide evidence that Dlp is likewise promoted by neural stimulation and regulates Mmp1
through a functional interaction requiring the HS GAG chains of Dlp. We also show that Dlp promotes
proteolytic activity at the synapse. Finally, | extend these findings to the FXS disease state and find that both
basal and activity-regulated Mmp1 expression are dependent upon FMRP in a mechanism mediated through

Dlp.
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Summary

Synaptogenesis requires orchestrated intercellular communication between synaptic partners, with
trans-synaptic signals necessarily traversing the extracellular synaptomatrix separating presynaptic and
postsynaptic cells. Extracellular matrix metalloproteinases (Mmps) regulated by secreted tissue inhibitors of
metalloproteinases (Timps), cleave secreted and membrane-associated targets to sculpt the extracellular
environment and modulate intercellular signaling. Here, we test the roles of Mmp at the neuromuscular
junction (NMJ) model synapse in the reductionist Drosophila system, which contains just two Mmps (secreted
Mmp1 and GPl-anchored Mmp2) and one secreted Timp. We found that all three matrix metalloproteome
components co-dependently localize in the synaptomatrix and show that both Mmpl and Mmp2
independently restrict synapse morphogenesis and functional differentiation. Surprisingly, either dual
knockdown or simultaneous inhibition of the two Mmp classes together restores normal synapse
development, identifying a reciprocal suppression mechanism. The two Mmp classes co-regulate a Wnt trans-
synaptic signaling pathway modulating structural and functional synaptogenesis, including the GPI-anchored
heparan sulfate proteoglycan (HSPG) Wnt co-receptor Dally-like protein (Dlp), cognate receptor Frizzled-2
(Frz2) and Wingless (Wg) ligand. Loss of either Mmp1 or Mmp2 reciprocally misregulates Dlp at the synapse,
with normal signaling restored by co-removal of both Mmp classes. Correcting Wnt co-receptor Dlp levels in
both Mmp mutants prevents structural and functional synaptogenic defects. Taken together, these results
identify an Mmp mechanism that fine-tunes HSPG co-receptor function to modulate Wnt signaling to

coordinate synapse structural and functional development.

Introduction

Development of a communicating junction between a presynaptic neuron and its postsynaptic target
requires coordinated signaling between synaptic partner cells. Bidirectional trans-synaptic signals modulate
synaptogenesis by traversing a specialized extracellular environment (the ‘synaptomatrix’; (1, 2)). Matrix
metalloproteinases (Mmps) are a conserved family of secreted and membrane-anchored extracellular
proteases that regulate developmental processes by cleaving membrane proteins, secreted signaling ligands
and extracellular matrix (ECM) components to inhibit, activate, sequester, release or expose cryptic sites,
thereby sculpting the extracellular environment and modulating intercellular signaling (3-5). Mammalian

Mmps have known roles in neurogenesis, axon guidance, dendritic development, synaptic plasticity and
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behavioral outputs, but mechanisms remain elusive and roles in synaptogenesis are under-studied (6). In mice,
24 Mmps regulated by four Timps make genetic studies challenging, with extensive functional redundancy and
compensation (4). By contrast, the Drosophila genome encodes just one secreted Mmp (Mmpl), one
membrane Mmp (GPl-anchored Mmp2) and one secreted Timp. In lieu of mammalian studies, which show
that extracellular proteases play central roles determining synapse structure, function and number (reviewed
in (7-9)), we took advantage of the reductionist Drosophila model to genetically dissect the complete,
integrated mechanism of the matrix metalloproteome in synaptic development.

Drosophila Mmps display canonical structure and function, with a cleavable prodomain that modulates
enzyme latency, a zinc-dependent catalytic domain and hemopexin domain (10-12). Drosophila Timp
resembles mammalian Timps in structure and function. Drosophila Timp inhibits mammalian Mmps and
mammalian Timps inhibit Drosophila Mmps, demonstrating an evolutionarily conserved function (10, 13). Like
the roles of mouse Mmps in neurodevelopment, Drosophila Mmps have been shown to regulate embryonic
axonogenesis, BMP-dependent motor axon pathfinding and dendritic remodeling in larval sensory neurons
(14-17). Importantly, mammalian Mmps are upregulated in neurological disorders (6), including multiple
sclerosis (18), epilepsy (19, 20) and Fragile X syndrome (FXS), the most common heritable determinant of
intellectual disability and autism spectrum disorders (21). Similar to the mouse FXS model (22, 23),
the Drosophila FXS disease model exhibits Mmp dysfunction as an underlying cause of neurodevelopmental
phenotypes (24, 25). Neural defects in the Drosophila FXS model, including impairments in both morphological
and functional synaptic differentiation (26) are remediated by pharmacological or genetic Mmp inhibition (25).

In the Drosophila FXS disease model, synaptogenic defects have been causally linked to heparan sulfate
proteoglycan (HSPG) Dally-like protein (Dlp) co-receptor misregulation of the Wnt Wingless (Wg) trans-
synaptic signaling that drives synaptogenesis (27). Does the function of Mmp intersect with this established
synaptogenic mechanism? The findings in this study support the model that synapse development requires a
precise balance of Mmp activities from both presynaptic and postsynaptic partner cells. The results also show
that the two Mmps (secreted Mmp1 and GPl-anchored Mmp2) bidirectionally regulate Dlp to modulate Wg
trans-synaptic signaling. Both Mmp functions inhibit structural and functional synaptogenesis, suggesting that

Dlp can act as both a positive and negative regulator of synapse development.
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Materials and Methods

Drosophila Stocks
All strains were maintained on standard medium at 25°C. The Mmp mutants used included: point mutant

nuIImmplQm*, P-element deletion null mmp1? and point mutant hypomorph mmp1Q273*; point mutant

w307* Df(2R)Uba1-Mmp2 we21*

null mmp2 , deficiency null mmp2 , point mutant hypomorph mmp2 and 3’ splice-site

genetic-null mmp2°?*¥ (12, 28). The double heterozygous (dblhet) genotype was mmpl1%¥2™*;

W307/* The timp-null deficiency was timp’syn®® (29). Knockdown studies used UAS-mmp1™™¥ uAs-

mmp2
mmp2™*4 (30) and UAS-mmp2fN41794-182 (NIG-Fly). Pan-neuronal elav-Gal4, motoneuron-specific D42-Gal4,
pan-muscle 24B-Gal4 and ubiquitous UH1-Gal4 drivers were obtained from the Bloomington Drosophila Stock
Center (Indiana University). 24B-Gal4 and elav-Gal4 were recombined in a dual driver line. Double inhibition
studies included UAS-timp (12) overexpression (OE) and double UAS—mmleNA’; UAS—mmpZdSRNA’1794'1R'
2 (dbIRNAI). UAS-dlp (31) and dlp”*®” deletion (32) were used in Dlp modulation studies. Genetic controls

118 and Gal4 drivers crossed into the w8 background.

included w
Antibody Production

Constructs for Mmp2 and Timp were optimized and ordered from GenArt. His-tagged Mmp2 and MBP-tagged
Timp proteins were recombinantly expressed in E. coli and purified in the Vanderbilt Antibody and Protein
Resource core (VAPR). The Mmp2 antigen was 162 amino acids immediately following the furin cleavage site
(F186-Q298), which spans the catalytic domain included in all predicted isoforms:
MFSKYVLATLLALFAQSMCIQELSLPPEGSHSTAATRSKKAKTAISEDIMYNYLMQFDY
LPKSDLETGALRTEDQLKEAIRSLQSFGNITVTGEIDSATARLIQKPRCGVGDRRSADSFS
PDNLYHEIGSNVRVRREFALQGPKWSRTDLTWSMVNRSMPDASKVERMVQTALDV

WANHSKLTFREVYSDQADIQILFARRAHGDGYKFDGPGQVLAHAFYPGEGRGGDA

HFDADETWNFDGESDDSHGTNFLNVALHELGHSLGLAHSAIPDAVMFPWYQNNEV

AGNLPDDDRYGIQQLYGTKEKTWGPYKPQTTTTTTTTTTMRAMIYRADKPAYWPWN

NPSNNPNNDRNRARERQEEERRRQEKERRRQEEERRHQEEERRRQVEERQRQEEERWR
QEQERQEEENRRRKIEHKSQWERNPSKERNRPRERQEMERRRQEQERQEQERQEQEDR
RRERERDRQLEWERRNRNGAREPVTPTANTTPRPTNKPYPTVHRQHHHHNKPRKPKPD
SCMTYYDAISIIRGELFIFRGPYLWRIGTSGLYNGYPTEIRRHWSALPENLTKVDAVYEN
KQRQIVFFIGREYYVFNSVMLAPGFPKPLASLGLPPTLTHIDASFVWGHNNRTYMTSGTL
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YWRIDDYTGQVELDYPRDMSIWSGVGYNIDAAFQYLDGKTYFFKNLGYWEFNDDRMK
VAHARAKLSARRWMOQCARSANEVDDEQRWTASLVSEGEETGRSGSRELRINHFILSILL
LAIANWRS

The following codon optimized Mmp2 sequence was used:
TTTGCACTGCAGGGTCCGAAATGGTCACGTACCGATCTGACCTGGTCAATGGTTAAT
CGTAGCATGCCGGATGCAAGCAAAGTTGAACGTATGGTTCAGACCGCACTGGATGT
TTGGGCAAATCATTCAAAACTGACCTTTCGTGAAGTGTATAGCGATCAGGCAGATAT
TCAGATTCTGTTTGCACGTCGTGCACATGGTGATGGTTACAAATTTGATGGTCCGGG
TCAGGTTCTGGCACATGCATTTTATCCGGGTGAAGGTCGTGGCGGAGATGCACATTT
TGATGCAGATGAAACCTGGAATTTTGATGGTGAAAGTGATGATAGCCATGGCACCA
ATTTTCTGAATGTTGCCCTGCATGAACTGGGTCATAGCCTGGGTCTGGCCCATAGCG
CAATTCCGGATGCAGTTATGTTTCCGTGGTATCAGAATAATGAAGTTGCAGGTAATC
TGCCGGATGATGATCGTTATGGTATTCAGCAG

The Timp antigen was 113 amino acids (P32-N144) as shown below:

MDLRKHLGLLTLLLVAVFAFYGRPADACSCMPSHPQTHFAQADYVVQLRVLRKSDTI

EPGRTTYKVHIKRTYKATSEARRMLRDGRLSTPOQDDAMCGINLDLGKVYIVAGRM

PTLNICSYYKEYTRMTITERHGFSGGYAKATNCTVTPCFGERCFKGRNYADTCKWSP

FGKCETNYSACMPHKVQTVNGVISRCRWRRTQLYRKCMSNP

The following codon optimized Timp sequence was used:
CCGAGTCATCCGCAGACCCATTTTGCACAGGCAGATTATGTTGTTCAGCTGCGTGTT
CTGCGTAAAAGCGATACCATTGAACCGGGTCGTACCACCTATAAAGTTCATATTAAA
CGCACGTATAAAGCGACCAGCGAAGCACGTCGTATGCTGCGTGATGGTCGTCTGAG
CACACCGCAGGATGATGCAATGTGTGGTATTAATCTGGATCTGGGCAAAGTGTATAT
TGTTGCAGGTCGTATGCCGACCCTGAATATTTGTAGCTATTACAAAGAATACACCCG
CATGACCATTACCGAACGTCATGGTTTTAGCGGTGGTTATGCAAAAGCAACCAAT

Rabbit polyclonal antibodies were raised against both sequences (Cocalico Biologicals, Inc.) and column affinity

purified (VAPR).
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Western Blot Analyses

SDS-PAGE Western blots were performed as previously described (33). The neuromusculature or brain/ventral
nerve cord (CNS) was isolated from dissected larvae, and equal amounts of tissue were homogenized in buffer
(67mM NaCl, 2M urea, 1mM EDTA, 1.3% SDS, Tris pH 8.0, Roche protease inhibitor cocktail) and centrifuged
(20 min, 16kxg). Equal volumes of 2X NuPage sample buffer (Invitrogen) were added to supernatant and
heated at 60°C for 15 mins with (Mmp1 and Mmp2) or without (Timp) 5% B-mercaptoethanol. Samples were
loaded onto Bis-Tris SDS gels (Invitrogen), electrophoresed in 1X MES buffer (Mmp1 and Mmp2) or 1X MOPS
(Timp) and transferred to nitrocellulose membranes (Biorad). Membranes were blocked for 1 hr at RT in either
2% BSA (Mmp1), 2% milk (Mmp2), or Odyssey blocking buffer (Timp) diluted TBS-T (10 mM Tris pH 8, 150 mM
NaCl, 0.05% Tween 20). Primary antibodies were diluted in block, incubated overnight at 4°C and washed 6X in
TBS-T for 5 mins the following day. All secondary antibodies were diluted 1:5000 in block, incubated for 1 hr at
RT, washed 6X for 5 mins in TBS-T, and visualized using the Licor Odyssey Infrared Imaging System. Primary
antibody concentrations used: mouse anti-tubulin (1:1000; DSHB 12G10), mouse a-Mmp1 catalytic cocktail
(1:1:1 at 1:100; DSHB, 3B8D12/ 3A6B4/ 5H7B11), rabbit anti-Mmp2 (1:1k, this study) and rabbit anti-Timp
(1:2k, this study). Secondary antibodies (all raised in goat) used: anti-mouse680 (Invitrogen), anti-mouse800

(Rockland), anti-rabbit680 (Invitrogen) and anti-rabbit800 (Rockland).

Immunocytochemistry Imaging

Larval NMJ preparations were processed with (permeabilized) or without (extracellular labeling) detergent,
incubated overnight in primary antibodies, including; mouse anti-Mmp1 (1:10; DSHB), rabbit anti-Mmp2
(1:1000; this study), rabbit anti-Timp (1:500; this study), rabbit anti-HRP (1:200; Sigma, P7899), goat anti-HRP
(1:200; Jackson Laboratories, 123-165-021), mouse anti-DLG (1:200; DSHB), mouse anti-GluRIIA (1:100; DHSB),
rabbit anti-GIuRIIB (1:1000, (34)), rabbit anti-GIuRIID (1:500; (34)), mouse anti-Brp (1:100; DHSB), mouse anti-
Wg (1:2; DSHB), rabbit anti-DFz2-C (1:500; (35)) and mouse anti-Dlp (1:5; DSHB). Preparations fixed in ice-cold
methanol for 5 mins (GIuRIIA/B) or 4% PFA for 10 min at RT (all other labels) were processed with 0.1% Triton
X-100 (permeabilized) or without detergent (extracellular labeling). Primary antibodies were incubated
overnight at 4°C and then washed 3X for 10 mins. Secondary antibodies were incubated for 2 hr at RT, then
washed 3X for 10 mins. Primary antibodies used: rabbit anti-HRP (1:200; Sigma P7899), Cy3-conjugated goat
anti-HRP (1:250; Jackson Laboratories 123-165-021), Cy5-conjugated goat anti-HRP (1:200; Jackson
Laboratories 123-605-021), mouse anti-Mmp1 (1:1:1 at 1:10; DSHB, 3B8D12/3A6B4/5H7B11), rabbit anti-
Mmp2 (1:1000; this study), rabbit anti-Timp (1:500; this study), mouse anti-GIuRIIA (1:100; DHSB,
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8B4D2(MH2B)), rabbit anti-GIuRIIB (1:1000; (34, 36)), rabbit anti-GluRIID (1:500; (34)), mouse anti-Brp (1:100;
DHSB, NC82), mouse anti-DLG (1:200; DSHB, DLG1), mouse anti-Wg (1:2; DSHB, 4D4), rabbit anti-DFz2-C
(1:500; (35)), and mouse anti-Dlp (1:5; DSHB, 13G8). Secondary antibodies (all 1:500; Invitrogen) used: goat
anti-mouse (488, 568) and goat anti-rabbit (488, 568). Samples were mounted in Fluoromount-G (Electron
Microscopy Sciences). Entire NMJ Z-stack images were acquired with a Zeiss LSM 510 META laser-scanning
confocal using 63X Plan Apo oil immersion objective. For intensity comparisons, images were obtained with

the same settings and quantified using NIH ImageJ software.

Electrophysiology

Two-electrode voltage-clamp (TEVC) records were made in 128 mM NaCl, 2 mM KCI, 4 mM MgCl;, 1.0 mM
CaCl,, 70 mM sucrose and 5 mM HEPES at pH 7.1. Recording electrodes of >15 MQ (1 mm outer diameter;
World Precision Instruments) were used to record from muscle six voltage-clamped (Vhog, —60 mV) with an
Axoclamp2B amplifier (Molecular Devices) in the episodic recording configuration. Evoked EJC records were
made with nerve stimulation using glass suction electrodes at supra-threshold voltages (50% above threshold)
for 0.5 ms at 0.2 Hz. Spontaneous mEJC records were obtained following cutting of the segmental nerves.

Records were acquired with Clampex (Molecular Devices) and analyzed using Clampfit 9.0.

Electron Microscopy

Larvae were dissected and fixed in 4% PFA+0.1% glutaraldehyde for 1 h, then post-fixed in 1% osmium
tetroxide for 1 h. Preparations were dehydrated in an ethanol, propylene oxide and resin infiltration series.
Muscle 6/7 was dissected free and placed in a resin block. Ultrathin (40 nm) sections were made (Leica
Ultracut UCT ultramicrotome), collected on Formvar-coated grids, and imaged using a Phillips CM10
transmission electron microscope at 80 kV. Imaging was done with a 4 megapixel AMT CCD camera. Bouton

area was defined by the greatest cross-sectional area containing an electron-dense T-bar active zone.

Statistical Measurements

All analyses were done on stage- or size-matched animals. All images were projected in Zeiss LSM Image
Examiner. Type IB synaptic boutons were defined as HRP- and DLG-positive varicosities 22 um in diameter
(37). Bouton volume was determined using the Volumest plugin in ImagelJ (38). Intensity measurements were
made with HRP signal delineated z-stack areas of maximum projection. Dlp area measurements were

guantified as fluorescent signal area normalized to HRP area calculated in Imagel. The Zeiss LSM line profile
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function was used for line scan quantification through boutons. GIuR and Brp puncta measurements were
normalized to bouton volume for five boutons per NMJ. Images for display were exported to Adobe
Photoshop. Data presented as meansts.e.m. Statistical comparisons were performed using Instat3 software
(GraphPad Software). Mann—Whitney U-tests were used for nonparametric comparisons. ANOVA tests were
used for data sets of 23 comparisons followed by appropriate post-hoc analyses. Raw data values and sample

sizes are listed in Tables S1-S3 (supplemental materials are located in the Appendix).

Results

Mmp1l and Mmp2 both regulate synapse morphogenesis

We first asked whether the two Drosophila Mmps affect morphological synaptogenesis at the well-
characterized glutamatergic neuromuscular junction (NMJ). Each NMJ terminal contains a fairly stereotypical
array of synaptic boutons, each containing large synaptic vesicle reserves and multiple active zone release
sites (39). To test Mmp requirements in NMJ structural development, we assayed a wide range of single
mutant, double mutant and targeted transgenic conditions (Fig. 9, Table S1A). Both mmp1 and mmp2 loss-of-
function (LOF) mutants displayed a significant, 25-40% increase in synaptic bouton number (Fig. 9A,B,
‘single mmp LOF’) compared with matched genetic controls, indicating that Mmp1l and Mmp2 both restrict
synaptic structural development. In addition, only mmp1 mutant boutons were significantly smaller in size
(Fig. 9A, Table S1B). Surprisingly, both Mmp heterozygotes (mmp1/+ and mmp2/+) similarly show a striking
increase in bouton number, comparable in magnitude to the Mmp homozygous mutants (Fig. S1D, Table S1A).
Ubiquitous (UH1) mmpRNAi for both Mmp classes produced similar increases in bouton number compared with

RNA " with measured protein knockdown levels that were also

LOF mutants (Fig. 9B, cell-targeted mmp
comparable to the corresponding mutants (Fig. S7).

To test for stronger effects, we wanted to assay simultaneous removal of Mmp1 and Mmp2. However,
Mmp double mutants are early larval lethal and the few animals that survive to early third instar are much
smaller than matched controls. We therefore used double mmleNAi; mmpZRNAi knockdown
(UH1>mmp1+2"™) and Timp overexpression (UH1>Timp), as two independent means of blocking the
functions of both Mmps simultaneously. Both Mmp blocking conditions individually display 100% penetrant
late larval/early pupal lethality; together they represent the most severe double Mmp LOF conditions available

RNAi

for these studies. Astonishingly, neither UH1>mmp1+2™"" nor UH1>Timp resulted in the predicted additive

effect but, unexpectedly, displayed architecturally normal NMIJs (Fig.9A; Table S1A). In the first
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test, UH1>mmp1+2RNAi

produced NMJ bouton numbers that were comparable to the control and were
significantly reduced compared with the supernumerary boutons present in both single RNAi conditions
(Fig. 9B, ‘double mmp inhibition’). Likewise, UH1>Timp NMJ architecture closely resembled matched genetic
controls (Fig. 9A), with only a subtle 10% reduction in synaptic bouton number (Fig. 9B, ‘double inhibition’).
Moreover, double mmp heterozygotes (mmp2W307*/+, mmplam*/*; dblhet) also showed no significant
difference in bouton number compared with controls, and thus suppressed the overgrowth characterizing
both single mmp heterozygotes alone (Fig. 9B, ‘double inhibition’, Table S1A). Consistently, postsynaptic Timp
overexpression (24B>Timp) was sufficient to suppress the elevated bouton number in both
single mmp heterozygotes back to control levels (Fig.S1B,C). Collectively, these results indicate a co-
suppressive interplay between the two Mmp classes and strongly suggest that the Mmp ratio is a critically
important determinant of synapse structure.

To further test this interaction, we sought to genetically reduce Mmp levels in a dose-dependent
manner (Fig. 9B, ‘double inhibition’, Table S1A). Using the mmp double heterozygote condition as a baseline,
we sequentially removed additional mmp gene copies (Fig. 9B, ‘double inhibition’). The Mmp imbalance

W307%/+ 1Q112*/112*

caused by removal of mmpl (mmp2 , mmp ) resulted in a ~40% increase in synaptic bouton

number and the converse removal of mmp2 (mmp2">°”""% mmp19*2"/*) significantly reduced bouton number

(Fig. 9B, ‘double inhibition’). These results support an Mmp suppression model, and indicate that development
of NMlJs requires a precise balance of Mmp1:Mmp2 activities. Consistent with the interpretation that Mmp
balance is crucial, all rescue attempts with UAS-mmp transgenes resulted in lethality.

To dissect the tissue-specific requirements for NMJ structural development, we used cell-targeted

RNAi RNAi

RNAi to knock down Mmp classes singly (mmp™") and in combination (mmp1+2™"") in either neurons (elav)

or muscles (24B; also known as how) (see Table S3A for knockdown levels). Consistent with the model,

reducing each single Mmp class alone either presynaptically or postsynaptically caused a significant increase in

RNAi;) RNAi

synaptic bouton number (Fig. 9B, ‘cell-targeted mmp . Importantly, the double mmp1+2™*" phenotype
within either muscle or neuron was stronger than either single mmp™* alone (Fig. S1A,C; Table S1A).
Conversely, simultaneous knockdown in neurons and muscles of each Mmp alone using a novel combined

driver (elav,24B>mmp™*

) caused a robust increase in bouton differentiation, which also failed to occur in
the e/av,24B>mmp1+2RNAi double knockdown condition (Fig. S1A,C, Table S1A). These results clearly show that
proper NMJ differentiation requires both Mmp classes in both pre- and postsynaptic cells, and indicate that
Mmp1+2 (neuron): Mmp1+2 (muscle) ratios across both cell types must be balanced for proper structural

morphogenesis.
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Figure 9: Mmp1l and Mmp2 repress NMJ structural development. (A) Black and white images of NMlJs co-labeled for synaptic
markers HRP and DLG in mmp1 (middle row: mmplam* and bottom row: mmplam*), mmp2 (middle row: mmp2W307*/Dfand bottom
row: mmpzssm/Df) and two double mmp inhibition conditions [UH1>Timp and UH1>mmp1+2RNAi (UH1>dbIRNAI)], compared with
controls (top row). Insets show high magnification single boutons. Scale bars: 1 um. (B) Quantified bouton number for denoted
genotypes normalized to genetic controls. Genotypes clustered by single mmploss-of-function (LOF; left), double inhibition (middle)
and cell-targeted RNAi knockdown in neurons (elav) or muscle (24B) for both genes (right). Double inhibition includes
double mmp1,mmp2 heterozygous condition (dblhet), UH1>Timp and UH1>mmp1+2RNAi (dbIRNAi).  See Fig. S1 for additional
genotypes. See Table S1A for raw data values and sample sizes.
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Mmp1l and Mmp2 both regulate differentiation of synapse function

Structural and functional synaptic development occurs simultaneously, but they are regulated
independently by distinct molecular mechanisms. To test how Mmps might contribute to NMJ functional
development, nerve stimulation evoked excitatory junction currents (EJCs) were quantified as a measure of
neurotransmission strength (Fig. 10, Table S2A). Both Mmpl and Mmp2 negatively regulate functional
differentiation, resulting in clearly elevated neurotransmission in all single Mmp mutants (Fig. 10A). The range
of Mmp single mutants showed highly significant 25-65% increased EJC amplitudes compared with matched
genetic controls (Fig. 10B, ‘single mmp LOF’, Table S2A). Conversely, UH1>Timp showed significantly reduced
neurotransmission.  Similarly, UH1>mmp1+28"* completely suppressed the elevated EJC amplitudes

characterizing both single UH1>mmp"™™

conditions, with neurotransmission significantly reduced ~25%
compared with controls (Fig. 10A,B). These results suggest that Mmp1 and Mmp2 might also co-suppress NMJ
functional differentiation. Postsynaptic, but not presynaptic, targeted mmp knockdown of both classes caused
significantly increased EJC amplitudes, indicating that Mmp1 and Mmp2 are required only from the muscle for

functional regulation (Fig. 10B, ‘cell-targeted mmp™*”

). However, both Mmps function extracellularly and
homeostatic mechanisms between synaptic partners act trans-synaptically; thus, the underlying mechanism
regulating neurotransmission strength might not be cell-autonomous (40).

To further investigate how Mmps regulate functional differentiation, we next assayed spontaneous
neurotransmission by quantifying miniature EJC (mEJC) frequency and amplitude as measures of pre- and
postsynaptic machinery, respectively (Fig.S2, Table S2B) (41). Presynaptically, we found that mmp2 LOF
mutants exhibited a robust ~80% increase in mEJC frequency (Fig. S2A,B). Postsynaptically, mmpl LOF
mutants showed a significant ~30% increase in mEJC amplitude, whereas mmp2 LOF mutants displayed a
~15% decrease in mEJC amplitude (Fig. S2A,B). Importantly, there were no detectable changes in mEJC
amplitude or frequency in UH1>mmp1+2®"4 double knockdown animals (Fig. S2). In calculating quantal
content to measure the level of synaptic vesicle release, mmp2mutants had a ~twofold increase,
whereas mmpl mutants showed no significant change compared with controls (Fig.S2B). In
the UHl>mmpl+2RNAidoubIe loss condition, quantal content was decreased by ~35%. It is noted that there

RNAI

are inconsistencies between Mmp LOF mutant and mmp™" mEJC phenotypes (Table S2B). Nevertheless, the

results clearly demonstrate that Mmp1 and Mmp2 regulate different aspects of NMJ functional development.
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Figure 10: Mmp1 and Mmp2 repress functional differentiation of the NMJ.

(A) NMJ electrophysiology two-electrode voltage-clamp (TEVC) records showing motor nerve stimulation evoked excitatory
junctional currents (EJCs) from genetic control (w9, mmplz/am*, mmpz“m/Df, UH1>Timp and UH1>mmp1+2RNAi(deRNAi). (B)
Quantified EJC amplitudes for denoted genotypes normalized to genetic controls. See Fig. S2 for mEJC analyses. See Table S2 for raw

data values and sample sizes. *P<0.05, **P<0.01, ***P<0.001; NS, not significant.
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Mmp1l and Mmp2 both regulate synapse molecular assembly

NMJ function is regulated by the number and composition of postsynaptic glutamate receptors (GluRs)
juxtaposing presynaptic active zone glutamate release sites (39). Since both evoked and spontaneous
neurotransmission are altered in Mmp mutants, we next tested how the two Mmp classes might regulate
molecular synaptic assembly by quantifying both presynaptic Bruchpilot (Brp) containing active zones (42) and
postsynaptic GIuR domains (43). On the presynaptic side, both mmpl and mmp2 LOF mutants had significantly
more Brp-containing active zones (puncta/um?) compared with matched controls (Fig. S3C, Table S2C). On the
postsynaptic side, mmpl LOF mutants had more domains containing the essential GIuRIID subunit (43)
measured as puncta/pum’, whereas mmp2 LOF mutants showed a smaller, non-significant increase in GluR
puncta density (Fig.S3, Table S2C). No defects were detected in the apposition between synaptic
compartments in either mmp1 or mmp2 mutants, as all Brp-positive active zones juxtaposed a GIuRIID cluster
(Table S2C). Importantly, no defects in either presynaptic active zones or postsynaptic GIuR domains were

detected in UH1>mmp1+2™

animals (Fig. S3).

Each GIuR tetramer contains either a GIuRIIA or GIuRIIB variable subunit modulated by distinct
regulatory mechanisms (34, 44). Subunit selection dictates distinct receptor functional properties (43); for
example, A-type GIuRs mediate increased postsynaptic sensitivity and B-Type GluRs rapidly desensitize.
The mmp2 LOF mutants displayed significantly more GIluRIIA puncta/um3, although the overall fluorescence
signal intensity was slightly decreased (Fig. S4, Table S3C). Conversely, mmpl mutants showed a non-
significant increase in GIuRIIA puncta/ums, with overall signal intensity significantly increased compared with
controls (Fig. S4, Table S3C). For GIuRIIB, both mmpl1 and mmp2 mutants showed significantly increased
puncta/ums, with signal intensity decreased in the mmpl mutants alone (Fig. S5, Table S3C). These GIluR
alterations likely confer the increased functional neurtransmission properties characterizing the Mmp LOF
mutants (Fig. 10, Fig. S2) (36). These results show that Mmpl and Mmp2 have distinct roles negatively
regulating synaptic molecular assembly.

Drosophila NMJ synaptic ultrastructure is particularly well-characterized, with functionally and spatially
defined synaptic vesicle pools organized around presynaptic active zones (containing an electron-dense T-bar)
and the muscle subsynaptic reticulum (SSR) molded into elaborate membrane folds (45, 46). We therefore
next examined Mmp roles in NMJ ultrastructural development using transmission electron microscopy (TEM),
with the prediction that mmp2 mutants would show presynaptic defects aligning with the previously observed

functional phenotypes (Fig. 11, Table S1B). As Mmps have well established roles in ECM degradation, we were

surprised to find that synaptic ultrastructure were largely normal in both Mmp mutants, with no detectable
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deficits in: (1) the architecture of the active zone or T-bar; (2) the appearance or width of the synaptic cleft;
and (3) SSR folding or density (Fig. 11A; Table S1B). Similar to bouton volume confocal measurements, bouton
cross-sectional area was significantly reduced by ~50% in mmp1 mutants (Fig. 11A,B). The mmp2 LOF mutants
had significantly increased synaptic vesicle number/density (Fig. 11A,B), agreeing with elevated mEJC
frequency (Fig. S2). Synaptic vesicle density at the active zone (<250 nm from T-bar; (47)) and in the reserve
domain (250-500 nm from T-bar; (48)) was elevated in mmp2 single mutants, with a similar non-significant

RNAT animals.

trend in mmp1 mutants (Fig. 11A,B). Again, these phenotypes were not present in UH1>mmpl+2
Lack of any gross abnormalities in the matrix or SSR suggest that Mmps at the synapse function in the
synaptomatrix to actively modulate intercellular signaling interactions between neurons and muscle, rather

than permissive proteases degrading physical barriers, such as structural ECM components.
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Figure 11: Mmp1 and Mmp2 modulate synaptic ultrastructural development.

(A) Transmission electron microscopy (TEM) images of NMJ boutons (low magnification, top) and presynaptic active zones (high
magnification, bottom) in control (Wlllg), mmplallz*/om*, mmp255218/Dfand UH1>mmp1+2RNAi (dbIRNAi). (B) Quantification of
ultrastructural bouton area, synaptic vesicle (SV) number/bouton area, and SV number within 0-250 and 250-500 nm of active zone
T-bars. See Table S1B for data values and sample sizes. See Figs S3-S5 for analyses of pre- and postsynaptic molecular components.

**P<0.01, ***P<0.001; NS, not significant.



Mmp1, Mmp2 and Timp co-dependently localize to the NMJ synaptomatrix

Our working model proposes that Mmp1, Mmp2 and their Timp inhibitor all co-localize extracellularly
to the NMJ synapse. We therefore next examined expression of this three-component matrix
metalloproteome in wild-type and mutant backgrounds. Prior efforts have produced Mmp1 antibodies (12,
49), which we previously used to reveal localization of Mmp1 to the NMJ (25) as confirmed here (Fig. S6A, Fig.
S7A,D). Two Mmp2 antibodies exist that work on western blots (28, 50), but neither is effective for
immunocytochemistry. No Drosophila Timp antibody has been reported. We therefore generated new
antibodies against both Drosophila Mmp2 and Timp that work for both immunocytochemistry and western
blot analyses (Fig. 12, Figs. S6-S8).

Western blot studies showed that the antibody against Mmp2 specifically recognized a ~90 kDa band
in larvae of the predicted Mmp2 molecular mass, as well as three weaker bands (~120, 85 and 76 kDa) in
isolated neuromusculature (Fig. 12G, Fig. S6B). The antibody against Timp specifically recognized a ~28 kDa
band at the predicted Timp molecular mass, which increased with UH1>Timp and was absent in timp-null
mutants (Fig. S6C). In tissue immunocytochemistry, Mmp1, Mmp2 and Timp labeling were all dramatically
reduced in respective single LOF mutants as well as with single UH1>mmp"*' conditions (Fig. S7, Table S3A,B).
Importantly, UH1>mmp1+2RNA’eIiminated Mmp1 and Mmp2 expression at the NMJ (Fig. S7A,B), comparable
to quantified protein levels at corresponding single UH1>mmpRNAiand genetic LOF mutant NMJs (Fig. S7D,E).
As previously described (25), detergent-free immunohistochemistry showed that Mmp1 localized to the
extracellular space within the perisynaptic domain at the NMJ and was particularly enriched around synaptic
boutons (Fig. S7A, Fig. S8A). Similarly, extracellularly labeled Mmp2 had a closely overlapping expression
pattern, but was more restricted to the bouton surface, as predicted for a membrane-tethered protein
(Fig. S7B, Fig.S8B). Finally, detergent-free labeling showed that Timp was highly enriched at the NMJ
surrounding boutons in the extracellular synaptomatrix, albeit with a slightly more diffuse pattern, as
predicted for a smaller secreted protein (Fig. S7C, Fig. S8C). Thus, all three proteins of the tripartite matrix
metalloproteome overlap at the NMJ synapse.

With these new antibody tools and knowledge of Mmp1, Mmp2 and Timp expression at the synapse,
we next addressed interactive changes (Fig. 12, Table S3A,B). Under detergent-free conditions, all three
proteins were examined for extracellular expression in the respective Mmp LOF mutant
and UH1>Timpconditions. First, imaging for Mmp1 expression using the antibodies specific for the catalytic
domain (12, 49) revealed significant increases in Mmp1l levels in mmp2 LOF mutants and, conversely,

significant decreases in Mmp1 at UH1>Timp NMJs (Fig. 12A,B, Table S3A). By contrast, Mmp2 was significantly
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decreased in mmpl LOF mutants and also moderately decreased at UH1>Timp NMIJs (Fig. 12C,D; Table S3A).
Local Timp levels within the HRP-labeled NMJ terminal were unchanged in both mmpl and mmp2 mutants,
but the perisynaptic spatial domain of Timp expression was dramatically increased at mmp2 LOF synapses
(Fig. 12E, Table S3B). These immunocytochemistry results suggest that Mmp1 positively regulates Mmp2
levels, whereas Mmp2 negatively regulates both Mmp1 levels and localization of Timp.

To test whether changes were locally restricted or ubiquitous, we performed western blots on
neuromusculature lysates. In agreement with imaging results, Mmp1 levels were increased in mmp2LOF
lysates (Fig. 12F). By contrast, Mmp1 levels were strongly increased in UH1>Timp neuromusculature and in
whole larvae (Fig. 12F, Fig. S6A). These differences may be due to Timp binding the Mmp1 catalytic domain to
sterically hinder antibody accessibility (Fig. 12F, Fig. S6A). Mmp2 levels were also not noticeably decreased
in mmp1 LOF lysates, suggesting that these changes are locally restricted to the NMJ synapse (Fig. 12G).
Similar to tissue immunocytochemistry results, Timp levels were comparable between mutants and controls
(Fig. 12H). Taken together, these results reveal strong cross-talk between Mmp1, Mmp2 and Timp at the NMJ
synapse, raising the possibility that tripartite complex interactions could contribute, at least in part, to the

observed suppression mechanism.
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Figure 12: Mmp1, Mmp2 and Timp exhibit co-dependent synaptic localization.

(A) NMJ extracellular Mmp1l (green) relative to synaptic marker HRP (red) in control w' mmpZ“Zlg/Dfand UH1>Timp. (B)

Quantified fluorescent intensities normalized to controls (w''*®, UH1/+). (C) Extracellular Mmp2 (green) and HRP (red)
118 plQuz*/Qm* and UH1>Timp. (D) Quantified fluorescent intensities normalized to controls (w''*°, UH1/+). (E) Extracellular

inw ", mm
Timp (green) and HRP (red) in w''*® and mmp255218/Df. Western blots of (F) Mmp1 (neuromusculature), (G) Mmp2 (whole tissue) and
(H) Timp (neuromusculature). Genotypes: mmplam /a7 (F-H), mmp2W307 and mmpZW‘m (G) and mmp255218/Df(H). Further

antibody characterization in Figs S6-S8. See Table S3 for raw data values and sample sizes. *P<0.05, ***P<0.001.
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Mmp1l and Mmp2 restrict Wnt trans-synaptic signaling

Extracellular regulation of trans-synaptic signaling is important for modulating both structural and
functional synaptic development (2, 33, 41, 45). Both Mmp classes reside within the synaptomatrix, where
they are perfectly positioned to participate in this mechanism and the LOF phenotypes are consistent with
increased Wnt trans-synaptic signaling at the NMJ. Wnt signaling driving NMJ growth and synapse assembly
involves the Wg ligand, HSPG co-receptor Dlp and Frizzled2 (Frz2) receptor (27, 51). In the Frizzled nuclear
import (FNI) pathway, Frz2 is endocytosed following Wg activation, cleaved, transported into the muscle
nuclei, where it associates with RNP granules containing synaptic transcripts and thereby drives expression
changes modulating synapse structure and function (35, 52). This pathway is specifically misregulated in
the Drosophila FXS disease model (27) and associated NMJ synaptogenic phenotypes are remediated by either
genetic or pharmacological inhibition of Mmp (25). Therefore, we tested whether this well-characterized Wnt
mechanism is impacted by removal of Mmp.

At wild-type NMIJs, the extracellular Wg ligand was localized to a dynamic subset of synaptic boutons
(Fig. 13A). In mmp1 LOF mutants, overall Wg levels at the NMJ were significantly decreased by ~40%
(Fig. 13A,C, Table S3C). Because Mmps can facilitate signal localization, we assayed whether the percentage of
Wg-expressing boutons was altered at mmpl mutant NMJs. Consistent with total abundance of
Wg, mmpl mutants showed ~50% reduction in Wg-expressing boutons compared with matched controls
(Fig. 13C, Table S3C). These results were replicated by UH1>mmp1RNAi, but there were no significant changes

RNAT animals (Fig. 13A,C, Table S3C). However, trans-synaptic FNI

in either mmp2 LOF mutants or UH1>mmp1+2
signal transduction via Frz2 receptor cleavage and FrzC2 intracellular trafficking to the muscle nuclei was
increased in both Mmp single mutants. Importantly, this defect was not apparent in
the UH1>mmp1+2"" condition (Fig. 13B,D, Table S3C). It seems counter-intuitive that Wg was decreased
in mmp1 mutants alone, although both mmp1 and mmp2 mutants showed increased Wg signal transduction
(FNI), yet there are multiple precedents for this observation at the Drosophila NMJ (27, 41). Negative feedback
is one possibility. In any case, the data are consistent with previous work showing that elevated Wg trans-
synaptic signaling induces synaptic bouton formation (as in mmpl and mmp2 mutants) and increases mEJC
frequency (as in mmp2 mutants) (53), strongly reminiscent of the respective Mmp mutant phenotypes
(Fig. 9, Fig. S2).

A recent report has shown that Drosophila Mmp2 directly cleaves the Wg HSPG co-receptor Dlp, in a

mechanism that spatially tunes Wg signaling in developing ovary stem cells (54). This function provides a

putative mechanism for Mmp misregulation of Wg trans-synaptic signaling during NMJ synaptogenesis,
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because Dlp is also an established Wg co-receptor and potent regulator of intercellular signaling at the
developing synapse (27, 41, 55). Consistent with this hypothesis, DIp was strongly reduced in mmp1 LOF
mutants (Fig. 14A, Table S3C). Moreover, there was also a strong defect in synaptic DIp spatial distribution in
both Mmp LOF mutants (Fig. 14B), which is consistent with known roles of Mmp in spatially regulating target
proteins (50, 54). First, a line scan through single synaptic boutons, with the intensity profile of DIp (green)
compared with the synaptic membrane marker HRP (red in Fig. 14B,C), showed that Dlp and HRP signals
largely overlap in genetic controls, with a slight extension of DIp beyond the HRP-marked membrane (Fig. 14C,
left). By contrast, mmpl mutants showed strong reduction of the Dlp domain and mmp2 LOF mutants showed
strongly expanded Dlp domain (Fig. 14C, green arrows). Second, Dlp area outside the HRP-marked synaptic
domain, normalized to NMJ area to account for terminal size, also showed that the spatial distribution of Dlp
was reciprocally regulated by Mmpl and Mmp2. Dlp area decreased ~40% in mmpl LOF mutants and
increased almost twofold in mmp2 LOF mutants (Fig. 14, Table S3C). Importantly, Dlp spatial misregulation

was not detected in the UH1>mmp1+2"" condition (Fig. 14, Table S3C).
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Figure 13: Mmp1 and Mmp2 restrict Wnt trans-synaptic signal transduction.

(A) NMJs labeled for extracellular Wg ligand (green) relative to synaptic HRP (red) in control
w''*), mmp10112*/0273* mp2“218/Dfand UH1>mmp1+2RNAi (dbIRNAI). White boxes are enlarged 3x in bottom panels. Arrows
indicate Wg-expressing boutons. (B) NMJs labeled for Frizzled 2 receptor C-terminus (Fz2-C, green) and HRP (red) in the same
genotypes. Synaptic terminal (NMJ, arrow) and muscle nuclei (N, arrows) labeled in control. (C) Quantified Wg intensity (left) and
percentage of Wg-expressing boutons (right) within HRP synaptic domain. (D) Quantified nuclear Fz2-C intensity in above genotypes.
See Table S3C for raw data values and sample sizes. *P<0.05, **P<0.01, ***P<0.001; NS, not significant.
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Figure 14: Mmp1 and Mmp2 reciprocally regulate Wnt HSPG co-receptor DIp.
(A) NMJs labeled for Dlp (green) and HRP synaptic marker (red)
in w'’ mmplQllz /a7 ) mmp255218/Dfand UH1>mmp1+2RNA' (dbIRNAI). Black and white images show Dlp. (B) Higher magnification

images of DIp (green) at synaptic boutons (red). Skeleton outlines of DIp area beyond HRP-masked NMJ are shown at the right. (C)
Line-scan (line in panel B) of Dlp spatial expression (green) relative to HRP synaptic membrane marker (red). Arrows indicate Dlp
spatial restriction in mmp1 and expansion in mmp2 mutants. See Table S3C for raw data values and sample sizes.
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Restoring Wnt co-receptor Dlp levels in Mmp mutants prevents synaptogenic defects

Our working model proposes that the two Mmp classes, balanced by Timp inhibition and reciprocal co-
suppression, mediate synaptomatrix control of Wnt trans-synaptic signaling at the level of the DIp co-receptor
to coordinate structural and functional development of the NMJ. If this hypothesis is correct, the altered Dlp
levels and/or spatial distribution should be causative for the synaptogenic defects in both classes of Mmp
mutants. To test this prediction, we created lines to compensate for changes in Dlp levels in each Mmp
mutant, and then tested for correction of both structural and functional defects (Fig. 15, Tables S1A, S2A, ‘Dlp
modulation’). In mmp1 LOF mutants, DIp was significantly reduced in the postsynaptic compartment and
therefore, we transgenically increased Dlp expression in the muscle (mmp1227%273". 24B>UAS-dlp).
Conversely, in mmp2 mutants, DIp was spatially expanded and therefore, we removed one dlp gene copy to

reduce levels (mmp2"3%7"7™, d|p*877*)

. In both mmp1 and mmp2 mutants, correcting Dlp expression toward
normal levels suppressed the synaptic morphogenesis defects (Fig. 15A, Table S1A). Quantification of the
number of synaptic boutons showed that mmpl supernumerary boutons were completely prevented by
elevated levels of postsynaptic Dlp (Fig. 15B). Likewise, the elevated number of synaptic boutons
in mmp2 mutants was completely prevented by reducing Dlp levels with the dip/+ heterozygote (Fig. 15B).
Next, EJC recordings to assay neurotransmission strength in both mmpl1 and mmp2 mutants showed that
correcting Dlp levels reduced the elevated transmission in both cases (Fig. 15C, Table S2A). Quantification of
EJC amplitude showed that postsynaptic DIp expression in mmpl mutants prevented the elevated
transmission and reversed the phenotype to cause significantly reduced transmission (Fig.15D).
In mmp2 mutants, reduction of the Dlp levels restored EJC amplitude towards the control level, showing a
significant reduction from the mutant level, with no significant difference remaining compared with the

control (Fig. 15D). Thus, both increased NMJ structural development and elevated neurotransmission strength

in both classes of Mmp mutant were rectified by manipulating Dlp expression back towards wild-type levels.
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Figure 15: Restoring DIp levels in Mmp mutants prevents defects in NMJ structure or function.

(A) NMlJs labeled for HRP and DLG. Top row: 24B/+ transgenic control, mmplollzwm* and mmplom*/am*; 24B>UAS-dIp. Bottom
row: w " genetic control, mmp2W3D7*/Dfand mmp2W307*/DJ;' deAlgm. (B) Quantified bouton number normalized to controls for above
genotypes. (C) EJC traces recorded from denoted genotypes. Top row: 24B/+ transgenic control (left) and mmplauz*/am*; 24B>UAS-
dip(right). Bottom row: w'® genetic control, mmpZWSOWDfand mmp2W307*/Df; d/pA187/+. (D) Quantified EJC amplitudes normalized to
controls for above genotypes. See Table S1A for raw data values and sample sizes. **P<0.01, ***P<0.001; NS, not significant.
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Discussion

A large number of Mmps are expressed in the mammalian nervous system, with roles in
neurodevelopment, plasticity and neurological disease (56). Understanding how each Mmp individually and
combinatorially functions is hindered by genetic redundancy and compensatory mechanisms. We have
therefore exploited the Drosophila system to analyze a matrix metalloproteome containing just one member
of each conserved component: one secreted Mmp, one membrane-tethered Mmp and one Timp (4, 10-12,
49). We found that both Mmp classes attenuate structural and functional synaptic development, with
electrophysiological, ultrastructural and molecular roles in both presynaptic and postsynaptic cells. A
surprising discovery is that the Mmp classes suppress each other's requirements at the synapse. From discrete
activities to redundancy, cooperation and now reciprocal suppression, studies continue to reveal how Mmps
interact to regulate developmental processes (15, 28, 54). This study shows that the two Mmp classes play
separable yet interactive roles in sculpting NMJ development. During the writing of this manuscript, a genomic
Mmp2 rescue line was produced (54), which will be critical in further testing this interactive mechanism. It will
be interesting to determine whether the Mmp suppressive mechanism is used in other developmental
contexts, other intercellular signaling pathways and in mammalian models. Mammalian Mmp9 regulates
synapse architecture and also postsynaptic glutamate receptor expression and/or localization (20, 57, 58).
Likewise, mammalian Mmp7 regulates both presynaptic properties and postsynaptic glutamate receptor
subunits (59, 60). Thus, the dual roles of Mmps in pre- and postsynaptic compartments appear to be
evolutionarily conserved.

Previous work demonstrated that Mmpl and Mmp2 both regulate motor axon pathfinding
in Drosophilaembryos, albeit to different degrees and here, double Mmp mutants still exhibited defasciculated
nerve bundles that separate prematurely (15). Consistently, both Mmp single mutants display excessive
terminal axon branching at the postembryonic NMJ, but here the defect is fully alleviated by the removal of
both Mmps. To our knowledge, other studies have either not identified, or not tested, a similar Mmp
interaction, suggesting that reciprocal suppression might be specific to synaptogenesis. However, there are
numerous reports that highlight the importance of Mmp and Timp balance. Mmp:Timp ratios can influence
protease activation, localization, substrate specificity and Timp signaling and are commonly used as predictive
clinical correlates in disease pathology (61-63). At the Drosophila NMJ, a similar reciprocal suppression
interaction between pgant glycosyltransferases involved in O-linked glycosylation regulates synaptogenesis via

integrin-tenascin trans-synaptic signaling (45). A recent study reported that pgant activity protects substrates

99



from  Furin-mediated proteolysis, which is a protease responsible for processing or
activating Drosophila Mmp1 and Mmp2 (64). Thus, Mmp proteolytic and glycan mechanisms could converge
within the NMJ synaptomatrix to regulate trans-synaptic signaling.

New antibody tools produced here provide the means to interrogate an entire matrix
metalloproteome, and will be important for testing Mmp and Timp functions throughout Drosophila. Many
Mmps are both developmentally and activity regulated, with highly context-dependent functions (57, 65, 66).
Our future work will temporally dissect this mechanism at the developing NMJ and investigate how activity
might regulate Mmp localization and function. It will be informative to correlate synaptogenic Mmp
requirements with Mmp enzymatic activity by using in situ zymography assays, although non-enzymatic roles
are certainly also possible. Lack of ultrastructure defects in Mmp mutant NMlJs suggests that Drosophila Mmps
have primarily instructive functions at the synapse, rather than broad proteolytic roles in ECM degradation.
Consistently, Drosophila Mmp?2 instructs motor axon pathfinding via a BMP intercellular signaling mechanism
(16). Conversely, Mmp2 functions permissively in basement membrane degradation while shaping dendritic
arbors (17). Because synaptic bouton size is reduced in mmpl mutants, Mmp1l activity might degrade a
prohibitive physical barrier at the NMJ. However, our results indicate a primary Mmp role in regulating
intercellular signaling during synaptic development.

HSPG co-receptors of trans-synaptic ligands are key modulators of NMJ synaptogenesis (27, 41, 55, 67)
and HSPGs are also established substrates of both mammalian and Drosophila Mmps (3, 54). Mmp1l and
Mmp?2 differentially regulate the HSPG Dlp co-receptor to restrict the Wnt Wg trans-synaptic signaling driving
structural and functional NMJ development (35, 51, 52). How might both increased and decreased levels of
the DIp co-receptor yield increased FNI pathway signal transduction? Regulation of Wnt signaling interactions
ligands, co-receptors and receptors is managed at many levels (68). The ‘Wg exchange factor model’ (69)
provides a mechanistic framework for understanding the suppressive interactions of Mmp. In this mechanism,
a low Dlp:Frz2 ratio helps the Frz2 receptor obtain more Wg, whereas a high Dlp:Frz2 ratio prevents Frz2 from
capturing Wg as Dlp competes and sequesters Wg away from Frz2. Importantly, however, Dlp exhibits a
context-dependent, bimodal role as both activator and repressor (70). Indeed, our previous studies show
these mechanisms are a key driving force in Wg signal transduction at the Drosophila NMJ (27, 41).
In mmpl mutants, Wg and Dlp are both reduced, resulting in a low Dlp:Frz2 ratio and elevated FNI.
In mmp2 mutants, Dlp is spatially diffuse and Frz2 is increased, similarly resulting in a low Dlp:Frz2 ratio and
elevated FNI. Balance is reset with Mmp co-removal because neither form of Mmp-induced HSPG tuning

occurs. In this regard, it might be predicted that DIp reduction in mmp2 mutants would only further increase
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W307*/Df;dlpA187/+ NMJs are

FNI  and therefore structural and functional defects. However, mmp2
indistinguishable from controls. It is therefore likely that absolute Dlp levels are the important driving factor in
synaptogenesis and/or that DIp exhibits bimodal functions in synaptic development.

Interestingly, a recent mouse study showed the Mmp3 hemopexin domain promotes Wnt signaling by
inhibiting a negative Wnt regulator, raising the possibility that Mmps can act as molecular switches (or in
feedback loops) dictating Wnt transduction (71). Another study suggests that Wnt signaling can directly
mediate co-regulation of heparanase and Mmps (72). Indeed, both neural activity and intercellular signaling
can stimulate Mmp-dependent ectodomain shedding of plasma membrane target proteins, thereby directly
regulating the surface abundance of HSPGs and receptors, as well as other Mmps, which thus reciprocally
modulate intra- and extracellular organization (6, 73, 74). From this model, the spatial arrangement of Dlp
could be affected by co-regulated sheddase activity that is differentially altered in mmp1 and mmp2 mutants.
Specifically, Mmp2 could shed Dlp, resulting in an increased area of DIp expression in mmp2 mutants and loss
of Mmp2 regulation by Mmp1 could result in aberrant Dlp restriction in mmpImutants, with Mmp co-removal
remediating the DIp domain thereby restoring normal Wnt trans-synaptic signaling. Our future work will test
the reciprocal impacts of Wnt signaling on Mmp expression and/or function in the context of synaptic
development.

Emerging evidence suggests HSPG glycosaminoglycan (GAG) chains function as allosteric regulators of
Mmps, with GAG content or composition influencing the localization and substrate specificity of Mmp (75).
Indeed, studies from our lab and others show that Wg signaling is sensitive to perturbations in HSPG chain
biosynthesis and HS modifying enzymes, which modulate both NMJ structure and function (39, 41, 76, 77). It is
easy to envision how tissue- and development-stage-specific HS modifications could coordinate HSPG/Mmp-
dependent functions, thereby differentially regulating diverse signaling events, which enable context-specific
responses instructed by the extracellular environment. Future work will examine how dual inputs of the HSPG
co-receptor function and how Mmp proteolytic cleavage coordinates Wnt trans-synaptic signaling during
synaptogenesis, particularly in the context of our Fragile X syndrome (FXS) disease model (78, 79). Given that
both Mmp loss or Mmp inhibition Mmp (25) and correction of HSPG elevation (27) independently alleviate
synaptic defects in the FXS disease state, the overlapping mechanism provides an exciting avenue to
therapeutic interventions for FXS and, potentially, related intellectual disability and autism spectrum

disorders.
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Summary

Matrix metalloproteinase (MMP) functions modulate synapse formation and activity-dependent
plasticity, with MMP dysfunction implicated in the Fragile X syndrome (FXS) disease state. Drosophila studies
show that Mmps genetically interact with the heparan sulfate proteoglycan (HSPG) glypican co-receptor Dally-
like protein (Dlp) to restrict trans-synaptic Wnt signaling, and that synaptogenic defects in this FXS disease
model are alleviated by both Mmp inhibition and Dlp genetic reduction. Here, we employed the Drosophila
neuromuscular junction (NMJ) glutamatergic synapse to test activity-dependent Dlp and Mmp intersections in
the context of the FXS disease state. We found rapid, activity-dependent synaptic bouton formation is
completely dependent upon secreted Mmpl. Acute neuronal stimulation reduced Mmp2, but increased both
Mmp1 and DIp. We found acute activity enhanced DIp and Mmp1 co-localization at the synapse, and that Dlp
function bidirectionally controlled Mmp1 abundance. We found Dlp is required for activity-dependent Mmp1
enhancement, with Dlp glycosaminoglycan (GAG) chains mediating this interaction. In parallel, we found Dlp
bidirectionally regulates proteolytic activity surrounding synapses. In the FXS model, we found restricting Dlp
prevents Mmp1 elevation. Moreover, we found that activity-dependent Mmp1 enhancement is lost in the FXS
disease state, but could be completely restored by reducing synaptic Dlp. This mechanistic axis from neuronal
activity to HSPG-dependent Mmp regulation drives activity-dependent synaptogenesis, and provides a

causative mechanism for FXS synaptogenic defects.

Introduction

Developing and maintaining proper synaptic connectivity requires tightly coordinated intercellular
signaling across the synaptic cleft between pre- and postsynaptic cells. This feat is achieved through selective
expression of a range of cell adhesion molecules and secreted ligands within the highly specialized
extracellular synaptomatrix that separates synaptic partners (1, 2). This cellular interface is highly adaptable
(plastic), sculpted by use (activity), and constantly remodeled by secreted enzymes molding the dynamic
environment (3-6). A principal challenge is to understand exactly how these extracellular forces are regulated
to control activity-dependent synaptic development. A core family of secreted proteases, matrix
metalloproteinases (MMPs), occupy a key nexus of coordinated cell-cell and cell-matrix signaling to modulate
synaptic architecture and neurotransmission strength (7-9). Conserved MMP domains include N-terminal

secretory signal sequence, the cleavable pro-domain, zinc-binding catalytic site and the closely linked C-
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terminal hemopexin domain (10). Changes in MMP function regulate synaptogenesis and mediate activity-
dependent remodeling, and MMP dysfunction is implicated in numerous neurological disorders including
autism, epilepsy, addiction and schizophrenia (11-15). Thus, MMP-dependent control of the extracellular
synaptomatrix interface appears critical for normal synaptic development, and is implicated in a wide range of
synaptic disease states.

The Drosophila glutamatergic neuromuscular junction (NMJ) synapse has proven an excellent model to
interrogate synaptomatrix questions, with conserved extracellular mechanisms and well defined activity-
dependent synaptogenic processes (2, 16—18). Compared to challenges of testing the 24 MMPs in mammalian
models, Drosophila has just 2 MMPs, secreted Mmp1 and glycosylphosphatidylinositol (GPl)-anchored Mmp?2
(19-21); although one Mmp1l isoform is also GPl-anchored (22). Both Mmps regulate motor neuron axon
defasciculation, with the matrix molecule Faulty Attraction (Frac) identified as an Mmp2 substrate promoting
motor axon targeting (23, 24). Both Mmps also regulate synaptogenesis in multiple contexts, including
reshaping dendritic arbors (25, 26) and axonal terminals (27). At the NMJ, these two Mmps coordinate
structural and functional synaptogenesis by heparan sulfate proteoglycan (HSPG) dependent regulation of
Wnt Wingless (Wg) trans-synaptic signaling (7). In the Drosophila Fragile X syndrome (FXS) disease model,
aberrant HSPG- and Mmp-dependent Wg signaling is causative for synaptogenic defects (28). This common
intellectual disability and autism spectrum disorder is caused by loss of Fragile X Mental Retardation Protein
(FMRP), an mRNA-binding translational regulator of activity-dependent synaptogenesis (29-31). Both HSPGs
and Mmps are putative FMRP targets misregulated in the Drosophila FXS model (28, 29, 32, 33).

HSPGs are particularly intriguing extracellular regulators of activity-dependent MMP localization and
function (34, 35). The diverse, multi-functional HSPGs can be fully secreted, membrane-tethered or
transmembrane, and consist of a core protein plus heparan sulfate (HS) glycosaminoglycan (GAG) chains.
HSPGs are known to function as extracellular signaling platforms linking secreted ligands, receptors and
proteases, and MMPs can also proteolytically cleave HSPGs in a reciprocal HSPG-Mmp relationship (34, 36—
39). HSPGs are potent regulators of activity-dependent synaptic development and plasticity (40-43). The ~17
HSPGs in mammals present considerable experimental challenges, but the Drosophila genome encodes just 5
HSPGs in total, with only 3 synaptic HSPGs (38, 40, 41). At the NMJ, the secreted HSPG Perlecan mediates Wg
signaling directionality, and serves to restrict synaptic structural growth (44), the transmembrane HSPG
Syndecan conversely promotes synaptic development (41), whereas the GPl-anchored HSPG Dally-like Protein
(Dlp) serves as a critical biphasic regulator of Wg signaling to modulate synaptogenesis (40, 45, 46). This trans-

synaptic Wg signaling drives activity-dependent synaptogenesis, promoting both structural growth and
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functional strengthening (47-50). Activity-induced Wg signaling mediates rapid, new synaptic bouton
formation (47), but a DIp co-receptor role in this synaptogenic mechanism has not been explored.

Given the role of neuronal activity in controlling FMRP abundance and function (51-54), with known
requirements in activity-dependent synaptogenesis (28, 55—60), we hypothesized a downstream mechanistic
link between membrane-anchored glypican Dlp and the Mmps driving activity-induced synapse modulation. In
testing this hypothesis, we found that Mmp1, but not Mmp2, is absolutely required for rapid, activity-
dependent synaptic bouton formation. Using both acute transgenic and ionic depolarization paradigms, we
found that Mmp1 is increased in response to heightened activity, with both FMRP and Dlp required for this
activity-dependent mechanism. Conversely, Mmp2 is reduced following activity stimulation. We found that
Dlp co-localization with Mmp1 is enhanced by activity, and that DIp induces Mmp1 synaptic localization with
heightened co-localization in use-activated synapses. We found both FMRP and Dlp are absolutely required for
this activity-dependent Mmp1 enhancement, with the FMRP requirement by-passed by genetically reducing
Dlp abundance in the FXS disease model. Overall, these results show that the HSPG glypican Dlp is a direct,
positive regulator of basal and activity-dependent Mmp1l abundance at the synapse. This work also reveals
that inappropriate Mmpl regulation in the FXS disease state can be rectified by reducing Dlp, thereby

identifying a potential means to correct neuropathological synaptic defects.

Materials and Methods

Drosophila Genetics

All stocks were maintained on standard medium at 25°C, except for lines used to manipulate neuronal activity
with dTRPA1 (see below). The following Gal4 driver lines were obtained from the Bloomington Drosophila
Stock Center (BDSC; Bloomington, Indiana): pan-neuronal driver elav-Gal4 (#8760), selective neuronal driver
CcapR-Gal4 (#39292), glutamatergic neuron driver vglut-Gal4 (#26160) and muscle-specific driver 24B-Gal4
(#1767). The dual neuron and muscle driver elav-Gal4, 24B-Gal4 was created using standard genetic
recombination (61). For the dTRPA1 studies, vglut-Gal4 or CcapR-Gal4 were crossed to the warmth-activated
UAS-dTRPA1 (BDSC, #26263) cation channel transgene to stimulate activity within motor neurons (62—66).
Genetic lines used to manipulate Mmps include; 1) mmplaﬂz* (BDSC #59380) genetic null loss of function
allele, 2) mmp10273* hypomorphic allele caused by a point mutation early stop codon, 3) UAS-mmp1®" (67),
4) mmp2W307* genetic null loss of function allele, and 5) chromosomal deficiency Df(2R)BSC132 (BDSC #9410)

that removes the entire mmp2 gene (21, 68). Standard recombination was used to create vglut-Gal4,
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mmplam* and vglut-Gal4, mmp2W307*, and UAS-dTRPAI, mmplam* and UAS-dTRPA1, Df(2R)BSC132 lines,
which were then crossed to generate vglut-Gal4> UAS-dTRPA1, mmplQ“Z* /mmplam* and vglut-Gal4> UAS-
dTRPAIL, mmp2W307*/Df(2R)BSC132, respectively. The genetic lines used to manipulate Dlp expression include;
1) dip™®’, a 26-nucleotide reading frame shift deleting the GAG attachment domain, GPl-anchor and part of
the cysteine-rich region (69), 2) UAS—dlpRNAi (Vienna Drosophila Resource Center (VDRC), #10299), 3) wildtype
UAS—dlpWT (BDSC, #9160; (70), and 4) UAS—dlp'HS, with all 5 GAG attachment sites (Serszs, Ser®®, ser®®! ser®®
and Ser®®®) mutated to alanines (46, 71). The Dlp::GFP line used was y*,w;dlp™#?*7-¢FT1 (BDSC, #60540; (72,
73) containing an EGFP-FIAsH-Strepll-TEV-3xFlag insertion within a dlp coding intron, shared by both
annotated transcripts, resulting in expression of Dlp tagged with internal GFP tag incorporated into the
endogenous dlp locus. The dfmr1°®" deletion allele is a full loss of function null mutant (74). Standard genetic
recombination was used to generate dlp”*®’, dfmr1°®/TM6, Hu-GFP (28), which was subsequently crossed to
dfmrlSOM/TMG, Tb to produce dlpA187/+, dfmrl50M/50M animals. Genetic controls included the w''%® genetic

background, as well as Gal4 drivers alone crossed into the w''* background.

Activity Manipulations

A high [K'] depolarization paradigm was performed for 10 minutes using 90mM KCl in 1.8 mM CacCl, saline
(75). Unstimulated controls received a 10-minute mock treatment with standard physiological saline (see
below). For dTRPA1 studies, the pan-motor neuron driver vglut-Gal4 (BDSC #26160, OK371) (76-78) or
selective neuronal driver CcapR-Gal4 (BDSC #39292 (79-81)), were crossed to warmth-activated UAS-dTRPA1
cation channel transgene (BDSC, #26263) to stimulate activity (62—-66). Animals were raised at the dTRPA1-
restrictive temperature (18°C) until the wandering 3" instar stage, then transferred to pre-temperature
treated apple juice agar plates for 1-hour at the dTRPA1-permissive temperature (30°C). Controls included
vglut-Gal4/+ or CcapR-Gald4/+ (+/- temperature shift), vglut-Gal4/+, mmplQ“Z*/ mmplam* or vglut-Gal4/+,
mmp2"3°”" /Df(2R)BSC132 (+/- temperature shift), vglut-Gald>UAS-dTRPA1 and CcapR-Gal4>UAS-dTRPA1 (no
temperature shift), and vglut-Gald>UAS-dTRPAL, mmp1%*? /mmp1%*?" or vglut-Gald> UAS-dTRPAI,
mmp2W307*/Df(2R)BSC132 (no temperature shift).

Immunocytochemistry Confocal Imaging
Imaging was performed on wandering 3 instars at muscle 4 and 6/7 NMJs. Staged larvae were dissected in
physiological saline (in mM: 128 NacCl, 2 KCI, 4 MgCl,, 70 sucrose, 5 HEPES, and 0 CaCl, pH 7.2), fixed with 4%

paraformaldehyde (4% PFA + 4% sucrose in phosphate buffered saline (PBS)) for 15 minutes, washed 3X with
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PBS, and then incubated with primary antibodies diluted in PBS overnight at 4°C. Preparations were then
washed 3X with PBS, incubated with secondary antibodies diluted in PBS for 2 hours at room temperature,
washed 3X with PBS, and then mounted in Fluoromount-G (Electron Microscopy Sciences). For co-localization
studies, a 1-hour blocking step (0.5% Bovine Serum Albumin (BSA) in PBS) was used, with primary and
secondary antibody incubations containing 0.5% BSA in PBS. Primary antibodies included: Alexa-Fluor 488
conjugated goat a-HRP (1:200; Jackson Laboratories 123-545-021), Cy3-conjugated goat a-HRP (1:250; Jackson
Laboratories 123-165-021), Cy5-conjugated goat a-HRP (1:200; Jackson Laboratories 123-605-021), rabbit a-
GFP (Abcam, ab290), rabbit a -Mmp2 (1:500), mouse a-Mmp1 (1:1:1 at 1:10; DSHB, 3B8D12, 3A6B4, 5H7B11),
mouse a-DLG (1:200; DSHB, DLG1) and mouse a-Dlp (1:5; DSHB, 13G8). Secondary antibodies included (all
1:500; Invitrogen): goat a-mouse (488, 568), donkey a-mouse 555, donkey a-rabbit 488 and goat a-rabbit
(488, 568). All labeling was performed detergent-free (extracellular labeling only (82, 83)), except for
structural studies using mouse a-DLG, which required addition of 0.1% Triton X-100 to both primary and
secondary antibody incubations. NMJ Z-stacks were acquired with a Zeiss LSM 510 META laser-scanning
confocal using 40x/1.4 (ghost boutons) and 63x/1.4 (all other experiments) Plan Apochromat oil immersion

objectives.

Synaptic In Situ Zymography

NMJ in situ zymography assays were performed as previously described (33, 84). Briefly, live larval
preparations were dissected exposing the neuromusculature in physiological saline, and then immediately
submerged in the zymography buffer (50 mM Tris-HCl, 150 mM NacCl, 5 mM CacCl,, 0.2 mM NaNs, pH 7.6)
containing 500 pg/ml of fluorescein-conjugate DQ porcine gelatin (Molecular Probes by Life Technologies, D-
12054). Preparations were incubated for 45 minutes at room temperature, kept stationary and protected from
light. Preparations were then briefly rinsed 3X in PBS, fixed in 4% PFA in PBS for 30 minutes, and washed again
3X in PBS. Preparations were then incubated with Cy3-conjugated goat a-HRP (1:250; Jackson Laboratories
123-165-021) for 1 hour at room temperature. Preparations were finally washed again 3X in PBS and mounted
in Fluoromount-G (Electron Microscopy Sciences). NMJ Z-stacks were acquired with a Zeiss LSM 510 META
laser-scanning confocal microscope using a 488 nm argon laser to excite the fluorescein substrate, and imaged

with a 63x/1.4 Plan Apo oil immersion objective.
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Quantification and Statistical Analyses

All experiments were independently performed at least 3 times, with all comparisons performed blind. All
analyses were done on staged and sized-matched animals. For each trial, 3-5 animals per condition were
assayed, with NMJs from both left and right segments (A3-A4) analyzed. For all intensity comparisons, images
were obtained with the same confocal settings and quantified in parallel using NIH Image) software (85).
Intensity measurements were made with the HRP signal delineated from Z-stack areas of maximum
projections. Muscle intensity was taken from areas adjacent to the HRP-marked NMJ, and subsequently
subtracted from the NMJ intensity measurement. NMJ and background region selection excluded regions that
overlapped with obstructions, such as trachea. For high [K*] stimulation studies involving multiple genotypes,
each stimulated condition was normalized to its own unstimulated genotype control. Confocal settings were
maintained constant for unstimulated and stimulated conditions within each genotype. All cross-compared
genotypes within each experiment were processed together and imaged at the same time. Ghost boutons
were quantified as HRP-positive and DLG-negative varicosities emanating from the main NMJ arbor. DLG-
negative was defined as <2 standard deviations below the mean. Contrast and brightness were applied
uniformly using Imagel. Co-localization analyses were performed using ZEN image processing software (Zeiss).
Single slices (<1 um) from the middle of a Z-stack were analyzed for each NMJ. Measurements of full width at
half maximum (FWHM) for axial resolution were FWHMygg: 840nm and FWHMsss: 880nm. HRP was used as a
guide to create an ROI. Thresholds were manually set based on background intensity values. Manders’ overlap
coefficients and weighted Manders’ co-localization coefficients were used (86). All images were filtered and
processed in parallel in Imagel before being exported to Adobe Photoshop. Imagel versions used were 1.46r,
1.51h and 1.51p (85, 87). All reported statistical comparisons were always performed using Instat3 software
(GraphPad Software). Mann-Whitney U tests and ANOVAs (Kruskal-Wallis) were used for all the
nonparametric comparisons. ANOVA tests were used for all data sets of 23 comparisons, followed by
appropriate post hoc analyses as stated in the figure legends. All data are presented in figures as mean+SEM,
and N represents the total number of NMJs analyzed from at least 3 independent replicates. Significance is

indicated in figures by *p<0.05, **p<0.01 and ***p<0.001.
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Results

Mmp1 is required for rapid activity-dependent synaptic bouton formation

At the Drosophila NMJ, presynaptic bouton formation occurs rapidly in response to acute neuronal
stimulation (47). The initial, immature, transitional “ghost boutons” contain synaptic vesicles and presynaptic
markers, such as membrane marker Horse Radish Peroxidase (HRP), but are largely devoid of presynaptic
active zones and postsynaptic markers, such as Discs Large (DLG) (47, 88—90). Activity-dependent ghost
boutons develop into mature boutons, and thus represent the immediate read-out for activity-dependent
synaptogenesis (47, 90, 75). To acutely increase activity, we targeted the temperature-dependent dTRPA1
(Transient receptor potential cation channel Al) to motor neurons (vglut-Gal4>UAS-dTRPA1) (62—66), and
then assayed new ghost bouton formation following a transient 1-hour temperature increase (Fig. 16). We

used the mmplQ“z* genetic null allele to remove Mmp1 function, and the mmp2W307*

genetic null allele in
trans to chromosomal deficiency Df(2R)BSC132 to remove Mmp2 function (21, 68). In each mmp mutant
condition (mmp'/'), we compared four genotypes at both restrictive (18°C) and permissive (30°C) temperatures
(8 conditions total): the driver controls (vglut-Gal4/+), experimental animals (vglut-Gal4>UAS-dTRPA1), mmp
driver controls (vglut-Gal4/+, mmp'/') and experimental mutants (vglut-Gal4>UAS-dTRPA1, mmp'/').
Representative images and data summaries are shown in Figure 1, as well as Supplemental Figures 1 and 2.
Unstimulated controls (vglut-Gal4/+) or transgenic experimental animals reared at the dTRPA1-
restrictive temperature (vglut-Gal4>UAS-dTRPA1) display very few ghost boutons (Fig. 16A,B; Fig. S17A,B; Fig.
S10A,B), consistent with previous reports (47, 88—90). In contrast, shifting vglut-Gal4>UAS-dTRPA1 animals to
a dTRPA1l-permissive temperature resulted in a significant increase in activity-dependent ghost bouton
formation (Fig. 16A,B; Fig. S10B,C). We did not observe any difference in ghost bouton number after shifting
vglut-Gal4/+ driver controls to the dTRPA1-permissive temperature, confirming the temperature shift did not
contribute to synaptogenesis. We next tested the Mmp1 requirement for ghost bouton formation. In all non-
stimulated conditions, ghost bouton number was completely indistinguishable between vglut-Gal4/+ control,
vglut-Gald>UAS-dTRPA1, vglut-Gald/+, mmp1%*? /mmp1®*" null, and the vglut-Gal4>UAS-dTRPAL,
mmplam*/mmplmlz* animals (Fig S1A,B). Following acute neuronal stimulation, we did not detect any
increase in ghost bouton formation in the absence of Mmp1 (Fig. 16A,B). There was no detectable difference
between the mmpl null driver control and the mmp1 null dTRPA1 stimulated conditions. As a result, the
mmp1 null stimulated condition (vglut-Gal4>UAS-dTRPAL, mmplallz*/mmplallz*) had significantly reduced

bouton numbers compared with the wildtype stimulated condition (vglut-Gal4>UAS-dTRPA1; Fig. 16A,B).
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We next tested whether Mmp2 is similarly required for activity-dependent ghost bouton formation
(Fig. S10). In all non-stimulated conditions, ghost bouton number was indistinguishable between vglut-Gal4/+,
vglut-Gal4>UAS-dTRPA1, vglut-Gal4/+,mmp2"3*’ */Df(ZR)BSC132 null and the vglut-Gal4>UAS-dTRPAL,

w307*

mmp2 Df(2R)BSC132 animals (Fig S2A,B). Following acute neuronal stimulation, we found a significant

increase in ghost bouton formation in both the vglut-Gal4>UAS-dTRPA1 (control) and vglut-Gal4>UAS-dTRPAL,

W307*/Df(2R)BSC132 (mutant) conditions, with no significant difference detected between the groups

mmp2
(Fig. S10C,D). Consistently, activity-dependent ghost bouton formation in the mmp2 null dTRPA1 stimulated
condition was significantly increased relative to both the driver (vglut-Gal4/+) and the mmp2 null (vglut-
Gal4/+, mmp2"3°”"|Df(2R)BSC132) stimulated controls (Fig. S10C,D). Together, these results show that Mmp2
is not detectably involved in ghost bouton formation, whereas Mmp1 is absolutely required for this activity-

dependent synaptic bouton formation.
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Figure 16: Mmpl1 is required for rapid activity-dependent synaptic bouton formation. (A) NMJs co-labeled for HRP and DLG after
dTRPA1 stimulation in the 4 genotypes shown. White stars mark ghost boutons. Scale bar: 5 um. Higher magnification images of
synaptic boutons are shown below. Scale bar: 2 um. (B) Quantified ghost bouton number per terminal after dTRPA1 stimulation:
vglut-Gald/+ (N=28, 1.54+0.30), vglut-Gal4>UAS-dTRPA1 (N=20, 7.4+0.97), vglut-Gal4, mmp1®**? /mmp1%*?" (N=24, 1.54+0.34) and
vglut-Gal4>UAS-dTRPAL, mmplauz*/mmplallz* (N=24, 1.38%0.33). Data show mean + SEM from 3 replicates, with N = separate
NMJs. Significance was determined by nonparametric ANOVA (Kruskal-Wallis) and Dunn’s multiple comparisons post-test
(***p<0.001). Non-significant (p>0.05) comparisons are not represented for 1) vglut-Gal4/+ vs. vglut-Gal4, mmplam*/mmplam*
and 2) vglut-Gal4/+ vs. vglut-Gal4>UAS-dTRPA1, mmplam*/mmplam* and 3) vglut-Gal4, mmplam*/mmplam* vs. vglut-Gal4>UAS-
dTRPA1, mmplam*/mmplauz*. See Fig. S17 for temperature controls.

118



Co-localized Mmp1 and DIp exhibit positive activity-dependent regulation

We next tested whether activity regulates synaptic Mmps using both genetic and ionic stimulation
paradigms (75, 62, 91, 92). We labeled Mmp1l with well-characterized antibodies, using detergent-free
conditions to mark extracellular protein (7, 21, 82, 83, 93). Mmp1 abundance and spatial distribution were
both increased by stimulation (Fig. 17). First, we again used dTRPA1 to transgenically increase activity, and
found stimulation caused a significant >40% increase in Mmp1 compared to matched controls (vglut-Gal4/+;
Fig. 17A,B). We repeated tests with a more restricted Gal4 driver (CcapR-Gal4), which expresses dTRPA1 in
only a subset of motor neurons to provide an additional internal control (Fig. S11). CcapR-Gal4 drives in the
RP3 motor neuron innervating muscle 6 and 7 (NMJ m6/7), but is excluded from the motor neuron innervating
muscle 4 (NMJ m4). At the dTRPA1-restrictive temperature (18°C) we found no difference in Mmp1 between
driver controls (CcapR-Gal4/+) and CcapR-Gal4>UAS-dTRPA1 conditions at either NMJ m6/7 or m4 (Fig.
S11A,B). Mmp1 was significantly increased by >50% at NMJ m6/7 following the heat-induced dTRPA1 channel
activation (30°C) in CcapR-Gal4>UAS-dTRPA1 compared to the CcapR-Gal4/+ driver control (Fig. S11C,D).
However, there was no change in Mmp1 abundance at NMJ m4 following dTRPA1 neuronal stimulation,
consistent with the restricted CcapR-Gal4>UAS-dTRPA1 expression pattern (Fig. S11C,D).

Following the dTRPA1 transgenic trials, we tested Mmp1 abundance and distribution after depolarizing
synaptic terminals with KCI (high [K™]) for varying time periods (2-60 mins). We found that synaptic Mmp1 was
highly increased after just 10 minutes of acute stimulation (Fig. 17A,B), and therefore used this rapid
stimulation paradigm for the remainder of our studies (75). Similar to the above dTRPA1 results, this acute
depolarizing stimulation caused a highly significant >50% increase in Mmpl at the synapse relative to
unstimulated controls (Fig. 17A,B). Although Mmp2 had no detectable role in activity-dependent bouton
formation (Fig. S10), we also tested whether Mmp?2 is regulated by neuronal activity. We labeled extracellular
Mmp2 under detergent-free conditions utilizing our previously characterized polyclonal antibody (7), and
qguantified Mmp2 abundance at the synapse before and after the ionic depolarization paradigm (Fig. S12). In
contrast to Mmp1, synaptic Mmp2 was significantly decreased by ~35% following acute, high [K'] stimulation
(Fig. S12A,B). Together, these results demonstrate that elevated neuronal activity causes concurrent strong
Mmp1 increase and Mmp2 reduction at the synapse. Consistent with previous studies, the loss of Mmp2 may
be a secondary consequence of elevated Mmp1 function (7). The specific increase in Mmp1 supports its
requirement in activity-dependent synaptic bouton formation.

We previously established a strong genetic interaction between DIp and both Mmps at the NMJ (7).

We therefore next tested whether Dlp is similarly regulated by activity (Fig. S13). Dlp was labeled with a well-
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characterized antibody (28, 41, 94), as well as a transgenic green fluorescent protein (GFP) tag in the
endogenous dlp locus (Dlp::GFP) (72, 73). Following an acute increase in activity, NMJs displayed an immediate
and striking increase in synaptic DIp intensity (Fig. S13A). With high [K'] depolarization, GFP labeling showed a
significant >60% increase in DIp::GFP and Dlp labeling consistently revealed a significant >60% increase
compared to the unstimulated control condition (Fig. S13B). These results indicate that activity induces rapid
upregulation of DIp at the synapse. In unstimulated terminals, both Mmp1 and Dlp appeared in concurrent
domains in a dynamic subset of synaptic boutons (Fig. 18A; arrows), with overlap but also with spatial
separation of the two proteins. Upon acute stimulation, both proteins were significantly increased within the
same synaptic subdomains (Fig. 18A, top panels; arrows), and the incidence of co-localization became much
greater (Fig. 18A, bottom panels; asterisks). Given that HSPGs bind and localize MMPs in other contexts (34,
36, 39), we hypothesized that activity stimulates the co-localization of Dlp and Mmp1 at the synapse, with GPI-
tethered Dlp serving to capture and localize the secreted Mmp1.

To test for this co-regulation, we triple-labeled unstimulated and high [K'] stimulated Dlp::GFP
terminals with antibodies against GFP, Mmp1 and HRP. In parallel comparisons, we confirmed a significant
~50% increase in Dlp and Mmp1 after stimulation compared to unstimulated controls (Fig. 18A,B). Moreover,
acute stimulation increased the spatial overlap between DIp and Mmp1, with specificity confirmed by multiple
antibody and imaging controls (Fig. 18C and Fig. S14). We assessed co-occurrence with Manders’ co-
localization coefficient (MCC) measurements (95, 86). Upon stimulation, the Mmp1:Dlp MCC significantly
increased over 2-fold compared to unstimulated controls (Fig. 18C). Likewise, the DIp:Mmpl MCC showed a
similar significant increase in stimulated terminals (Fig. 18C). Thus, with acute stimulation both DIp::GFP and
Mmpl MCC values were similarly increased compared to unstimulated controls, demonstrating a rapid
activity-dependent recruitment of both proteins to co-localized synaptic domains. These results suggest four
possible interpretations; 1) Dlp and Mmp1l have unrelated activity-dependent increases within the same
dynamic synaptic domains, 2) secreted Mmp1 drives the activity-dependent Dlp increase, 3) membrane-
tethered Dlp drives the activity-dependent Mmp1 increase, recruiting Mmp1 to synaptic subdomains, or 4) Dlp

and Mmp1 activity-dependent increases are reciprocally co-dependent.
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Figure 17: Synaptic Mmp1 is rapidly increased following acute neuronal stimulation. (A) Images of NMJs following the denoted
activity stimulation, co-labeled with HRP and Mmp1 in the 3 genotypes shown. Heat map shows Mmp1 alone (scale below) with
white HRP bouton outline. Scale bar: 2 um. (B) Quantification of synaptic Mmp1 intensity normalized to matched controls in: vglut-
Gal4/+ (N=10, 1.0+0.07) vs. vglut-Gal4>UAS-dTRPA1 (N=13, 1.42+0.1) and w'® control (unstimulated, N=56, 1.0+0.03) vs. w''®
stimulated (high [K'], N=57, 1.54+0.07). Significance determined by Unpaired t-test with Welch correction (dTRPA1) or Mann-
Whitney U-Test (High [K']), indicated by **p<0.01 and ***p<0.001. Data show mean + SEM from 3 replicates for each experiment,
with N = separate NMJs. See Fig. S11 for additional controls.
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Figure 18: Mmp1 and Dlp co-localization in synaptic subdomains is increased by acute activity. (A) Images of DIp::GFP NMIJs
labeled with HRP, GFP and Mmp1 under basal conditions or following high [K'] stimulation. Dlp::GFP and Mmp1 signals are shown as
a heat map with HRP synaptic outlines in white. Arrows point to overlapping Dlp::GFP and Mmp1 signals. Scale bar: 5 um. Higher
magnification images show single optical sections. Scale bar: 1 um. Asterisks denote overlapping DIp::GFP and Mmp1, shown
pseudo-colored in white. (B) Quantification of both Dlp::GFP and Mmp1 fluorescence intensities normalized to unstimulated
controls. Dlp::GFP: control (N=20, 1.0+0.06) vs. stimulated (N=19, 1.48+0.09) and Mmp1: control (N=20, 1.0+0.05) vs. stimulated
(N=19, 1.5620.14). Significance determined by Unpaired t-test with Welch correction, indicated by ***p<0.001. (C) Quantification of
Manders’ co-localization coefficients. M, (Mmp1/Dlp::GFP) in basal control (N=27, 0.33+0.03) and after stimulation (N=27,
0.72+0.03). Mg (DIp::GFP/Mmp1) in basal control (N=27, 0.3740.03) and after stimulation (N=27, 0.5940.03). Significance determined
by Unpaired t-test (Ma) or Mann-Whitney U-Test (Mg), indicated by ***p<0.001. Data show mean + SEM from 3 replicates; N
represents NMJ number. See Figs. S13 and S14 for further controls.
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Dlp localizes Mmp1 in synaptic domains and bidirectionally promotes Mmp1 intensity

To first test the hypothesis that DIp regulates Mmpl, we altered synaptic Dlp expression and
quantified Mmp1l abundance. At the Drosophila NMJ, Dlp serves as a Wg co-receptor in a mechanism
dependent on HS-GAG sulfation state, and Dlp also binds the receptor phosphatase dLAR through HS-GAG
chains to modulate synaptogenesis (40, 41). Complete loss of dlp is embryonic lethal, so we used dlpA187/+
heterozygotes and dip®" (68, 69). To reduce Dlp at the NMJ, we targeted dlpRNAi to both pre- (elav-Gal4) and
postsynaptic (24B-Gal4) cells (elav-Gald, 24B-Gald>UAS-dIp™"). Both dip”*¥”* and dIp™' significantly reduced

synaptic Dlp abundance by >45% (Fig. S15A,B). In parallel, dip”**”*

significantly reduced Mmp1 intensity by
>30% compared to background controls (Fig. 19A,B), and d/pRNAi likewise significantly decreased Mmpl
intensity by >20% compared to Gal4 driver controls (Fig. 19A,B). To conversely test whether Dlp
overexpression reciprocally increases Mmpl, we postsynaptically overexpressed wild-type Dlp (24B-
Gal4>UAS-dIp™"; (70)). Excess Dlp caused a significant >50% increase in synaptic Mmpl (Fig. 19C,D).
Moreover, the expanded DIp domain caused a striking increase in perisynaptic Mmp1 localization (Fig. 19C).
Taken together, these results indicate that Dlp positively regulates Mmp1 intensity and spatial distribution at
the synapse.

HSPG interactions are often mediated through HS-GAG chain binding, which can anchor interactors in
close proximity, influencing both diffusion and clustering (96, 97). In addition, however, HSPG core proteins
also have well-characterized binding functions (38, 46, 98, 99, 71). Therefore, we next sought to test whether
Dlp-dependent Mmp1 regulation is mediated through the Dlp core protein, HS-GAG chains, or both. To test
Dlp HS-GAG chain requirements, we overexpressed a HS-deficient Dlp (UAS-dIp™), in which all 5 serine GAG
attachment sites have been mutated to alanine (46). We reasoned if the DIp-Mmp1 interaction is mediated by
the Dlp core protein, then overexpressing HS-deficient Dlp should phenocopy the synaptic Mmp1 increase
caused by overexpressing wild-type Dlp (Fig. 19C,D). We confirmed that the 24B—Ga/4>UAS—de'H5
overexpression was comparable to the 24B-Gal4>UAS-d/pWT condition, with very high synaptic expression in
both cases (Fig. S15C). However, in stark contrast to the striking Mmpl increase with wild-type Dlp
overexpression, DIp'HS overexpression did not cause any change in synaptic Mmp1 abundance compared to
Gal4 driver control (24B-Gal4/+, Fig. 19C,D). When the activity-induced Mmp1 increase caused by wild-type
Dlp were compared to DIp'HS, there was a significant decrease (Fig. 19C,D). These results strongly suggest that
DIp promotes synaptic Mmp1 localization through HS-GAG chain interaction.

Despite the lack of Mmp2 involvement in this synaptogenic mechanism, we also tested whether

synaptic Mmp2 may be regulated by Dlp, independently or downstream of the Mmp1 changes. Dlp is a direct
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Mmp2 proteolytic substrate (68) and Mmp1l and Mmp2 are reciprocally co-regulated at the NMJ synapse
under both basal conditions and following neuronal stimulation (Fig. 17; Figs. S11 and S12; (7)). To test
whether Dlp regulates synaptic Mmp2, we again used dlpA187/+ heterozygotes to reduce Dlp and postsynaptic
Dlp overexpression (24B-Gal4>UAS-dIp"") to increase Dlp, respectively (Fig. $15). We quantified Mmp2

abundance at the NMJ compared to matched controls under both conditions (Fig. S16). We did not observe

A187/+ 1118

any change in synaptic Mmp2 in the dip heterozygous condition compared to w " genetic background
control (Fig. S16A,B). Postsynaptic DIp overexpression caused a subtle ~10% decrease in Mmp2 abundance at
the NMJ (Fig. S16A,B). These data show that DIp has a minor influence on synaptic Mmp2, but functions as a

strong, bidirectional regulator of Mmp1 at the synapse.
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Figure 19: Synaptic Dlp positively and bidirectionally regulates secreted Mmp1 abundance. (A,C) Images of NMJs from the denoted
dlp reduction (A) and overexpression (C) conditions compared to matched controls co-labeled with HRP and Mmp1. Mmp1 signal
intensity is shown as a heat map with HRP synaptic outlines in white. Scale bars: 2 um. (B) Quantification of Mmp1 fluorescence
intensity normalized to matched genetic controls: w™*® (N=34, 1.0+0.04) vs. dlpA187/+ (N=37, 0.67%0.04), and elav-Gal4,24B-Gal4/+
control (N=28, 1.0+0.07) vs. e/av-Ga/4,24B-Ga/4>UAS-d/pRNAi knockdown (N=32, 0.77+0.05). Significance determined by Mann-
Whitney U-Test, indicated by ***p<0.001 and *p<0.05. (D) Quantification of Mmp1 intensity normalized to controls: 24B-Gal4/+
(N=51, 1.0+0.03), 24B-Gal4>UAS-dlp"" (N=42, 1.55+0.09), and 24B-Gal4>UAS-dlp™ (N=34, 1.13+0.06). Significance determined by
nonparametric ANOVA (Kruskal-Wallis) with Dunn’s multiple comparisons post-test, indicated by ***p<0.001. The non-significant
(p>0.05) comparison for 24B-Gal4/+ vs. 24B—Gal4>UAS-dlp'Hs is not shown. Data show mean + SEM from at least 3 independent
replicates for each experiment, with N representing NMJ number. See Fig. S15 for Dlp in the genetic manipulations.
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Dlp is required for the rapid, activity-dependent increase of synaptic Mmp1

Since DIp and Mmp1 are both increased by acute neuronal activity, and Dlp regulates synaptic Mmp1
abundance, we next hypothesized that Dlp is required for the activity-induced Mmp1 increase at the synapse.
To test this hypothesis, we genetically manipulated Dlp and quantified Mmpl after acute high [K']
depolarization (Fig. 20). Supporting the above results, we found an activity-dependent Mmp1 increase in both
w8 background and Gal4 driver controls, with significant increases in all comparisons. Reducing Dlp
abolished any detectable Mmp1 increase in response to the acute activity stimulation (Fig. 20A,B). Indeed, we

found instead a small ~15% decrease in synaptic Mmp1l abundance in the stimulated deA187/+

heterozygotes
relative to unstimulated dip***”* controls (Fig. 20B). The dIp™ condition yielded very similar results, with a
small, non-significant ~12% reduction in synaptic Mmp1 following the high [K'] stimulation (Fig. 20B).
Conversely, the activity-stimulated Mmp1 abundance was significantly increased a further ~65% with Dlp
overexpression (Fig. 20C,D). The basal amount of Mmp1 at the synapse was increased by Dlp overexpression
(Fig. 19), yet there was still a strong increase in synaptic Mmp1 following acute depolarizing stimulation,
consistent with DIp promoting the activity-dependent Mmp1 elevation. Taken together, these results show
that Dlp is required for the activity-dependent Mmp1 increase at the synapse.

Previous work has established that HS-GAG chains often mediate Dlp functions and binding
interactions (41, 46, 70). We therefore next tested whether a HS-GAG chain deficient Dlp (UAS—dlp'HS)
interferes with the activity-dependent synaptic Mmp1 induction (Fig. 20C,D). Although the endogenous Dlp
with intact HS-GAG chains was still present, we hypothesized that the HS-GAG chain deficient DIlp should
dominantly dampen activity-induced Mmp1 elevation. Following acute high [K'] depolarizing stimulation, we
observed increased synaptic Mmp1 in both 24B-Gal4/+ driver control and 24B—Gal4>UAS—deWT overexpression
conditions, with a significant increase in both conditions (Fig. 20C,D). However, the synaptic Mmp1 abundance
in the activity-stimulated 24B—Gal4>UAS—dlp'H5 synapses was only slightly increased (by 19%) compared to the
matched unstimulated controls, a much weaker albeit still significant response (Fig. 20C,D). In sharp contrast,
the activity-induced Mmp1 increase was significantly reduced at 24B-Gal4>UAS-dlp™™ NMJ synapses compared
with the wild-type DIp overexpression condition (19% vs. ~65%, respectively). Taken together, these results
support the conclusion that both basal and activity-induced Mmp1 regulation by Dlp at the synapse are
directly mediated through HS-GAG chain binding interactions in the extracellular space.

At NMJs lacking Mmp1 (mmp1 null mutants), basal DIp abundance is reduced and Dlp is more spatially
restricted, thus Mmp1 reciprocally serves as a positive regulator of synaptic Dlp (7). We consistently found

above that Dlp is required for the activity-dependent Mmp1 increase at the synapse (Fig. 20). However, there
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still might be a reciprocal Mmp1 requirement for the activity-dependent increase in Dlp abundance. To test
for this putative co-regulation, we next genetically reduced Mmp1l abundance using two independent
approaches and then quantified Dlp intensity following acute high [K'] depolarization (Fig. S17). Consistent
with above results, control animals displayed a significant >30% increase in synaptic Dlp following the acute
stimulation (Fig. S17A,B). Using the combinatorial pre- and postsynaptic mmp1®** knockdown (elav-Gal4, 24B-
Gal4>UAS-mmp1~™"¥), synaptic Mmp1 was reduced by ~70%, yet we still observed the significant increase in

Dlp following depolarizing stimulation (Fig. S17C,D). We validated these results in a trans-heteroallelic mmp1

* *
10112 / 10273

mutant condition (mmp mmp ) and again observed a similar, maintained >30% increase in synaptic
Dlp following acute stimulation (Fig. S17A,B). These results indicate that Mmp1 is not reciprocally required for
the activity-dependent Dlp increase at the synapse. Taken together, the data suggest that Mmpl is

downstream of Dlp in this activity-dependent mechanism.
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Figure 20: Dlp is required for the activity-dependent synaptic Mmp1 regulation. (A,C) Images show NMJs from the indicated dip
reduction (A) or overexpression (C) conditions treated with or without high [K'] co-labeled for HRP and Mmp1. Heat maps show
Mmp1 intensity with white HRP outlines. Scale bars: 2 um. (B,D) Quantified Mmp1 fluorescence intensity from stimulated conditions
(bar graphs) normalized to unstimulated controls (red lines). (B) w'® control (N=17, 1.0+0.08) vs. w''*® stimulated (N=19,
1.34+0.06); dIp*™®”* control (N=19, 1.0%0.03) vs. dIp"®”* stimulated (N=21, 0.85+0.06); elav-Gal4,24B-Gal4/+ control (N=26,
1.0£0.04) vs. elav-Gal4,24B-Gal4/+ stimulated (N=24, 1.34+0.06) and elav-Gal4,24B-Gal4>UAS-dlp™"" control (N=25, 1.0+0.06) vs.
elav-GaI4,24B-Gal4>UAS-deRNAi stimulated (N=18, 0.88+0.06). (D) 24B-Gal4/+ control (N=21, 1.0+0.06) vs. 24B-Gal4/+ stimulated
(N=18, 1.39+0.07); 24B-Gal4>UAS-dIp"" control (N=21, 1.0+0.03) vs. 24B-Gal4>UAS-dIp"" stimulated (N=16, 1.64+0.16); and 24B-
Gal4>UAS-dIp™ control (N=23, 1.0+0.05) vs. 24B-Gald>UAS-dlp™ stimulated (N=13, 1.19+0.08). (B,D) For stimulated vs.
unstimulated pair-wise comparisons (red), significance determined by Mann-Whitney U-Tests and across genotypes (black) by
Unpaired t-tests (B) or nonparametric ANOVA (Kruskal-Wallis; D) with Dunn’s multiple comparisons post-test, indicated by *p<0.05,
**p<0.01, and ***p<0.001. Non-significant (p>0.05) comparisons: stimulated vs. unstimulated e/av—Ga/4,24B-Ga/4>UAS-d/pRNAi (B),
stimulated 24B-Gal4/+ vs. stimulated 24B-Ga/4>UAS-d/pWT (D), and stimulated 24B-Gal4/+ vs. stimulated 24B-Ga/4>UAS-d/p'H5 (D)
are not shown. Data show mean + SEM from 3 independent replicates, with N = separate NMJs.

128



Synaptic Dlp bidirectionally determines proteolytic function at the NMJ

After discovering that synaptic Mmp abundance and distribution are dependent on Dlp (Figs. 19, 20),
we next assayed whether these changes correlate with synaptic proteolytic activity. We used in situ
zymography at the NMJ to measure the metalloproteinase-dependent conversion of a dye-quenched
fluorogenic gelatin (DQ-gelatin), and quantified fluorescence changes in both the dlp reduction and
overexpression conditions used above (33, 84). Although this method cannot differentiate the contributions of
different proteases, it provides a live readout of net enzymatic activity through quantifiable fluorescence

A187/+

changes. Consistent with above results, dip heterozygotes showed a significant ~35% reduction in

proteolytic activity at the synapse compared to w''*®

controls (Fig. 21A,B). Moreover, Dlp overexpression
(24B-Gal4>UAS-dIp™") resulted in a significant ~50% increase in proteolytic activity at the synapse (Fig. 21A,C).
We also tested whether the Dlp-mediated increase in proteolytic function required HS-GAG chains as above
(24B-Gal4>UAS-de'H5). These NMIJs still displayed a significant ~60% increase in proteolytic activity compared

WT and DIp™

to the matched driver control (24B-Gal4/+), with no detectable difference between Dlp
overexpression conditions (Fig. 21A,C). Taken together, we conclude that DIp abundance is a strong
determinant of proteolytic gelatinase activity at the synapse, consistent with above measurements of Dlp-

dependent synaptic Mmp1 abundance, with the enzymatic function reliant upon the Dlp core protein.
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Figure 21: Dlp positively and bidirectionally regulates proteolytic activity at the synapse. (A) Images show NMJs from the indicated
dlp reduction and overexpression co-labeled for HRP (red) and in situ zymography activity (green) compared to matched genetic
controls. Gelatinase activity shown as a heat map with HRP synaptic outlines in white. Scale bar: 2 um. (B) Quantified in situ
zymography fluorescent intensity normalized to controls for d/p reduction: w™ control (N=35, 1.0£0.06) and dlpAlgm heterozygote
(N=33, 0.66%0.04). Significance determined by Unpaired t-test with Welch correction, indicated by ***p<0.0001. (C) Quantified in
situ zymography fluorescent intensity normalized to controls for dip overexpression conditions: 24B-Gal4/+ control (N=35, 1.0+0.05),
24B-Gal4>UAS-dIp"" (N=18, 1.5+0.09) and 24B-Gal4>UAS-dIp™ (N=20, 1.6+0.18). Significance determined by nonparametric ANOVA
(Kruskal-Wallis) and Dunn’s multiple comparisons post-test, indicated by **p<0.01. Data show mean * SEM from 3 independent
replicates, with N representing NMJ number.
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FMRP regulation of activity-dependent synaptic Mmp1 requires Dlp function

Dlp is upregulated in the Drosophila FXS disease model (dfmrl null mutant), Mmp1l and Dlp genetically
interact with FMRP, and independently correcting either Dlp or Mmp1 in dfmrl mutants ameliorates FXS-
associated synaptogenic defects (13, 28, 33). In conjunction with our above findings, this led us to hypothesize
a coordinated FMRP-HSPG-Mmp axis converging in the synaptomatrix to enable activity-dependent
synaptogenesis. To test this hypothesis, we first quantified synaptic Mmp1 in dfmrl null mutants (74). Mmp1
was significantly increased by >50% in dfmrl animals relative to controls (Fig. 22A,B). Consistently, we
detected a parallel >40% increase in synaptic Dlp at dfmrl null synapses, a similar significant increase
compared to controls (Fig. S18A,B). Our working model proposes Dlp positively regulates synaptic Mmp1, and
we therefore hypothesized that increased Dlp is causative for the corresponding Mmp1 increase in the FXS
model. To test this, we removed one copy of dlp in the dfmrl null background to reduce DIp abundance, and
then tested whether this restored normal synaptic Mmp1 intensity (Fig, 7A,B). As expected, Dlp expression

A187/+

was significantly reduced at dlp , dfmr1/dfmrl synapses compared to the FXS model, with Dlp signal

intensity comparable to wild-type controls (Fig. S18A,B). Moreover, the 50% Mmp1 increase observed in the

AL87/* - dfmr1/dfmrl synapses, with Mmpl signal intensity now

FXS model was fully corrected in dlp
indistinguishable from controls (Fig. 22A,B). Therefore, dIp co-removal in the FXS disease model is sufficient to
restore normal synaptic Mmp1 abundance.

Finally, we asked whether FMRP is required for the activity-induced, Dlp-mediated synaptic Mmp1
enhancement. To test this hypothesis, we again stimulated synapses with high [K*] and quantified synaptic
Mmp1 (Fig. 22C,D). Following stimulation, wild-type synapses displayed a significant >50% increase in Mmp1
compared to unstimulated controls (Fig. 22C,D). Conversely, there was no change in synaptic Mmpl
abundance following stimulation in dfmrl null mutants (Fig. 22C,D). Our model predicts that the FMRP
requirement for activity-induced Mmp1 increase is mediated through Dlp. Therefore, we hypothesized that
Dlp reduction in dfmr1 null animals would restore activity-induced Mmp1 regulation. Consistently, removing a
single copy of dlp in the FXS model was sufficient to fully restore the activity-induced Mmp1 increase following

1118

activity stimulation (Fig. 22C,D). Similar to the stimulated controls (w %), synaptic Mmp1 was significantly

A187/+ A187/+
’

increased by >50% in the stimulated dlp , dfmrl1/dfmrl condition compared to unstimulated dip

dfmr1/dfmrl synapses (Fig. 22C,D). Accordingly, stimulated deA187/+

, dfmrl/dfmrl synapses now displayed a
significant increase compared to stimulated dfmrl homozygous null mutants (Fig. 22D). Thus, dlp co-removal
in the FXS disease model restores activity-induced Mmp1 regulation back towards the wild-type condition.

Collectively, the findings provide the previously missing mechanistic link in the FMRP-DIp-Mmp1 pathway,
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leading us to propose DIp misregulation mediates the disease-associated Mmp1l dysfunction casual for

synaptogenic defects characterizing the FXS disease state
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Figure 22: FMRP regulation of the activity-dependent Mmp1l enhancement requires Dlp. (A,C) Images show NMJs from the
denoted genotypes co-labeled with HRP and Mmpl. Mmp1 intensity shown as a heat map with white HRP outlines. Scale bars: 2
pm. (B) Quantification of normalized Mmp1 fluorescence intensity: w8 control (n=49, 1.0+0.03), dfmr150M/50M (n=35, 1.57+0.12)
and dlpA187/+, dfmrlSDM/SDM (n=22, 1.07+0.07). (C) Images as in (A) treated with or without high [K']. (D) Mmp1 intensity in stimulated
conditions (bar graphs) normalized to unstimulated controls (red line): w™™ control (unstimulated, n=13, 1.0+0.04) vs. w''*
stimulated (n=15, 1.51+0.1); dfmrlso'WSOM control (unstimulated, n=15, 1.0+0.07) vs. dfmrlSOM/SOM stimulated (n=13, 1.02%0.11); and
dlpA187/+, dfmrlng/ng control (unstimulated, n=14, 1.0+0.04) vs. deAlgm, dfmrlsOWSOM stimulated (n=17, 1.55+0.16). (D) Stimulated
vs. unstimulated pair-wise comparisons, significance determined by Mann-Whitney U-Tests, indicated by **p<0.01 and ***p<0.001
(red). In (B) and across stimulated genotypes (D), significance determined by nonparametric ANOVA (Kruskal-Wallis) with Dunn’s
multiple comparisons post-test, indicated by *p<0.05, **p<0.01, and ***p<0.001 (black). Non-significant (p>0.05) comparisons for
w' vs. dlpA187/+, dfmrlngSDM (B), stimulated vs. unstimulated dfmrlsOWSOM (D) and stimulated w'*® vs. stimulated dlpAlgm,

dfmrlSDM/SDM (D) are not shown. Data show mean = SEM from at least 3 independent replicates, with N representing separate NMJs.
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Discussion

We report here that Mmpl, but not Mmp2, is required for rapid, activity-dependent synapse
development (ghost bouton formation) (47, 75). Although both Drosophila Mmps act to restrict NMJ growth
over developmental time (7), there is a clear differential requirement in fast activity-dependent de novo
synaptic bouton formation. Thus, distinct Mmp-dependent pathways control basal versus activity-induced
synaptogenesis. Similarly separable roles have been shown for parallel molecular mechanisms. For example,
the actin regulator Cortactin is required for fast activity-dependent ghost bouton formation, but has no
detectable role in basal synaptic bouton maturation (100). Moreover, high [K'] depolarizing activity
stimulation quickly restricts miRNA functions with exclusively activity-dependent roles (101, 102). Our results
suggest that Mmps (including proteolytic substrates or effectors) differentially control synaptic bouton
formation in distinct time frames, revealing context-specific roles in long-term development versus acute,
activity-dependent synaptogenesis. Consistent with the selective Mmp1 requirement, we also find that
neuronal stimulation only elevated Mmpl, whereas Mmp2 is reciprocally suppressed by acutely increased
activity. This bidirectional co-regulation by neuronal activity may reflect Mmp class interactions, since Mmp2
restricts synaptic Mmp1 abundance, spatial distribution and synaptogenesis requirements (7). This type of
Mmp bidirectional co-regulation in response to activity likely represents an important extracellular regulatory
mechanism at the synapse, controlling the function of Mmp-dependent synaptomatrix outputs.

Both thermogenic dTRPA1 stimulation and the much more acute high [K'] depolarization induce rapid
synaptic Mmp1 elevation and Mmp1-dependent new bouton formation, suggesting activity-dependent Mmp1
function enables synaptogenesis. Given very rapid responses to high [K'] stimulation (10 minutes), the
synaptic Mmp1 increase is most likely a post-transcriptional mechanism occurring directly at the synapse.
Multiple molecular changes induced by acute high [K*] are cycloheximide-independent (75). We hypothesized
the Mmpl increase occurs through extracellular regulation, and identified a key interaction with the
membrane-tethered HSPG Dlp. We show synaptic DIp rapidly increases with acute stimulation, and tight
spatial co-localization with Mmp1 in synaptic subdomains is heightened by increased activity. We demonstrate
that Dlp is a strong, positive regulator of synaptic Mmp1, with Dlp bidirectionally determining Mmp1
abundance at the synapse. As a GPl-anchored glypican, DIp can interact with many extracellular molecules to
bring Mmp1 substrates within close proximity. In parallel, Mmp2 proteolytically cleaves Dlp to regulate Wg

signaling in the Drosophila ovary (68), and a similar role likely occurs at the synapse, where Mmp2 spatially
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confines Dlp in the synaptic domain (7). Thus, Mmp2-dependent Dlp processing may antagonize the Dlp-
Mmp1l interaction, which would necessitate reciprocal co-regulation of Mmp1 and Mmp2.

We find that Dlp functions are context-dependent, with synaptic Dlp coordinating signaling
mechanisms converging in the synaptomatrix. Consistently, synaptic defects observed in mutant conditions
that also concurrently display misregulated Dlp are remediated by restoring Dlp back towards wild-type (7,
28). HSPGs consist of a core protein linked to sulfated GAG chains, with both components contributing to
ligand interactions (38, 46, 96-99, 71). We find that an HS-GAG chain deficient Dlp is unable to efficiently
retain Mmp1l at the synapse, or enhance activity-dependent control of Mmp1 abundance. We suggest this
defect arises from loss of direct binding between Mmp1 and DIlp HS-GAG chains. Protease-HSPG interactions
are bidirectional, with HS-GAG chains regulating protease localization, activity and inhibition, while proteases
conversely mediate HSPG proteolytic processing and turnover through cleavage of core proteins (34-39, 103).
We suggest the DIp-Mmpl interaction is mediated through HS-GAG chains through a non-proteolytic
mechanism (7). We further suggest that the synaptic co-localization of DIp and Mmp1 is mediated through Dlp
HS-GAG chains, with Dlp recruiting essential Mmp1 function driving activity-dependent bouton formation.
With in situ zymography proteolytic function tests at the synapse (33, 84), we consistently find reduced
function with Dlp reduction and increased function with DIp overexpression. However, enzymatic activity
appears primarily dependent upon interaction with the DIp core protein. Note that this assay reflects net
proteolytic function, with likely context-dependent contributions by a variety of synaptic proteases.

In the Drosophila FXS disease model, we report that Mmp1 is constitutively increased and activity-
dependent Mmp1 enhancement is lost, but that both defects are prevented when Dlp is suppressed. The
mouse FXS model mirrors effects observed in Drosophila: mouse MMP-9 is similarly upregulated, and
pharmacological and genetic inhibition of MMP-9 restores synaptic development (13, 104, 105). This suggests
the HSPG-Mmp mechanism identified here is likely conserved in mammals as well. The FMRP mRNA-binding
translational repressor is required for activity-dependent synaptogenesis and is itself directly upregulated by
neuronal activity (51-54). Moreover, HSPGs are predicted FMRP targets (32), and synaptic HSPGs are
increased in the Drosophila FXS model (28). Thus, FMRP might directly regulate mmp1 and/or dlp translation
in an activity-dependent mechanism. HSPG Dlp functions as a bifunctional Wg co-receptor during normal
synaptogenesis, with impaired Wg trans-synaptic signaling causative in FXS disease state synaptogentic
defects (28, 40). Mmp1, DIp and Wg are at least paritally inter-dependent, and all three are disrupted in the

FXS disease state, which could therefore collectively impede the activity-induced Mmpl enhancement
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characterizing the FXS condition, dependent on the Dlp interaction. It will be of great interest in our future
studies to dissect the differential activity requirements of this FMRP-Wg-Dlp-Mmp1 mechanism.

How do FMRP, DIp and Mmpl intersect in activity-dependent synaptogenesis? Dlp is a positive
regulator of Mmp1, and absolutely required for any activity-dependent Mmp1 elevation. Why then is the
activity-induced Mmp1 increase not present in the FXS disease model despite elevated synaptic DIp? It seems
counterintuitive that dfmrl mutants display increased Dlp, yet the activity-induced Mmp1l increase is
completely abolished, and this defect can be corrected by reducing Dlp. One possibility is a ceiling effect in the
FXS condition, in which maximal amounts of DIp or Mmp1 no longer permit changes in response to activity.
We feel this unlikely because Mmp1 and DIp were both highly increased by Dlp overexpression, yet activity-
induced Mmp1 elevation persists. Another possibility is the relative abundance of Dlp and Mmp1 control their
interactions, with Dlp acting differently depending on relative abundance. Consistently, DIp has biphasic
functions as both a positive and a negative regulator of Wg trans-synaptic signaling, depending on relative
abundance of Wg ligand, Frizzled-2 receptor and Dlp co-receptor (40, 46). Is an unknown effector(s) regulated
by FMRP modulating the Dlp-Mmp1 intersection? We feel this most likely, as numerous activity-dependent
changes can increase Dlp in the synaptomatrix. As a core signaling platform, DIp could interact with an
unknown protein(s) in Mmp1 secretion or sequestration. In any case, it is apparent that FMRP loss impedes
Dlp and Mmp1 interaction in response to neuronal activity, and that reducing Dlp in the FXS disease state

restores this core activity-dependent intersection, allowing appropriate Mmp1 control at the synapse.

136



10.

11.

12.

13.

14.

15.

References

C. S. Barros, S. J. Franco, U. Miiller, Extracellular Matrix: Functions in the Nervous System. Cold Spring
Harb. Perspect. Biol. 3, a005108 (2011).

N. Dani, K. Broadie, Glycosylated synaptomatrix regulation of trans-synaptic signaling. Dev. Neurobiol.
72, 2-21 (2011).

D. L. Benson, G. W. Huntley, Building and remodeling synapses. Hippocampus. 22, 954—968 (2012).

K. Conant, M. Allen, S. T. Lim, Activity dependent CAM cleavage and neurotransmission. Front. Cell.
Neurosci. 9, 305 (2015).

G. W. Huntley, Synaptic circuit remodelling by matrix metalloproteinases in health and disease. Nat.
R