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CHAPTERII

Overview of Dissertation

Fragile X Syndrome (FXS) is an inherited intellectual disability associated with autism
spectrum disorder caused by a total loss of Fragile X Mental Retardation Protein (FMRP;
Rajaratnam et al., 2017; Razak et al., 2020). FMRP has key roles in cell-to-cell communication
during synaptogenesis and synaptic remodeling (Friedman et al., 2013; Pan and Broadie, 2007a;
Song and Broadie, 2023). To mediate the intercellular communication, the RNA-binding FMRP
regulates the level of proteins that are associated with transcellular signaling cascades by binding
intracellular transcripts (Friedman et al., 2013; Song and Broadie, 2023). Intercellular signaling in
the nervous systems is fundamental in axonal wiring (Guy et al., 2015), circuit formation
(Demarque et al., 2002), and synapse elimination (Sharma et al., 2019; Vita et al., 2021).
Disruption of this signaling results in misregulated neurodevelopment (Chan et al., 2020), aberrant
neurotransmission (Soto et al., 2018), and neuroinflammation (Turola et al., 2012), which
ultimately results in a host of neurological diseases, such as FXS. With the advantages of well-
developed genetics and rapid generation time in the Drosophila model, 1 first studied FMRP-
dependent intercellular signaling in the formation of synaptic terminals (boutons), focusing on
neuron-to-muscle crosstalk at the Drosophila larva glutamatergic neuromuscular junction (NMJ;
Song et al., 2022). In the second half of my thesis, | study FMRP-dependent intercellular signaling
in brain circuit remodeling, focusing on neuron-to-glia communication in developmental neuron
clearance in the adult juvenile central nervous system (CNS; Song and Broadie, 2023). Both
projects demonstrate novel FMRP-mediated molecular mechanisms that regulate transcellular
signaling pathways. In this overview, | will introduce the initiation and inspiration of these two

facets of my thesis research.



The aim of my initial research is to understand how FMRP at the NMJ participates in
synaptic formation in motor neurons. As a developmental protein, FMRP is widely expressed in a
majority of cell types in different tissues within restricted time windows (Cheever et al., 2010;
Tamanini et al., 1997; Tessier and Broadie, 2011; Verheij et al., 1993). In both mammals and
Drosophila, FMRP has a particularly high expression level in neurons (Roth et al., 2021; Tessier
and Broadie, 2011). Therefore, there has been a focus on exploring the function of neural FMRP,
but much less study of FMRP in other tissues, such as muscle. The Broadie lab uses a Drosophila
larval NMJ to study the control of muscle movement, and to map synaptic signaling networks
regulating synaptic architecture and neurotransmission (Pan and Broadie, 2007a; Zhang et al.,
2001). Previous lab studies showed loss of FMRP in neurons induces overgrown NMJ presynaptic
boutons, condensed synaptic vesicle pools, and strengthened synaptic transmission (Pan et al.,
2008; Zhang et al., 2001). The lab also reported overexpression of FMRP in muscle causes
decreased presynaptic bouton formation and accumulation of postsynaptic glutamate type Il A
receptor (GIuRIIA) (Pan and Broadie, 2007a). GluRIlIA-containing ionotropic receptors are
located opposite on presynaptic active zones, and are known to play roles in the reverse regulation
(retrograde signaling) of presynaptic development (Kamimura et al., 2019; Sulkowski et al., 2016).
However, FMRP interaction with this signaling mechanism was unknown.

To address this question, | started testing if postsynaptic FMRP interacts with the GIURIA
pathway. Previously, studies show a double-strand RNA-binding protein (dsRBP) Staufen
interacts with the scaffold Coracle signaling to regulate GIuRIIA accumulation on the postsynaptic
muscle (Chen et al., 2005; Gardiol and St Johnston, 2014). Staufen has important roles in
regulating bound mRNA localization, mRNA stability, mRNA translation, and ribonucleoprotein

(RNP) assembly (Heraud-Farlow and Kiebler, 2014). Neuronal Staufen also colocalizes with



FMRP in somatic P bodies, indicating their potential interaction in mMRNA degradation and
translational control (Barbee et al., 2006). Downstream Coracle (mammalian Four-Point-one-
Ezrin-Radixin-Moesin (FERM) protein homolog) binds to filamentous (F) actin and to the
GIuRIIA C-terminus, acting to tether receptors to the cytoskeleton in the postsynaptic domain
(Chen et al., 2005; McClatchey, 2014). In my work, | established an FMRP-Staufen-Coracle-
GIuRIIA signaling cascade in muscles that transcellularly modulate presynaptic bouton formation
(Figure 1.1). To test FMRP RNA-binding functions, my RNA immunoprecipitation showed FMRP
binds staufen mMRNA to stabilize transcript levels (Figure 1.1). Downstream, the RNA-binding
Staufen protein binds coracle mRNA to inhibit the translation of the Coracle scaffold, linking
GluRIIA-containing receptor to the underlying actin cytoskeleton actin (Figure 1.1). Muscle-
targeted FMRP, Staufen, and Coracle RNAI cause elevated GIuRIIA levels and bouton formation,
consistent with mutant phenotypes (Song et al., 2022). Elevated GIuRIIA transcellularly activates
non-canonical Bone Morphogenetic Protein (BMP) signaling to induce presynaptic bouton growth
via increased phosphorylation of Mothers against decapentaplegic (pMad) around active zones
(Kamimura et al., 2019; Sulkowski et al., 2016). To phosphorylate Mad around active zones, the
BMP type Il receptor Wishful Thinking (Wit) is non-canonically over activated and then
transduces its phosphate to the targeted Mad proteins (Moulton et al., 2020; Sulkowski et al., 2016;
Vanlandingham et al., 2013). This process does not require an increased Wit ligand, Glass bottom
boat (Gbb) (Sulkowski et al., 2016). | therefore tested presynaptic pMad levels with muscle-
targeted RNAIi and mutants to find that reducing muscle FMRP, Staufen, and Coracle elevates
presynaptic pMad accumulation around active zones (Figure 1.1). Together, these results suggest
a muscle FMRP-Staufen-Coracle signaling cascade suppresses postsynaptic GIURIIA levels,

which, in turn, intercellularly inhibits presynaptic pMad accumulation to repress bouton formation.
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Figure 1.1 Postsynaptic FMRP negatively regulates glutamate receptors to limit

presynaptic synaptogenesis (Song, et al., 2022).

In the Drosophila larval neuromuscular junction postsynaptic compartment (bottom), FMRP
directly binds to staufen (stau) mRNA to promote translation. Staufen, in turn, binds coracle (cora)
MRNA to inhibit translation. Coracle acts as an actin scaffold to anchor glutamate receptor type Il
A (GIuRIIA) opposing the presynaptic active zone scaffolded by Bruchpilot (Brp). GIURIIA
accumulation induced by loss of postsynaptic FMRP activates trans-synaptic signaling via the
BMP receptor (BMPR) Wishful Thinking (Wit) to drive Mad phosphorylation (pMad) around
presynaptic active zones. This noncanonical GIuRIIA-BMPR signaling results in presynaptic

bouton formation. Figure created with BioRender (BioRender.com).



In the second half of my Ph.D training, | switched to studying cell-to-cell communication
from the Drosophila larval NMJ to the adult brain. Specifically, | started to explore neuronal
FMRP-dependent neuron-glia crosstalk in neuronal pruning within developmental brains.
Neuronal pruning is a process that extra neuronal structures and synaptic connections are
eliminated in immature nervous system, in order to form properly functional circuitries (Low and
Cheng, 2006; Santos and Noggle, 2011). The intriguing question of neuronal pruning requires
intercellular interaction between targeted neurons and glia acting as directed phagocytes
(Morizawa et al., 2022; Paolicelli et al., 2011; Raiders et al., 2021; Sakai, 2020).During
neurodevelopment, both mammalian and Drosophila brain remodeling includes the clearance of
unneeded neurons to form mature circuits (Raiders et al., 2021; Schafer et al., 2012; Sekar et al.,
2016). To remove these neurons, glia engulf them, followed by intracellular digestion within an
endosolysosomal network (Kessissoglou et al., 2020). Both mammals and Drosophila have
diversified glial cell types in the central nervous system (CNS) and peripheral nervous system
(PNS). Focusing on glial subtypes in the CNS, mammals have oligodendrocytes, astrocytes,
ependymocytes, radial glia, Schwann cells, enteric glial cells, satellite cells, and microglia (Hanani
and Spray, 2020; Jakel and Dimou, 2017; Nazareth et al., 2021; Rasband, 2016). In the Drosophila
brain, glia are classified into surface glia (to form blood-brain barrier), neuropil glia (axon
ensheathment and pruning) and cortex glia (gas and nutrition exchange) (Ou et al., 2014). Current
popular glia “stars” in studying neuronal pruning are astrocytes and a brain resident macrophage
microglia, which can be induced by engulfment by neuron-released “eat me” signals such as a
phospholipid phosphatidylserine (PS) (Dejanovic et al., 2022; Lala et al., 2022; Sokolova et al.,
2021). Both Drosophila and mammals have astrocytes but only mammals have microglia. This

clearance process is highly conserved from humans to Drosophila, allowing me to explore FMRP-



modulated neuron-glia interactions for brain circuit remodeling using the powerful Drosophila
genetic model.

FXS has been well-characterized to show reduced neuronal clearance (Gatto and Broadie,
2011; Razak et al., 2020; Song and Broadie, 2023; Vita et al., 2021). The Broadie Lab identified
the pigment dispersing factor (PDF)-Tripeptidergic neuron population to be developmentally-
transient, with a failure to prune in the Drosophila FXS disease model (Gatto and Broadie, 2011;
Vitaetal., 2021). Our previous lab studies show neuronal FMRP, rather than glial FMRP, regulates
the glial phagocytosis for PDF-Tri neuron removal in adult juvenile brains (Vita et al., 2021),
indicating a neuron-to-glia signaling mechanism during neuronal pruning. However, the related
transcellular signaling network remained elusive. Inspired by my first research project, | started
by testing if neuronal pMad signaling plays a role in the glial phagocytosis defect in the FXS
disease model (Figure 1.2). Reducing neuronal pMad blocks the clearance of PDF-Tri neurons in
the juvenile brain, suggesting impaired glial activity. As mammalian FMRP reportedly binds
SMAD (mammal Mad homologue) transcripts (Ascano et al., 2012), I next found neuronal FMRP
binds mad mRNA to destabilize the bound transcripts, which consequently suppresses pMad levels
in neurons (Figure 1.2). However, both loss of neuronal FMRP and pMad block PDF-Tri neuron
clearance, contrary to expectation. | therefore aimed to discover a misregulated downstream
mechanism that results in this phenocopy. As a transcription factor, pMad positively regulates
transcription of insulin receptor (InR) to facilitate the assembly of mature InRs in neuronal plasma
membrane (Deignan et al., 2016). Yet, loss of FMRP increases InR expression, supporting
inhibited regulation from FMRP to pMad signaling (Figure 1.2). These findings suggested InR is
not the misregulated molecular player. | therefore continued measuring if FMRP-pMad signaling

mediates the levels of phosphorylated protein kinase B (pAkt), a downstream molecule that



positively regulated by InR (Fazakerley et al., 2019; Gross and Bassell, 2012; Kang et al., 2018;
Vinayagam et al., 2016) Consistently, knockdown of both neuronal FMRP and pMad elevates
pAkt levels inside PDF-Tri neurons. Genetically correcting neuronal pAkt levels within neuronal
mad RNAIi background restores normal PDF-Tri neuron removal, suggesting pAkt is the
convergent downstream regulative signal (Figure 1.2). To test intercellular communication from
neurons to glia in this clearance mechanism, | tested the neuron-secreted “ecat me” signal
Pretaporter (Prtp; Kuraishi et al., 2009) and cleavable Amyloid Precursor Protein-like (APPL;
Kessissoglou et al., 2020). Prtp is an Endoplasmic Reticulum (ER) protein that will be translocated
to plasma membrane in apoptotic cells to bind glial phagocytotic receptor Draper, inducing glia
engulf the dying cell (Kuraishi et al., 2009). The single-transmembrane APPL has a cleavable
extracellular N terminus, which can be phagocytized by glia to regulate glial endolysosomal
activity (Kessissoglou et al., 2020). My results show Prtp signaling is tightly managed by the
neuronal FMRP-pMad-InR-pAkt cascade, whereas APPL has additional roles in regulating
neuron-glial cross talk (Figure 1.2). These discoveries provide insights into an FMRP-dependent
control pathway for neuron-to-glia communication in neuronal pruning from developing brain
circuits, which opens a new molecular mechanism avenue with the potential for devising FXS

therapeutic treatments.
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Figure 1.2 A neuronal FMRP-pMad-InR-pAkt signaling network regulates Prtp and APPL

neuron-to-glia signaling during brain circuit pruning (Song and Broadie, 2023).

Neuronal FMRP binds mad transcripts to restrict the transcription factor pMad signaling. pMad
promotes InR transcription, but inhibits pAkt signaling, to regulate downstream Draper ligand Prtp
and APPL intercellular communication for glial phagocytosis during neuron pruning from the
juvenile brain. Glial activation is measured through endolysosomal Rab7 volume. Figure created

with BioRender (BioRender.com)

1.1 Fragile X Syndrome

Fragile X syndrome (FXS) is the most common heritable cause of intellectual and autism
spectrum disabilities, and X-linked disorder with approximately 1 in 4000 males and 1 in 8000
females affected (Crawford et al., 2001; Garber et al., 2008). The first clinical indication is delayed

neurodevelopment, typically with delayed speech by age 2 (Garber et al., 2008). FXS children



display autism-like features, such as hand flapping, hand biting, gaze avoidance, tactile
defensiveness, and hyperarousal to sensory stimuli (Brown et al., 1986; Hagerman et al., 1986). In
most of FXS patients, the 5” untranslated region (UTR) of fragile X mental retardation 1 gene
(FMR1) has expanded CGG repeats (>200) that cause promoter hypermethylation, inducing
epigenetic transcriptional silencing with a total loss of encoded Fragile X Mental Retardation
Protein (FMRP) (Pieretti et al., 1991; Verkerk et al., 1991). FMR1 is widely expressed, but
especially enriched in brain neurons (Ashley et al., 1993). A few reported disease cases are point
mutations (for example, Gly266GLu (G266E), 11e304Asn (1304N)) in the FMRP RNA-binding
domains (RBDs), which impair the canonical FMRP mRNA translational regulation function
(Starke et al., 2022).The human FMR1 gene is at Xg27.3 and consists of 17 exons (Tabolacci and
Neri, 2017). FMRP contains multiple domains important for function, including two Tudor
domains that interact with RNA, chromatin and other proteins; a nuclear localization sequence
(NLS) and nuclear export sequence (NES); two K homology (KH) domains (KH1, KH2) and an
arginine-glycine-glycine (RGG) rich motif, which all mediate RNA binding (Figure 1.3) (Bassell
and Warren, 2008; Richter and Zhao, 2021). While a suspected third KH domain (KHO) has been
identified by using X-ray crystallography (Myrick et al., 2015), its RNA-binding capabilities have
not been well tested. In mammals, FMRP has two paralogs, Fragile X Related 1 (FXR1) and
FXR2, with separable functions (Drozd et al., 2018). However, only FMRP has highly conserved
structure and function in multiple species. Drosophila FMRP shares ~60% similarity in total amino
acid sequence and 70-80% identity in RNA-binding domains compared to human FMRP (Drozd
et al., 2018; Tessier and Broadie, 2011). Additionally, Drosophila FMRP has conserved function
as humans. Expressing human FMR1 in Drosophila FXS model fully rescues both molecular and

cellular defects in neurons (Coffee et al., 2010).
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Figure 1.3 FMRP functional domains (D’Annessa et al., 2019).

The N-terminus contains two Tudor motifs (TD1, TD2), a nuclear localization sequence (NLS),
and a predicted RNA-binding K homology (KHO0) motif. The central domain contains two KH
motifs (KH1, KH2) and a nuclear export sequence (NES). The C-terminus contains an RNA-
binding arginine-glycine-glycine (RGG) rich motif. Figure created with BioRender

(BioRender.com).

Based on the pathology of FXS, a few Drosophila disease models have been created to
block the expression of Drosophila FMR1 (dfmrl). In the Broadie Lab, we have primarily used
the dfmr14°®™ mutant, with a total loss of FMRP made by P-element imprecise excision deletion
(Zhang et al., 2001) to study the mechanisms of dysregulated neurodevelopment within a FXS
disease model. This model shares numerous similar symptoms with human FXS patients, including
delayed neurodevelopment (Doll and Broadie, 2015; Song et al., 2022), overgrown neuronal
structures (i.e., dendrites and axon terminals) (Pan and Broadie, 2007b; Pan et al., 2004; Zhang et
al., 2001), increased neurotransmission (Zhang et al., 2001), hyperactivity (Doll et al., 2017),
hypersensitivity to stimuli like odors (Golovin et al., 2019; Golovin et al., 2021), and defects in

learning and memory (Bolduc et al., 2008; Gatto and Broadie, 2009; Siller and Broadie, 2011).
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With the enormous advantages of Drosophila genetics, this disease model has provided numerous

fundamental insights into FXS molecular mechanisms and potential targets for FXS treatments.

1.2 Drosophila Larval Neuromuscular Junction Synapse Model

Drosophila has a glutamatergic neuromuscular junction (NMJ) that assembles with a
presynaptic axon terminal (arrayed synaptic boutons) separated by an extracellular synaptic cleft
from the postsynaptic muscle with type Il ionotropic glutamate receptors (iGIuRs) (Figure 1.4).
To form the presynaptic terminal, a motor neuron pathfinds from the ventral nerve cord (VNC) to
contact a specific target muscle, with the axon tip growth cones branching to form bouton
varicosities with the assembled machineries for glutamate neurotransmitter release (Cammarata et
al., 2016; Lowery and Vactor, 2009). In the presynaptic compartment, the Bruchpilot (Brp)
scaffold recruits Ca?* channels (pore-forming Cacophony (Cac) subunit) together with synaptic
defective 1 (SYD-1) and SYD-2/Liprin-a scaffolds to form a “T” bar structure at a presynaptic
active zone (AZ), regulating synaptic vesicle pool size (Chou et al., 2020; Fouquet et al., 2009;
Hallam et al., 2002; Kittel et al., 2006). On the postsynaptic side, the scaffold Disc Large (DIg)
within the subsynaptic reticulum (SSR) system of tubular-lamellar membrane folds envelops the
presynaptic bouton (Parnas et al., 2001; Sone et al., 2000; Wan et al., 2000). lonotropic glutamate
receptors type A (GIuRIIA) and type 1IB (GIuRIIB) cluster opposite of the AZ to receive the
glutamate neurotransmitter (Chou et al., 2020; DiAntonio et al., 1999; Marrus and DiAntonio,
2004; Petersen et al., 1997). GIuRIIA and GIuRIIB classes are defined by a variable A/B subunit
together with three other essential subunits; GIuRII/GIURIIC, GIuRIID, and GIuRIIE
(Featherstone et al., 2005; Qin et al., 2005). These subunits share 44% amino acid identity (Currie
et al., 1995; Petersen et al., 1997). GIuRIIA has demonstrated unique functions modulating

excitability properties for the control of activity-dependent glutamate release, calcium
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permeability and presynaptic architecture (Bogdanik et al., 2004; Kamimura et al., 2019; Petersen
et al., 1997). The pore region sequence critical for GIuRIIA Ca?* permeability (MQQ) is highly
conserved in vertebrate a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) /kainate

receptors, while GIURIIB sequence is divergent (Petersen et al., 1997; Schuster et al., 1991).
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Figure 1.4 Drosophila neuromuscular junction structure and molecular organization.

In the presynaptic bouton, the synaptic vesicle (SV) pools are trafficked to fuse on the active zone
for fusion and release of glutamate neurotransmitter. The active zone “T-bar” is assembled from
Bruchpilot (Brp), Cacophony (Cac), synaptic defective 1 (SYD-1) and SYD-2/Liprin-a. in the
postsynaptic muscle, the scaffold Disc Large (DIlg) surrounds the bouton to stabilize synaptic
architecture. The 4-subunit type Il glutamate receptors A and B (GIuRIIA and GIuRIIB) are
located opposing the active zone. Figure created with BioRender (BioRender.com).
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Based on the difference in size, SSR characters, neurotransmitter identity and synaptic
vesicle composition, Drosophila NMJ boutons are classified into three types: Type |, 11, and IlI,
with the type | boutons further divided into type Ib (large) and Is (small) according to size and
SSR enrichment (Figures 1.5) (Atwood et al., 1993; Guangming et al., 2020; Menon et al., 2013).
While both Type Il and 111 boutons have no surrounding SSR, they still contain active zones for
neurotransmission (Figures 1.5). In wildtype animals, different types of boutons are organized into
different chains to compose the presynaptic branch arbor. During development, synaptogenesis
produces immature mini boutons (satellite boutons) that bud from mature boutons and presumably

mature in separate mature boutons (Song et al., 2022).
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Figure 1.5 Different synaptic bouton types at the Drosophila neuromuscular junction (Menon
et al., 2013).

Different bouton types have different SSR levels, neurotransmitter, and bouton size. Figure created

with BioRender (BioRender.com).
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Synaptic vesicle exocytosis mediates the release of neurotransmitters (Figure 1.6), and is
highly conserved between Drosophila and mammals (Courtney et al., 2019; Sauvola and Littleton,
2021; Weimer and Jorgensen, 2003; Xue et al., 2009). The small GTPase Rab3 on synaptic vesicles
interacts with a Rab3-interacting molecule (RIM) together with a UNC13 and RIM-binding protein
(RIM-BP) to tether voltage gated Ca?* channels (VGCC) at the AZs (Chou et al., 2020; Das et al.,
2013; Kaeser et al., 2011; Mittelstaedt and Schoch, 2007). Synaptotagmin-1 (SYT-1) acts as an
integral synaptic vesicle protein to binds Ca?* and mediate fusion at AZs (Littleton et al., 1993;
Quifones-Frias and Littleton, 2021; Stenmark, 2009). The vesicular Soluble N-ethylmaleimide-
Sensitive Factor-Attachment Protein Receptor (v-SNARE) tightly wrapping around a target
SNARE (t-SNARE) to drive fusion (Dhara et al., 2020; Hutagalung and Novick, 2011; Kidokoro,
2003; Vats and Galli, 2022; Wang et al., 2017). To form a SNARE complex, the v-SNARE
Synaptobrevin is zippered with t-SNARE Syntaxin and Synaptosomal-Associated Protein 25
(SNAP25) on the presynaptic membrane, whose process is chaperoned by UNC13 and UNC18
priming proteins (Das et al., 2013; Kaeser et al., 2011; Quifiones-Frias and Littleton, 2021). The
released neurotransmitter (e.g., glutamate at Drosophila NMJ) in synaptic cleft either binds
GIuRIIA and GIuRIIB to activate receptor channel opening (Featherstone et al., 2005), or is
reuptaken by the presynapse and glia (Peng et al., 2019; Rival et al., 2006). This process mediates

rapid intercellular communication (Figure 1.6).
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Figure 1.6 Synaptic vesicle exocytosis.

The synaptic vesicle (SV) with loaded neurotransmitter (NT) is activated to fuse after
Synaptotagmin-1 (SYT-1) binds Ca?*. To dock the vesicle, a protein complex consisted by the
activated small GTPase Rab3, Rab3-interacting molecule (RIM), RIM-binding protein (RIM-BP)
and UNC13 interact with the voltage-gated Ca?* channel. UNC13 and UNC18 regulate t-SNARE
and v-SNARE wrapping together to mediate exocytosis. Figure created with BioRender

(BioRender.com).

1.3 Circuit Remodeling in the Drosophila Adult Brain

To study the general principles of brain development, Drosophila is a relatively simple
model of 100,000+ neurons compared to the 10s of billions of neurons in humans (Scheffer et al.,
2020). Like in humans, the Drosophila adult central nervous system (CNS) is composed of both
neurons and glia, whose intercellular interactions are crucial to maintain normal brain development
and function (Awasaki et al., 2011; Boulanger and Dura, 2022; Rahman et al., 2022; Stogsdill and

Eroglu, 2017). In normal development, neuronal dendrites and axons in the numerous Drosophila
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brain neuropils form complex synaptic connections, while different types of glia are integrated in
different regions to mediate circuit remodeling through removal of redundant neurons (Kremer et
al., 2017; Scheffer et al., 2020).

From embryo to adulthood, the Drosophila nervous system requires enormous remodeling
to build neuronal circuit architectures and refine circuits based on environmental sensory input
(Figure 1.7) (Dalva, 2010; Hart, 2019; Wegner et al., 2022). In the post-eclosion stage (juvenile
adulthood; <5 days post-eclosion (dpe)), brain circuits are highly sensitive to fluctuations in the
environment (i.e., temperature, light, odor) (Gatto and Broadie, 2011; Golovin et al., 2019). This
time window is therefore a critical period for brain development. Disrupting this normal neuron
remodeling in humans results in detrimental consequences such as neuroinflammation (Bernaus et
al., 2020; Juliani et al., 2021), memory defects (Boulanger et al., 2021; Nelson et al., 2008),
dysregulated circadian clock (Fernandez et al., 2020; Ikeno and Nelson, 2015; Sivachenko et al.,
2013), and vulnerable psychological resilience (Fox et al., 2020; Licznerski and Duman, 2013; Wu
et al., 2021). In Drosophila, several identified neuron classes are developmentally-transient and
removed during this early-life critical period, including bursicon neurons, Crustacean Cardioactive
Peptide (CCAP) neurons, and pigment dispersing factor (PDF)-Trineurons (Gatto and Broadie,
2011; Golovin et al., 2019). One of the possible reasons to remove these neurons is their
redundancy, with the possibility of interfering with normal information flow. Unneeded neurons
release “eat me” signals to activate phagocytotic glia to engulf neuron bodies and processes
(Kuraishi et al.,, 2009; Song and Broadie, 2023). For example, the membrane lipid
phosphatidylserine (PS) and endoplasmic reticulum (ER)-derived protein Pretaporter (Prtp) are
two reported “eat me” signals that are exposed on the apoptotic cell surface (Kuraishi et al., 2009;

Sokolova et al., 2021). Several signals like these reportedly bind the glial engulfment receptor
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Draper (Drpr, human Scavenger Receptor from Endothelial Cells (SREC) (Adachi et al., 1997))
to transcellularly activate glial phagocytosis to remove apoptotic neurons cells (Kuraishi et al.,

2009; Nagata et al., 2016; Song and Broadie, 2022; Song and Broadie, 2023).
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Figure 1.7 Morphology of Drosophila and its brain in different developmental stages.

From embryo to adulthood (top), Drosophila nervous systems (below) undergo numerous
remodeling to form different architecture, synaptic connections, and neuronal circuits. Figure

created with BioRender (BioRender.com).

Intercellular signaling for neuron-to-glia communication usually involves multiple
intracellular and extracellular cascade networks to regulate cellular process. For example, insulin
and insulin-like peptide (ILP) signaling participates in neuron-glia transcellular interaction via
both direct regulation to glia activity and indirect mediation through neuronal “cat me” molecules

(Vita et al., 2021). In the Drosophila juvenile brain, reducing the glial insulin receptor (InR)
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directly suppresses glial phagocytosis for normal PDF-Tri neuron pruning (Figure 1.8) (Vitaetal.,
2021). It was suggested that neuron-secreted ILPs regulate glial engulfment through binding glial
InR. Neuronal InR, however, is required to inhibit the release of neuronal “eat me” Prtp, which, in
turn, intercellularly hinders glial activity for neuronal removal (REFS). Neuronal Bone
Morphogenetic Protein (BMP) signaling interacts with the InR-dependent cascade to promote
neuronal Prtp release (REFS) while the glial BMP pathway regulates glia formation for neuron
remodeling (Scholze et al., 2014; See et al., 2007). However, lots of mechanisms regarding this
neuron-glia intercellular signaling in neuron-glial interaction have not been well studied. It will be
therefore essential to continue exploring their detailed mechanisms related to the neuron-glia

transcellular communication during brain circuit remodeling.
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Figure 1.8 Secreted signals regulated by neural FMRP to guide glial phagocytosis clearance
(Song and Broadie, 2022).

In juvenile Drosophila brain PDF-Tri neurons, FMRP is proposed to promote the secretion of
insulin-like peptides (ILPs) that drive glial insulin receptor phosphorylation (InR-P) to trigger glial
phagocytosis of neuronal processes. In glia, the Draper phagocytosis receptor (Drpr) expression is
elevated by loss of neuronal FMRP. The neuronal Drpr ligand Pretaporter is involved in this
FMRP-dependent mechanism. Other potential ligands (for example, phosphatidylserine) have not
yet been tested. Neuronal FMRP may regulate numerous other “find me” and “eat me” secreted
neural signals that recruit glia and instruct glial phagocytosis, ranging from individual synapses to

whole brain neurons.
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In this dissertation, | focus on two independent research works related to intercellular
communication for the NMJ synaptogenesis and brain neuronal pruning underlying FXS. In
chapter I, I describe my first project that has been published in the Development. This work reports
that the NMJ postsynaptic FMRP interacts with Staufen-Coracle signaling to limit GIuRIIA levels,
which transcellular deactivates non-canonical BMP signaling cascade to restrict presynaptic pMad
levels, consequently limiting bouton formation. These discoveries reveal a novel molecular
mechanism of muscular FMRP-mediated GIURIIA accumulation and presynaptic development.
Chapter 111 describes my second research that was published in the Proceedings of the National
Academy of Sciences to discuss neuronal FMRP intercellularly regulates glial phagocytosis for
developmental neuron removal. My study shows FMRP in neurons walks through pMad to inhibit
pAkt signaling, which further modulates neuronal-released Prtp and APPL to intercellularly signal
glia for the PDF-Tri neuron pruning. These findings provide a new insight into the molecular
mechanism of neuronal FMRP-dependent neuron-to-glia cross talk during normal
neurodevelopment. All mechanisms in both of my studies are critical for normal and diseased

synaptic formation and circuit remodeling.
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2.1 Abstract

Both mRNA-binding Fragile X mental retardation protein (FMRP; Fmrl) and mRNA-
binding Staufen regulate synaptic bouton formation and glutamate receptor (GIuR) levels at the
Drosophila neuromuscular junction (NMJ) glutamatergic synapse. Here, we tested whether these
RNA-binding proteins act jointly in a common mechanism. We found that both dfmrl and staufen
mutants, and trans-heterozygous double mutants, displayed increased synaptic bouton formation
and GIuRIIA accumulation. With cell-targeted RNA interference, we showed a downstream
Staufen role within postsynaptic muscle. With immunoprecipitation, we showed that FMRP binds
staufen mMRNA to stabilize postsynaptic transcripts. Staufen is known to target actin-binding,
GIuRIIA anchor Coracle, and we confirmed that Staufen binds to coracle mRNA. We found that
FMRP and Staufen act sequentially to co-regulate postsynaptic Coracle expression, and showed
that Coracle, in turn, controls GIuRIIA levels and synaptic bouton development. Consistently, we
found that dfmrl, staufen and coracle mutants elevate neurotransmission strength. We also
identified that FMRP, Staufen and Coracle all suppress pMad activation, providing a trans-
synaptic signaling linkage between postsynaptic GIURIIA levels and presynaptic bouton
development. This work supports an FMRP-Staufen—Coracle-GluRIIA-pMad pathway

regulating structural and functional synapse development.

Keywords: FMRP, Fragile X syndrome, Synaptogenesis, Synapse, Neuromuscular junction,

Neurotransmission
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2.2 Introduction
Fragile X syndrome (FXS) is acommon heritable cause of intellectual and autism spectrum
disorders (Crawford et al., 2001). FXS patients typically exhibit a fragile X mental retardation 1

(FMR1) 5" untranslated region (UTR) CGG repeat expansion (typically =200), which causes

epigenetic transcriptional silencing via FMR1 promoter hypermethylation (Garber et al., 2008;
Hansen et al., 1992; Verkerk et al., 1991). The fragile X mental retardation protein (FMRP; FMR1)
product is a very broadly expressed (e.g. neurons, muscles) mMRNA-binding translation regulator
(Drozd et al., 2018), which binds target transcripts via K homology (KH) domains and arginine-
glycine rich (RGG) box (Blackwell and Ceman, 2011; Kenny and Ceman, 2016; Myrick et al.,
2015; RAMOS et al., 2003). FMRP regulates protein translation to modulate synaptic architecture
(bouton/spine number) and glutamate receptor (GIuR) levels (Comery et al., 1997; Connor et al.,
2011). In the Drosophila FXS disease model, dfmrl mutants likewise exhibit increased synaptic
bouton formation and Glutamate receptor IIA (GIuRIIA) levels at the neuromuscular junction
(NMJ) model glutamatergic synapse (Pan and Broadie, 2007a; Zhang et al., 2001). The molecular
mechanism of FMRP-mediated synaptic regulation remains elusive; however, FMRP has been
increasingly linked to other mRNA-binding proteins (Kenny et al., 2020; PRICE et al., 2006;
Zhang et al., 2017). A key hypothesized partner is Staufen, a double-strand RNA-binding protein
(dsRBP) repeatedly associated with FMRP function via both biochemical and genetic interaction

studies (Barbee et al., 2006; Chu et al., 2019; Yu et al., 2012).

Staufen plays crucial roles in regulating mRNA localization, stability, translation and
ribonucleoprotein (RNP) assembly (Dugré-Brisson et al., 2005; Micklem et al., 2000; Park and
Maquat, 2013). In Drosophila, Staufen colocalizes with FMRP in neural RNP granules that

mediate mRNA translational repression and mRNA decay, with genetic interaction regulating
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long-term memory consolidation (Barbee et al., 2006; Bolduc et al., 2008). Like FMRP, Staufen
controls both synaptic bouton formation and GIuRIIA levels at the Drosophila NMJ (Gardiol and
St Johnston, 2014). In this mechanism, Staufen works by regulating local translation of the 4.1
ezrin-radixin-moesin (FERM) scaffold Coracle in the muscle postsynaptic domain (Gardiol and St
Johnston, 2014). Consistently, mammalian Staufen also binds Coracle homolog 4.1 mMRNA and is
predicted to regulate its local translation (Furic et al., 2008). Coracle is suggested to link F-actin
to GIuRIIA C-termini to scaffold receptors within the postsynaptic membrane (Chen et al., 2005;
McClatchey, 2012). Importantly, intercellular interaction between postsynaptic GIuRIIA and the
presynaptic bone morphogenic protein (BMP) receptor Wishful thinking (Wit) generates
phosphorylated Mothers against decapentaplegic (pMad) retrograde trans-synaptic signaling to
regulate presynaptic bouton formation (Chou et al., 2020; Sulkowski et al., 2014; Sulkowski et al.,
2016). Based on these studies, we hypothesized that FMRP works with Staufen to regulate
postsynaptic Coracle scaffolding, which in turn acts to control postsynaptic GIuRII1A accumulation

and thereby GIuRIIA-dependent presynaptic bouton development.

To interrogate this layered hypothesis, we first tested NMJ bouton number and GIURIIA
levels in dfmrl and staufen single mutants and RNA interference (RNAI) lines, to find that both
FMRP and Staufen negatively regulate synaptic bouton formation and GIuRIIA accumulation. We
next made trans-heterozygous double mutants (dfmrl/+; staufen/+) to find that FMRP and Staufen
operate in the same pathway to control synaptic development. Subsequently, we used RNA
immunoprecipitation (RIP) to show that FMRP binds staufen mRNA to regulate transcript
abundance in the postsynaptic muscle, and that Staufen in turn binds coracle mRNA. Consistently,
Coracle expression in the NMJ postsynaptic domain was elevated in both dfmrl and staufen

mutants, as well as in trans-heterozygous double mutants. We found that postsynaptic Coracle
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overexpression (OE) and loss of function similarly increase bouton number and GIURIIA levels.
Consistently, we employed NMJ electrophysiology recordings to show that dfmrl, staufen and
coracle mutants all display increased synaptic strength. Moreover, postsynaptic knockdown of
dfmrl, staufen and coracle all caused elevated presynaptic pMad levels, consistent with activation
of GIuRITA-Wit retrograde trans-synaptic signaling to drive presynaptic bouton formation. Taken
together, these findings suggest that FMRP and Staufen work sequentially to inhibit the Coracle
scaffold controlling GIuRIIA levels in postsynaptic domain, and that postsynaptic GIURIIA levels
in turn signal presynaptic bouton development. This work provides insights into the molecular
pathway by which FMRP regulates synapse formation, identifying potential new FXS treatment

targets.

2.3 Results

2.3.1 FMRP and Staufen negatively regulate synaptic bouton formation and GIuRIIA levels

At the Drosophila NMJ, we have previously reported that viable dfmrl nulls (dfmr1°M)
exhibit elevated synaptic bouton formation and GIuRIIA levels (Pan and Broadie, 2007a; Zhang
et al., 2001). By contrast, staufen nulls are embryonic lethal owing to essential MRNA localization
and translation roles (St Johnston et al., 1991), and a viable staufen mutant over a genomic
deficiency [staut''/Df(2R)Pcl7B] reportedly develops fewer NMJ boutons and lower GIURIIA
levels (Gardiol and St Johnston, 2014). The stau™ mutant contains a T-A point mutation in
dsRNA-binding domain 5 (Figure 2.1A) that blocks local translation (Gardiol and St Johnston,
2014). As a first step, we re-tested dfmr15°™ and stau™" mutants compared with matched genetic
background controls (w!''®) for bouton number and GIuRIIA level. We then tested trans-

heterozygotes (dfmr1°°™ /+; stau™t /+) for a predicted interaction within the same pathway. We
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assayed wandering third-instar NMJs double labeled with anti-horseradish peroxidase (HRP) (Jan
and Jan, 1982; Pan and Broadie, 2007a), which recognizes neural presynaptic membrane, and anti-
Discs large (DLG; Dlgl) (Kamimura et al., 2019; Menon et al., 2013), which recognizes muscle
subsynaptic reticulum (SSR). Both total NMJ boutons and developing satellite boutons were
counted in muscle 4 terminals in abdominal segment A3. The same genotypes were double labeled
with anti-HRP and anti-GIuRIIA (Pan and Broadie, 2007) at the same NMJ. GIURIIA labeling

intensity was quantified at HRP-thresholded boutons.
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Figure 2.1 Mutant staufenH- sequence and staufen RNAi knock-down efficiency

(A) The staufent mutant sequence compared to wildtype sequence (http://flybase.org/). The
double strand RNA-binding domain 5 (dsRBD5, red underline) contains a single intron (blue
shading). In the mutant, silent mutant codon (black triangles) and nonsense mutant codon (red
triangles) with mutated nucleotide (red shading) upstream of the stop codon (yellow shading). (B-
D) Larval gPCR measurements of staufen RNAI efficiency with ubiquitous UH1-Gal4 (B),
muscle-targeted 24B-Gal4 (C) and neuron-targeted elav-Gal4 (D). Significance is indicated at

p<0.0001 (****) based on student’s t-tests.
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Compared with the genetic background control (w!®), dfmr1®®™ mutants showed
supernumerary synaptic bouton formation (Figure 2.2A, top). The quantified total bouton number
was significantly elevated (meanzs.e.m.: control 19.10+1.77, dfmrl 31.42+1.67; P<0.0001; Figure
2.2C), with a parallel increase in satellite boutons (number/NMJ: control 0.86+0.27, dfmrl
2.65+0.47; P=0.003; Figure 2.2 D). Similarly, stau™ mutants also developed consistently more
NMJ boutons compared with w'!8 genetic controls (Figure 2.2A, bottom). Quantification showed
that the total NMJ bouton number was significantly increased in staufen mutants compared with
controls (control 20.85+0.78, stau™- 29.25+2.15; P=0.0003; Figure 2.2C), with satellite boutons
also elevated (control 0.89+0.21, stau™ 4.64+0.72; P<0.0001; Figure 2.2D). Assaying synaptic
GIuRIIA levels, dfmrl mutants exhibited a clear increase throughout the NMJ terminal (Figure
2.2B, top). GIuRIIA fluorescence levels normalized to control were significantly higher in dfmrl
mutants (control 1.00+0.08, dfmr1°®™ 1.616+0.11; P=0.0002; Figure 2.2E). Likewise, GIuRIIA
levels were also increased in the staufen mutants compared with matched controls (Figure 2.2B).
Compared with levels in genetic controls, the normalized GIURIIA fluorescence levels in the
staufen mutants were also significantly elevated (control 1.00+0.04, staut'" 1.24+0.06; P=0.0014;
Figure 2.2B,E). These results indicate that FMRP and Staufen similarly regulate synaptic

development.
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Figure 2.2 FMRP and Staufen both limit neuromuscular junction (NMJ) bouton formation
and GIuRIIA levels.

Larval NMJ synaptic terminals compared between genetic background control (w!''8), dfmrl
(dfmr1°™) and staufen (staut'“) mutants. (A) Double labeling for the presynaptic anti-horseradish
peroxidase (HRP; magenta) and the postsynaptic anti-Discs large (DLG; green), with overlap
shown in white. (B) Double labeling for HRP (magenta) and anti-Glutamate receptor 1A (GIuRIIA;
green), with overlap shown in white. (C) Quantification of total synaptic bouton number in muscle
4 type 1 NMJ terminals, with each mutant and control paired for side-by-side comparisons. (D)
Quantification of satellite bouton number only within each type 1 synaptic terminal. (E)
Quantification of GIURIIA fluorescence intensity normalized to genetic background control. In all
figures, graphs show dot plots of all individual data points and histogram bars of the meanzs.e.m.,
with statistical comparisons using unpaired two-tailed Student's t-tests. **P<0.01, ***P<0.001 and
****P<(0.0001. Scale bars: 10 um.
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To further test staufen phenotypes, we next used staufen RNAIi as an independent
knockdown method (Figure 2.3B-D). Studies with quantitative PCR (qPCR) showed ~90%
staufen mRNA loss with global UH1-Gal4 driving UAS-staufen RNAI [Vienna Drosophila
Resource Center (VDRC) 106645; Figure 2.1B]. Consistent with the above staufen mutants,
staufen RNAI elevated both presynaptic bouton formation (Figure 2.3A, top) and postsynaptic
GIuRIIA levels (Figure 2.3A, bottom). Quantification of the knockdown showed that UH1>stau
RNAI (VDRC 106645) increased all measurements, including total bouton number (UH1/+
23.33+1.09, UH1>stau RNAIi 28.87+1.30; P=0.004; Figure 2.3B), satellite boutons (UHZ1/+
1.33+£0.43, UH1>stau RNAI 2.93+0.50; P=0.0273; Figure 2.3C) and GIuRIIA levels (UH1/+
1.00£0.06, UH1>stau RNAI 1.28+0.07; P=0.0038; Figure 2.3D). We repeated these analyses with
an independent staufen RNAI line [Bloomington Drosophila Stock Center (BDSC) 31247].
Consistent with the above results, this second RNAI similarly caused a significant increase in
synaptic bouton number (UH1/+ 24.33+0.79, UH1>stau RNAi 32.36+1.815, P=0.0004) and
GIuRIIA levels (UH1/+ 1.00+0.07, UH1>stau RNAI 1.66+0.16; P=0.0041). Thus, stau™" and two
independent staufen RNAI lines (VDRC 106645 and BDSC 31247) confirmed the same NMJ
development phenotypes. We therefore conclude that Staufen loss increases synaptic bouton

formation and GIuRIIA levels, consistent with FMRP requirements.
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Figure 2.3 staufen RNAI increases synaptic bouton formation and GIuRIIA levels.

Larval NMJ structure and GIuRIIA levels compared between transgenic control (UH1/+) and
staufen knockdown (UH1-stau RNAI). (A) Double labeling for presynaptic anti-HRP (magenta)
and either postsynaptic DLG (green, top) or GIuRIIA (green, bottom). Scale bar: 10 pm.
Quantification of total synaptic bouton (B) and satellite bouton (C) number. (D) Quantification of
GIuRIIA fluorescence intensity normalized to genetic background control. Significance is

indicated at p<0.05 (*) and p<0.01 (**) based on student’s t-tests.
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To test the hypothesis that FMRP and Staufen co-regulate NMJ development in a common
pathway, we next made dfmrl and staufen double mutants. Homozygous double mutants were
early larval lethal, but dfmr1%®™/+; stau™-/+ trans-heterozygotes were viable and could be tested.
Similar to dfmr1°®™ and stau' single mutants, we found a clear elevation of total boutons in the
trans-heterozygotes. Quantification showed bouton increases in dfmrl (control 17.91+0.89,
dfmrl/+ 25.88+1.81) and staufen (control 19.00+0.70, stau/+ 26.91+1.56) heterozygotes, and the
trans-heterozygotes (control 17.56+1.17, dfmrl/+; stau/+ 28.70+£1.55; P<0.0001; Figure 2.4A,
bottom). We next tested GIURIIA to find similar levels in dfmrl/+ and stau/+ heterozygotes
compared with controls, but elevated levels in dfmrl/+; stau/+ trans-heterozygotes (Figure 2.4A).
Quantified GIuRIIA levels were not changed in either dfmrl/+ or stau/+ single heterozygotes
compared with control (Figure 2.4A,B), but were significantly increased in trans-heterozygotes
(normalized control 1.00+0.08, dfmrl/+; stau/+ 1.28+0.12; P=0.047; Figure 2.4A,B). These
findings showed that reducing FMRP and Staufen in parallel elevated synaptic GIURIIA levels,
suggesting that the two RNA-binding proteins (RBPs) work in a common mechanism. Overall, we
conclude that FMRP and Staufen negatively regulate synaptic development in the same direction,

and to a similar degree, by functioning in the same pathway.
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Figure 2.4 FMRP and Staufen work together to co-regulate synaptic GIURIIA levels.

Larval NMJ synaptic terminals in controls (w!''®) compared with the single heterozygous dfmri
(dfmr15™/+) and staufen (staut-/+) mutants, and the double trans-heterozygous combination
(dfmr1°™/+: staut/+). (A) Double labeling for presynaptic HRP (magenta) and GIuRIIA (green)
with each mutant condition paired to genetic background control. Scale bar: 10 um. (B)
Quantification of GIuRIIA fluorescence intensity normalized to control. ns, not significant (for
both single heterozygous conditions); *P<0.05 (for the double trans-heterozygous mutant).
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2.3.2 Postsynaptic Staufen regulates GIURIIA levels and presynaptic bouton development
Cell-targeted RNAI studies have established that FMRP inhibits GIURIIA levels only
postsynaptically (Pan and Broadie, 2007), but suppresses bouton development in both postsynaptic
and presynaptic cells (Friedman et al., 2013; Zhang et al., 2001). Likewise, Staufen subcellularly
localizes in the postsynaptic domain, to function postsynaptically in muscle, controlling mRNA
localization and local translation (Gardiol and St Johnston, 2014). These previous studies, as well
as the above non-complementation genetic interaction tests, suggest that FMRP interacts with
Staufen in the postsynaptic compartment to regulate GIURIIA levels and presynaptic bouton
formation. Previous antibody labeling shows Staufen in the postsynaptic muscle region
immediately surrounding NMJ termini, with Staufen not detectable in presynaptic boutons
(Gardiol and St Johnston, 2014). We therefore hypothesized Staufen that has a specific muscle
postsynaptic function. To test this hypothesis, we used muscle-specific 24B-Gal4 (Kim et al., 2021)
and neuron-specific elav-Gal4 (Kan et al., 2021) to drive UAS-staufen RNAIi (VDRC 106645;
(Landskron et al., 2018). We also used postsynaptic 24B-Gal4 to drive wild-type UAS-staufen in
both homozygous stau™™ and dfmr1°™ mutants. As above, synaptic bouton development was
tested with presynaptic anti-HRP and postsynaptic anti-DLG double labeling, and GIURIIA levels

with anti-HRP and anti-GIuRI1A double labeling.

Compared with transgenic controls (24B-Gal4/+), muscle-targeted staufen RNAI
(24B>stau RNAI) resulted in more synaptic boutons (Figure 2.5A, top). With quantification, total
boutons were significantly increased in 24B>stau RNAI (24B/+ 21.94+1.23, RNAI 25.43+0.86;
P=0.02; Figure 2.5C), with more developing satellite boutons (24B/+ 2.09+0.31, RNAI 3.46+0.34;
P=0.0047; Figure 2.5D). By contrast, neural staufen knockdown (elav>stau RNAI) had no effect,

with no change in bouton number (Figure 2.5A, bottom). Quantification showed no significant
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difference in synaptic bouton formation between transgenic control (elav-Gal4/+) and neural
staufen RNAI (P=0.91; Figure 2.5C), indicating that presynaptic Staufen has no detectable role.
Assaying GIuRIIA levels, muscle-targeted knockdown (24B>stau RNAI) resulted in clearly higher
fluorescence than in the transgenic controls (24B-Gal4/+), with elevated GIuRIIA levels at
synaptic boutons (Figure 2.5B, top). Quantified GIURIIA measurements showed that muscle-
targeted staufen RNAI strongly upregulated GIullA levels compared with normalized controls
(24B/+ 1.00+0.04, RNAIi 1.33+0.05; P<0.0001; Figure 2.5E). By contrast, neural staufen
knockdown (elav>stau RNAI) resulted in no detectable change in GIuRIIA synaptic fluorescence
(Figure 2.5B, bottom), with quantified results showing no role in determining GIuRIIA levels
(P=0.46; Figure 2.5E). These findings suggest that Staufen acts in the postsynaptic muscle to

regulate NMJ development.
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Figure 2.5 Postsynaptic Staufen regulates NMJ bouton formation and GIuRIIA levels.

Larval NMJ synaptic terminals in transgenic controls compared with postsynaptic muscle Staufen
RNAI (24B>stau RNAI) and presynaptic neuron Staufen RNAI (elav>stau RNAI). (A) Double
labeling for HRP (magenta) and DLG (green), with the 24B-Gal4 control (left) and RNAI (right)
shown in the top row and the elav-Gal4 control/RNAI in the bottom row. (B) Double labeling for
HRP (magenta) and GIuRIIA (green) for the same comparisons. (C,D) Quantification of total NMJ
bouton number (C) and satellite bouton number (D) on muscle 4 for all four conditions. (E)
Quantification of GIURIIA fluorescent intensity normalized to the transgenic controls. *P<0.05,
**P<(0.01 and ****P<0.0001; ns, not significant (for elav>stau RNAI). Scale bars: 10 pm.
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To further test this conclusion, we next performed complementary staufen rescue
experiments in the postsynaptic muscle. Compared with transgenic control (24B-Gal4/+), muscle
UAS-staufen expression in staufent'™ (stau™) homozygous mutant (staut''; 24B>stau) showed
strongly rescued synaptic development (Figure 2.6). With targeted postsynaptic UAS-staufen, the
presynaptic bouton number was restored to the control level (24B/+ 23.80+0.86, staut'"; 24B>stau
26.89+1.24), with no significant difference remaining (P=0.113). Assaying GIUuRIIA levels
revealed an even stronger effect, with muscle-targeted rescue (staut''; 24B>stau) resulting in
clearly reduced fluorescence compared with that of transgenic controls (24B-Gal4/+), showing
lower GIuRIIA levels at synaptic boutons (Figure 2.6A). Quantification revealed a >40% reduction
in GIURIIA receptors normalized to transgenic controls (24B/+ 1.00+0.067, stau™; 24B>stau
0.57+0.04), which is a significant decrease (P<0.0001; Figure 2.6B). Consistent with this
postsynaptic requirement, the same muscle staufen OE in the null dfmrl homozygous mutant
(dfmrl; 24B>stau) suppressed GIURIIA expression to levels comparable with those of the
transgenic control (normalized 24B/+ 1.00+0.07, dfmrl; 24B>stau 1.21+0.19; P=0.21). Taken
together, these findings suggest that FMRP interacts with Staufen in the muscle postsynaptic

domain to regulate GIURIIA levels.
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Figure 2.6 Postsynaptic muscle-targeted Staufen rescue decreases GIURIIA levels.

Larval NMJs labeled for GIuRIIA comparing transgenic control (24B/+) with postsynaptic muscle
UAS-staufen expression in staufent' (stau™'t) homozygous mutant background (stau™; 24B>stau).
(A) Double labeling for both presynaptic anti-HRP (magenta) and anti-GIuRIIA (green) in the
24B-Gal4/+ control (top) and muscle staufen rescue in the staut mutant (bottom). GIURIIA
labeling alone is shown on the right for both genotypes. Scale bar: 10 um. (B) Quantification of

the normalized GIuRIIA fluorescence intensity. Significance is indicated at p<0.0001 (****).
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2.3.3 FMRP binds staufen mRNA and downstream Staufen protein binds coracle mRNA
FMRP and Staufen both bind mRNA directly to regulate local protein translation (Bonnet-
Magnaval, 2016; Laver et al., 2013; Liu et al., 2018; Tsang et al., 2019), and therefore could
operate either in parallel or sequentially in protein-mRNA interactions limiting synaptic
development. Importantly, FMRP has been predicted to bind staufen mMRNA (D’Annessa et al.,
2019), and we therefore hypothesized that FMRP regulates Staufen translation in a sequential
mechanism. To test the predicted FMRP and staufen mRNA interaction, we used UH1-Gal4 to
express UAS-dfmrl::YFP (Cziko et al., 2009), and then pulled down FMRP-RNA complexes from
larval lysates using anti-YFP beads (Nagai et al., 2002; Rana et al., 2018). In parallel, non-tagged
w18 third-instar lysates served as the immunoprecipitation (IP) negative control. In both cases, a-
Tubulin (aTub85E; FMRP does not bind) was the negative control and Futsch (a known FMRP
target) was the positive control (Zhang et al., 2001). Immunoprecipitated mMRNAS were reverse
transcribed using random hexamers, followed by specific primer PCR amplification to produce
~200 bp PCR fragments (Table 2.1). Downstream of hypothesized mRNA binding, we also

assayed staufen mRNA levels with gPCR measurements in dfmrl null mutants and with muscle-

targeted dfmrl RNAI (Flockhart et al., 2006) to test the postsynaptic interaction in isolated muscle

analyses.
Primer Sequence Primer Sequence
(forward) (reverse)
Staufen GTAAACTGCTGGACTTTGAGGTC Staufen GCAGCATCATTCTGCGACTCC
GAPDH CGTTCATGCCACCACCGCTA GAPDH CACGTCCATCACGCCACAA
Tubulin ATTTACCCAGCACCACAAGTGT Tubulin GGCGATTGAGATTCATGTAGGTGG
Futsch TTCCTGGATATTGCAGGACGG Futsch CTCGGGCAATGTGTGCCATA
Coracle AAGAACAAGAAGGAGAAGGATGC Coracle CATTAACAGCCGCTCCTGCAG
Pall ACGACTGGGGCAAGAACTTTTTT Pall CGTAGGATATGCCGGAGAAGG

Table 2.1 Primers used in this study.
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The FMRP IP pulled down staufen mRNA from larval lysates (Figure 2.7A, IP, top).
Consistently, the futsch mMRNA positive control was precipitated in parallel, with no detectable
binding to the a-tubulin MRNA negative control (Figure 2.7A). As expected, the genetic negative
control w'*® (no YFP) showed no immunoprecipitated bands (Figure 2.7A, IP, bottom). These
results indicated that FMRP binds to staufen mRNA from the wandering third instar, with the
controls confirming the binding interaction specificity. RNA binding protects transcripts from
degradation by increasing RNA stability, so we hypothesized that FMRP binding should increase
staufen mMRNA levels. To test this idea, we performed qPCR to measure staufen mRNA levels in
genetic background controls (w''®) compared with dfmrl nulls (Figure 2.7B). Quantification
showed that staufen mMRNA levels were significantly reduced in dfmrl mutants normalized to
controls (control 1.00£0.05, dfmrl 0.68+0.08; P=0.002; Figure 2.7B). This finding suggested that
FMRP stabilizes staufen mMRNA through protein-RNA binding. To test postsynaptic roles, we used
muscle 24B-Gal4 to drive dfmrl RNAI, and then isolated body muscles for mMRNA extraction
(Figure 2.7C). Quantified qPCR results showed that staufen mRNA levels were strongly
downregulated in 24B>dfmrl RNAIi muscles normalized to the transgenic control (24B/+
1.00£0.09, RNAI 0.61+0.10; P=0.009; Figure 2.7C). These findings suggest that FMRP binding

stabilizes staufen mRNA in the postsynaptic muscle.
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Figure 2.7 FMRP binds/stabilizes staufen mMRNA and Staufen binds coracle mRNA.

Larval musculature RNA immunoprecipitation (RIP) assays for FMRP and Staufen show
transcript binding interactions. (A) FMRP-YFP immunoprecipitated by anti-YFP (top) compared
with w!'t® negative control (no YFP, bottom). The input is shown on the left and the
immunoprecipitate (IP) on the right, for Staufen, a-Tubulin (negative control) and Futsch (positive
control). (B) qPCR measurements of stau mRNA levels in dfmrl mutant larvae normalized to
genetic background control (w!8). (C) Muscle stau mRNA levels with muscle-targeted dfmril
RNAI (24B>dfmrl RNAI) normalized to transgenic control (24B-Gal4/+). (D) Staufen-GFP
immunoprecipitated by anti-GFP (top) compared with w8 negative control (no GFP, bottom).
The input (left) and IP (right) are shown for Coracle, a-Tubulin and Pall. **P<0.01.
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At the NMJ, postsynaptic Staufen is required for the localization and translation of coracle
MRNA, which encodes a mammalian 4.1 ortholog functioning as a GIuRIIA anchoring scaffold
(Gardiol and St Johnston, 2014). To test Staufen and coracle mRNA interaction, we used UH1-
Gal4 to drive UAS-staufen::GFP (Barbee et al., 2006; Laver et al., 2013) and pulled down RNA
complexes from larval lysates using anti-GFP beads (Figure 2.7D). As above, w''*® (no GFP) was
the IP negative control. As a positive control, Staufen binds a-tubulin mMRNA (Laver et al., 2013),
whereas peptidyl-a-hydroxyglycine-a-amidating lyase 1 (Pall) mRNA reportedly is not bound by
Staufen (Laver et al., 2013) and was therefore selected as a negative control. Staufen IP pulled
down coracle mRNA, but also pulled down a-tubulin and Pall mRNA (Figure 2.7D). We also
tested GAPDH (Gapdh2), RP49 (RpL32) and Gal4 mRNAs, and all of these were also
immunoprecipitated. Repeated trials with increasing transfer RNA (tRNA) concentrations (300 pg,
600 pg, 900 pg, 1 mg) or even highly elevated tRNA (10 mg, 20 mg) all showed continued mMRNA
pulldown. Thus, Staufen binds coracle mRNA, but lacks binding specificity. Staufen is also
predicted to bind dfmrl mRNA (Laver et al., 2013), but FMRP levels did not change in staufen
mutant muscle (control 1.00+0.04, staut 0.91+0.07; P=0.30; Figure 2.8A,B). We therefore
suggest that there is a directional pathway of FMRP binding staufen mRNA to control postsynaptic

muscle levels, with Staufen in turn binding coracle mRNA.
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Figure 2.8 Neither staufen and coracle mutants affect muscle FMRP levels.

Larval muscles labeled for FMRP comparing genetic background control (w'!®) with staufen
(staut'™) and coracle (coral4) mutants. (A) Double labeling for anti-FMRP (green) and synaptic
anti-HRP (magenta) in control versus staufen mutant. Scale bar: 10 um. (B) Quantification of
FMRP levels shows no significant (ns) change. (C) Double labeling for FMRP (green) + HRP
(magenta) in control versus coracle mutant. Scale bar: 10 um. (D) Quantification of FMRP levels

shows no significant (ns) change.
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2.3.4 FMRP and Staufen act sequentially to regulate postsynaptic Coracle expression

The Staufen dsRNA-binding domain 5 is specifically required for Coracle local translation
(Gardiol and St Johnston, 2014). Disruption of this domain in stau™™ over the genomic deficiency
[stau™-/Df(2R)Pcl7B] reportedly impairs postsynaptic accumulation of Coracle protein via loss of
local translation, without affecting coracle mRNA localization (Gardiol and St Johnston, 2014),
suggesting that Staufen regulates local Coracle translation specifically within the NMJ
postsynaptic domain. Coracle binds the GIURIIA C-terminus to scaffold receptors in the
postsynaptic membrane, with tight stoichiometry between Coracle and GIuRIIA levels within
muscle (Chen et al., 2005). As FMRP and Staufen both repress GIURIIA accumulation, we
hypothesized that both proteins should inhibit postsynaptic Coracle expression. To test how FMRP
and Staufen might regulate Coracle, alone and in combination within the FMRP-Staufen pathway,
we used an anti-Coracle antibody (Gomez et al., 2012) to measure levels in anti-HRP-labeled
NMJs in wandering third instars. Coracle levels were measured in genetic background controls
(W''8), dfmrl and staufen homozygous mutants, dfmrl/+ and staufen/+ heterozygotes, and
dfmrl/+;stau/+ trans-heterozygous double mutants. The expression was quantified
postsynaptically surrounding anti-HRP thresholded synaptic boutons, within a dilated 1 um region

of interest to capture the postsynaptic SSR domain.

Coracle encircled NMJ boutons, with a more intense ring in dfmrl mutants than in controls
(Figure 2.9A). Quantification showed that normalized Coracle levels were significantly elevated
in dfmrl mutants (control 1.00+0.18, dfmrl 1.68+0.13; P=0.0081; Figure 2.9B). To test possible
feedback regulation, we assayed anti-FMRP in coracle mutant muscle, but found no detectable
change (control 1.00+0.10, cora 1.14+0.12; P=0.36; Figure 2.8C,D), showing that FMRP acts

upstream of Coracle. Compared with genetic controls (w*''8), stau mutants also had more intense
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Coracle rings around boutons (Figure 2.9C). Quantification showed that staufen mutants also
exhibited significantly more postsynaptic Coracle expression (control 1.00+0.08, stau 1.32+0.05;
P=0.0018; Figure 2.9D). These findings indicate that FMRP and Staufen similarly limit Coracle
in the NMJ postsynaptic domain. To test FMRP and Staufen action in the same pathway, we
assayed dfmrl/+; stau/+ trans-heterozygotes. Neither dfmrl/+ nor stau/+ single heterozygotes
showed any detectable difference in Coracle levels compared with controls (Figure 2.10A-D). By
contrast, the dfmr1/+; stau/+ trans-heterozygotes had clearly enhanced postsynaptic Coracle rings
around NMJ boutons (Figure 2.9E). Quantification showed that the double mutant had a significant
50% increase in normalized Coracle levels compared with the control (control 1.00+0.14, dfmrl/+;
stau/+ 1.53+0.20; P=0.034; Figure 2.9F). We suggest that FMRP and Staufen act sequentially to

inhibit Coracle GIluRI1A-scaffold enrichment in the postsynaptic domain.
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Figure 2.9 FMRP and Staufen act to co-regulate postsynaptic Coracle expression.

Larval NMJ synaptic terminals labeled for Coracle in controls (w't'®), dfmrl (dfmr1°™) and
staufen (stau™") mutants, and double trans-heterozygotes (dfmr1%°M/+; stau™-/+). Top rows show
full muscle 4 NMJs (scale bars: 10 um) and white-boxed regions are shown magnified below (scale
bars: 5 um). (A) Double labeling for presynaptic HRP (magenta) and Coracle (Cora; green) in
control versus dfmrl mutant. (B) Postsynaptic Coracle levels are normalized to control. (C)
Coracle labeling shown in a staufen mutant. (D) Postsynaptic Coracle levels normalized to control.
(E) Coracle labeling shown in the double trans-heterozygote (dfmr1®®™/+; stautt/+). (F)
Postsynaptic Coracle levels shown normalized to control. *P<0.05 and **P<0.01. The single

heterozygotes (dfmr1%°™/+ and stau™'/+) are shown in Figure 2.8.
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Figure 2.10 Heterozygous dfmrl/+ and staufen/+ do not affect Coracle levels.

Larval NMJs labeled for Coracle in controls (w!''®) compared to dfmrl (dfmr1°°M/+) and staufen
(stau™t/+) heterozygotes. Top rows show full muscle 4 NMJs (scale bar: 10 um) with white-boxed
regions shown magnified below (scale bar: 5 um). (A) Double labeling for presynaptic HRP
(magenta) and Coracle (Cora, green) in control versus dfmrl heterozygote. (B) Postsynaptic
Coracle levels normalized to control show no significant (ns) change. (C) NMJ Coracle labeling
shown in control versus staufen heterozygote. (D) Postsynaptic Coracle levels normalized to

control show no significant (ns) change.
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2.3.5 Postsynaptic Coracle regulates GIURIIA levels and presynaptic bouton formation

Null coracle mutants are embryonic lethal (Lamb et al., 1998), and total Coracle loss
impairs GIURIIA accumulation at the embryonic NMJ (Chen et al., 2005). As a GIuRIIA-binding
scaffold, Coracle anchors receptors to underlying F-actin cytoskeleton in the postsynaptic domain
(Chen et al., 2005). Consistently, our above results predicted that Coracle OE should be causally
associated with an increase in postsynaptic GIURIIA levels. However, many scaffolds like Coracle
show similar phenotypes with loss and OE (McCarthy, 2010), including scaffolds at intercellular
junctions (Tokuda et al., 2014) and specifically at neuronal synapses (Fulterer et al., 2018). We
therefore hypothesized that disrupting Coracle levels in either direction could generate elevated
GIuRIIA levels and, secondarily, supernumerary bouton formation. To test this hypothesis, we
assayed in parallel a larval viable coracle hypomorphic mutant (corald; (Khadilkar et al., 2017;
Lamb et al., 1998)) and muscle-targeted 24B-Gal4 coracle RNAI (Jiang et al., 2019), as well as
coracle OE (Ward IV et al., 1998). For all three conditions and matched controls, we used double
labeling with presynaptic anti-HRP and postsynaptic anti-DLG to assay NMJ architecture and
quantify synaptic bouton number. We also double labeled with anti-HRP and anti-GIuRIIA to

assay synaptic GIURIIA expression and quantify receptor level based on fluorescence intensity.

Both coracle mutants and muscle-targeted coracle RNAI produced enlarged NMJs with
more synaptic boutons (Figure 2.11A). Quantification showed that bouton numbers increase in
coracle mutants (control 21.00+1.10, cora!* 32.86+1.79; P<0.0001) and with muscle coracle
RNAI (24B/+ control 19.20+£1.06, RNAI 26.21+1.69; P=0.0014; Figure 2.11B). NMJ bouton
formation was also elevated by muscle-specific coracle OE (Figure 2.11A, bottom). Quantification
showed that bouton number was significantly elevated by 24B-Gal4-targeted coracle OE (24B/+

21.33£0.64, cora OE 30.00+1.12; P<0.0001; Figure 2.11B). Thus, both Coracle loss and gain in
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the postsynaptic muscle similarly restricts presynaptic development. Similarly, coracle mutants,
muscle-targeted coracle RNAI and OE all had more postsynaptic GIuRIIA than controls (Figure
2.11C). Quantification showed that normalized GIuRIIA levels were significantly higher in
coracle mutants (control 1.00+0.05, cora'* 1.32+0.10; P=0.0085) and muscle-specific 24B-
Gald>cora RNAI (24B/+ 1.00£0.06, RNAI 1.30+0.13; P=0.03; Figure 2.11D) than in controls.
Supporting our hypothesis, quantification likewise showed that normalized GIuRIIA levels were
highly elevated by coracle OE in muscle (24B/+ 1.00£0.06, cora OE 1.35+0.096; P=0.004; Figure
2.11D). Taken together, these results suggest that postsynaptic FMRP restricts Staufen to restrict
Coracle to restrict GIURIIA levels and thus presynaptic bouton formation, with loss and gain of

Coracle phenocopying each other within this GIURIIA regulative mechanism.
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Figure 2.11 Postsynaptic Coracle regulates NMJ bouton growth and GIuRIIA levels.

Larval NMJ synaptic terminal structure and GIuRIIA levels compared between genetic
background controls (w!'!8), coracle (coral4) mutants, postsynaptic coracle knockdown
(24B>cora RNAI) and postsynaptic coracle overexpression (24B>cora OE). (A) Double labeling
for presynaptic HRP (magenta) and postsynaptic DLG (green) in all genotypes. (B) Quantification
of synaptic bouton number at the muscle 4 NMJ. (C) Double labeling for HRP (magenta) and
GIuRIIA (green) in all the above genotypes. (D) Quantification of GIURIIA fluorescence intensity
normalized to controls. *P<0.05, **P<0.01 and ****P<0.0001. Scale bars: 10 um.
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2.3.6 FMRP, Staufen and Coracle all negatively regulate synaptic functional differentiation

Clustered postsynaptic GIuRIIA channels mediate excitatory ion influx during
neurotransmission (Han et al., 2015; Muller and Davis, 2012). GIuRIIA levels are thus positively
correlated with enhanced excitatory synaptic strength (Petzoldt et al., 2014). We therefore
hypothesized that impairment of the FMRP—Staufen—Coracle pathway should elevate function. To
test this hypothesis, two-electrode voltage-clamp (TEVC) recordings in dfmrl, staufen and coracle
mutants were compared with those in genetic background controls (w!''8). Evoked excitatory
junction current (EJC) amplitude provides a measure of overall NMJ neurotransmission efficacy
dependent on postsynaptic GIuRs precisely juxtaposed to the presynaptic active zone glutamate
release sites (Clarke et al., 2012; Hong et al., 2020; Marrus and DiAntonio, 2004). To make EJC
recordings, suprathreshold stimuli (0.5 ms) were applied with a motor nerve suction electrode at
0.2 Hz (Kopke et al., 2020). Ten sequential evoked traces were recorded in 1 mM [Ca2+] and
averaged to generate each data point (Kopke et al., 2020). Miniature EJC (mEJC) recordings assay
spontaneous synaptic vesicle fusion events, with frequency indicating presynaptic fusion
probability and amplitude correlated with postsynaptic GIuR function (Harris and Littleton, 2015).
In these recordings, mEJCs were analyzed at 10 kHz in continuous gap-free configuration (Kopke

et al., 2020).

Compared with the EJC amplitude of the genetic control (w*'!8), dfmr1, staufen and coracle
mutants all showed consistently elevated EJC amplitudes (Figure 2.12A). Relative to the control
EJC amplitude (126.9+£11.75 nA), NMJ synaptic strength was significantly greater in dfmrl
(190.0£19.19; P=0.0069), staufen (185.0+11.24; P=0.0091) and coracle (206.7+12.59; P=0.0002)
mutants (Figure 2.12B), consistent with their GIuRIIA accumulation. Spontaneous mEJC events

failed to reveal any obvious changes in these mutants (Figure 2.12C). The mEJC frequency was
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not detectably altered, and quantification showed no change in mutants (staufen: P=0.92; coracle:
P=0.67; Figure 2.12D), indicating that synapse number and presynaptic vesicle fusion probability
were unaltered. The mEJC amplitude was also unchanged in mutants (Figure 2.12C), and
quantification showed no change in mutants (staufen: P=0.41; coracle: P=0.93; Figure 2.12E),
indicating that GIUR conductance was unaffected. Similar EJC-specific phenotypes have been
repeatedly reported at the Drosophila NMJ (e.g. Wang et al., 2017), which might reflect postulated
differences between evoked and spontaneous fusion mechanisms (Horvath et al., 2020; Kavalali,
2015) or compensatory interactions between GIURIIA number and conductance (Petzoldt et al.,
2014; Renden and Broadie, 2003). We conclude that FMRP, Staufen and Coracle all repress
postsynaptic GIuRITA accumulation and functional neurotransmission strength, but we still need

a mechanistic link to the increase in presynaptic bouton formation via this pathway.
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Figure 2.12 FMRP, Staufen and Coracle all negatively regulate NMJ transmission.

Two-electrode voltage-clamp recordings of synaptic function comparing genetic background
control (w'*8) with dfmr1 (dfmr15°M), staufen (stau™) and coracle (cora'#) mutants. (A) Example
motor nerve-stimulated evoked excitatory junctional current (EJC) traces (1.0 mM Ca2+) showing
ten superimposed responses in control (leftmost) versus dfmrl, staufen and coracle mutants. (B)
Quantification of EJC amplitudes in all four genotypes. **P<0.01 and ***P<0.001. (C) Example
miniature EJC (mEJC) recordings showing spontaneous synaptic vesicle fusion events. (D,E)
Quantification of the overall mEJC frequency (D) and mEJC amplitude (E). There is no significant

(ns) difference compared with the control for either measurement.
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2.3.7 FMRP, Staufen and Coracle all negatively regulate trans-synaptic pMad signaling
Functional GIuRIIA accumulation in the dfmrl mutant induces presynaptic bouton
development via a non-canonical BMP trans-synaptic signaling pathway (Kamimura et al., 2019;
Sulkowski et al., 2016). This may not involve a BMP ligand, but rather a direct interaction between
postsynaptic GIURIIA and presynaptic BMP receptor (Sulkowski et al., 2016). Intercellular
signaling triggers synaptic phosphorylation of pMad to induce bouton formation (Kamimura et al.,
2019; Sulkowski et al., 2016; Upadhyay et al., 2017). As dfmrl, staufen and coracle mutants all
showed increased GIuRIIA levels and bouton formation, we hypothesized that all mutants activate
GluRIIA-dependent signaling of presynaptic pMad. To test this idea, we triple labeled all three
mutants with anti-HRP (to mark neuronal presynaptic membrane), anti-Bruchpilot (Brp; to mark
presynaptic active zones) and anti-pMad (Kamimura et al., 2019). The Brp-positive active zones
and pMad levels were assayed within anti-HRP thresholded boutons using laser-scanning confocal
microscopy (LSM). However, this approach has restricted X-Y resolution to visualize the small,
closely spaced active zones (~500-600 nm diameter; (Guggenheim et al., 2016; Pielage et al., 2006;
Wegel et al., 2016)). Therefore, to better resolve pMad around Brp puncta, we also used higher

resolution structured illumination microscopy (SIM) (Guggenheim et al., 2016).

In LSM imaging, Brp-positive active zone numbers in dfmrl, staufen and coracle mutant
NMJs were all comparable to those in control NMJs, whereas the surrounding pMad labeling was
consistently elevated in all three mutants (Figure 2.13A). Note that Brp did not colocalize with
pMad, indicating that pMad surrounds the presynaptic active zones but is not present within each
synapse. Compared with genetic control (w''!8) normalized pMad levels (intensity: 1.00+0.061),
fluorescence quantification showed that presynaptic pMad was significantly elevated in dfmrl

(1.52+0.14; P=0.005), staufen (1.64+0.14; P=0.001) and coracle (1.78+0.14; P<0.0001) mutants
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(Figure 2.13C). At higher resolution, SIM imaging clearly revealed elevated pMad levels
surrounding presynaptic active zones in all dfmrl, staufen and coracle mutants compared with
controls (Figure 2.13B). Note in single NMJ boutons that Brp and pMad labeling were non-
overlapping, but adjacent. In all three of the mutants, presynaptic pMad aberrantly accumulated
around Brp-positive active zones. Importantly, quantification of the active zones compared with
matched control (Brp puncta density/um2: 1.44+0.07) showed no significant change in the coracle
(1.54+0.05; P=0.54), staufen (1.46+0.02; P=0.99) or dfmrl (1.63+0.11; P=0.11) mutants (Figure
2.13D). These findings suggest that elevated pMad levels in all three mutants correlate with
increased GIuRIIA-dependent retrograde trans-synaptic signaling from the postsynaptic domain,

rather than presynaptic active zone density.
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Figure 2.13 FMRP, Staufen and Coracle all negatively regulate NMJ pMad signaling.

Larval NMJs labeled for phosphorylated Mothers against decapentaplegic (pMad) at presynaptic
active zones comparing genetic background control (w!'8) with dfmri (dfmr1°®M), staufen (stau'')
and coracle (corald) mutants. (A) Laser scanning confocal microscope triple labeling for HRP
(blue), active zone Bruchpilot (Brp; magenta) and pMad (green), with overlap shown in white. (B)
Higher-resolution structured illumination microscope imaging of single synaptic boutons. (C)
Quantification of pMad fluorescence intensity normalized to the background control. **P<0.01
and ****P<0.0001. (D) Quantification of synapse density (Brp puncta active zone number per
um?2). There is no significant (ns) difference compared with the control for any of the mutants.

Scale bars: 5 pm (A); 2 um (B).
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To directly test the postsynaptic to presynaptic signaling mechanism, all three genes were
knocked down with muscle-targeted RNAI (Figure 2.14). Compared with the driver control (24B-
Gal4/+), postsynaptic dfmrl RNAI caused a clear and consistent increase in presynaptic pMad
levels (Figure 2.14A). Quantification normalized to the control showed a significant elevation in
the knockdown (control 1.00£0.086, dfmrl RNAI 1.40+0.12; P=0.0098), with no change in BRP-
marked active zone density (P=0.85; Figure 2.14B). Similarly, targeted knockdown of
postsynaptic staufen resulted in an obvious elevation in pMad levels (Figure 2.14C).
Quantification again indicated a significant increase in pMad fluorescence (control 1.00+0.085,
stau RNAI 1.44+0.13; P=0.0072), with no change in synapse number (P=0.78; Figure 2.14D).
Finally, muscle-targeted coracle RNAI also drove heightened presynaptic pMad levels (Figure
2.14E). Quantification likewise showed that there is a significant increase in pMad in the
presynaptic boutons (control 1.00+0.084, cora RNAI 1.28+0.10, P=0.049), with no change in
BRP-marked active zone density (Figure 2.14F). These findings indicate that targeted loss of all
three genes in the postsynaptic muscle causes trans-synaptic elevation of pMad surrounding
neuronal presynaptic active zones. Taken together, these results suggest that accumulated
postsynaptic GIuRIIA in dfmrl, staufen and coracle mutants activates presynaptic pMad signaling,

which in turn induces new bouton formation during NMJ synaptic development.
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Figure 2.14 Postsynaptic FMRP, Staufen and Coracle all restrict pMad signaling.

Larval NMJs triple-labeled for HRP (blue), Brp (magenta) and pMad (green) in muscle driver
controls (24B/+, top rows) and with dfmrl (24B>dfmrl RNAI), staufen (24B>stau RNAI) and
coracle (24B>cora RNAI) knockdown. (A) Representative images of dfmrl postsynaptic RNAI.
(B) Quantification of normalized pMad fluorescent intensity (left) and Brp active zone density
(right). (C) Representative images of muscle-targeted staufen knockdown. (D) Quantification of
pMad levels and Brp active zone density. (E) Images of coracle postsynaptic RNAI. Scale bar: 5
um. (F) Quantification of presynaptic pMad levels and Brp active zone density. Significance is
indicated at p<0.05 (*), p<0.01 (**) and p>0.05 (not significant; ns) based on student’s t-tests.
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2.4 Discussion

This study reveals the mechanism of the established FMRP negative regulation of
postsynaptic GIURIIA receptors and presynaptic bouton formation in the Drosophila FXS disease
model (Pan and Broadie, 2007; Zhang et al., 2001). Specifically, the mRNA-binding FMRP-
positive translational regulator binds to staufen mMRNA as predicted (D'Annessa et al., 2019),
within the postsynaptic cell. Consequently, both dfmrl and staufen mutants share the elevated
GIuRIIA level and bouton number phenotypes based on a common postsynaptic pathway function,
and genetically interact as trans-heterozygotes to reproduce these phenotypes. Staufen acts as a
dsRBP (Banerjee and Barraud, 2014) to bind coracle mRNA as predicted (Laver et al., 2013);
both dfmrl and staufen mutants exhibit elevated postsynaptic Coracle levels, and genetically
interact as trans-heterozygotes to reproduce this phenotype. Coracle acts as a GIuRIl1A-binding
anchoring scaffold within the postsynaptic domain to regulate local receptor accumulation (Chen
et al., 2005). Consequently, dfmrl, staufen and coracle mutants all increase NMJ synaptic
functional differentiation to elevate neurotransmission strength. Finally, the elevated postsynaptic
GIuRIIA levels mediate retrograde BMP receptor trans-synaptic signaling that induces pMad to
drive new presynaptic bouton development (Kamimuraet al., 2019; Sulkowski et al., 2016). dfmr1,
staufen and coracle mutants all exhibit elevated presynaptic pMad levels, thereby linking the
postsynaptic GIURIIA accumulation and presynaptic supernumerary bouton formation defects

shared by all of these mutants.

The staufen mutant increased synaptic Coracle levels, GIURIIA levels and bouton number
are all internally consistent. In a previous study (Gardiol and St Johnston, 2014), opposite
phenotypes were measured in staufen™/Df(2R)Pcl7B, which reduces another 14 genes in

heterozygous deficiency, including loci involved in neuronal development (e.g. grh, nopo;

64



(Almeida and Bray, 2005; Bakshi et al., 2020; Ketosugbo et al., 2017; Merkle et al., 2009)).
Importantly, we similarly found reduced synaptic protein levels and bouton number in
staufen"'“/Df(2R)Pcl7B, suggesting that heterozygosity of one or more of the neighboring genes
impairs synaptic development (Mutsuddi et al., 2004; Tsou et al., 2015; Yilmazer et al., 2016).
However, we showed that a staufen RNAI that reduces transcript levels by ~90% replicates the
staufen mutant NMJ phenotypes of increased GIuRIIA levels and synaptic bouton numbers. We
also replicated this with a second, independent staufen RNAI line. Moreover, we showed that the
effect is entirely restricted to postsynaptic muscle RNAI, with no effect from presynaptic neuron
RNAI, consistent with restricted postsynaptic Staufen function (Gardiol and St Johnston, 2014).
In addition, postsynaptic staufen rescue of the staufen mutant restored normal synaptic bouton
formation, with OE reducing GIuRIIA levels in staufen mutants and rescuing GIuRIIA levels in
dfmrl mutants. Both staufen mutants and postsynaptic staufen RNAI also share the arrested
supernumerary satellite bouton development characterizing dfmrl null mutants (Friedman et al.,
2013). These many independent lines of evidence confirm our results, and are consistent with the
known parallel FMRP role in restricting GIURIIA levels and synaptic bouton formation (Pan and

Broadie, 2007; Zhang et al., 2001).

To regulate Staufen, FMRP binds staufen mRNA and protects targeted staufen transcripts
from degradation. FMRP contains at least three distinct RNA-binding domains (RBDs) (Kenny
and Ceman, 2016), and Staufen has five RBDs (Laver et al., 2013). Staufen reportedly binds a

specific RNA hairpin structure formed by long 3' UTRs (Gardiol and St Johnston, 2014; Laver et

al., 2013), but our RIP shows that Staufen also binds mRNAs that are not predicted to generate
this secondary structure (Ramos et al., 2000). Although the decreased staufen mRNA levels in

both dfmrl mutants and muscle-targeted dfmrl RNAI are predicted to be due to the lack of FMRP
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binding, it is also possible that other unregulated interactors cause the downregulated staufen
MRNA expression (Shah et al., 2020). Localized labeling with an anti-Staufen antibody has been
reported in the postsynaptic NMJ (Gardiol and St Johnston, 2014), which we can confirm, but we
could not reduce labeling in staufen hypomorphic mutants. We therefore have not shown Staufen
labeling in the current study. Moreover, western blots have been reported with the same anti-
Staufen antibody (St Johnston et al., 1991); however, our attempts were unsuccessful. We therefore
used gPCR to measure staufen mMRNA levels. Staufen binds to coracle mRNA, but does so in a
non-selective manner. This result is consistent with Staufen acting as a very broad spectrum dsRBP
(Heraud-Farlow and Kiebler, 2014; Laver et al., 2013), and suggests that Staufen likely acts with
a translational regulator partner to generate specificity. FMRP is very well established to partner
with other RBPs to mediate the translational regulation of its target transcripts (Bardoni et al., 1999;

Bardoni et al., 2003; Didiot et al., 2009; Kenny et al., 2014).

The postsynaptic Coracle scaffold acts in a GIURIIA local anchoring mechanism,
presumably to link the receptors to the underlying actin cytoskeleton (Chen et al., 2005). The
jointly elevated Coracle and GIURIIA levels in both dfmrl and staufen mutants are consistent with
this scaffold function. Because the dfmrl/+; staufen/+ trans-heterozygotes share this correlated
Coracle and GIuRIIA upregulation in the postsynaptic domain, a single common signaling
pathway is indicated. Coracle also restricts terminal branching development in peripheral sensory
neurons (Jiang et al., 2019; Tenenbaum et al., 2017). Both coracle mutants and sensory neuron-
targeted coracle RNAI also display increased dendritic branch and termini numbers. These
phenotypes are similar to the expanded NMJ terminals and increased synaptic bouton development
reported here. Importantly, both coracle loss of function (mutants and muscle-targeted RNAI) and

gain of function (muscle-targeted OE) increase postsynaptic GIuRIIA levels and generate
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supernumerary boutons. Likewise, the knockdown and OE of many other similar scaffolds are
known to cause phenocopying defects (McCarthy, 2010). Some examples include the muscle
chaperone UNC-45 (Landsverk et al., 2007), the tight junction scaffold zonula occludens-1 (ZO-
1) (Tokuda et al., 2014) and synaptic UNC-13 (Fulterer et al., 2018). Indeed, both coracle loss and
OE similarly cause increased dendritic crossing in Drosophila sensory neurons (Tenenbaum et al.,
2017), similar to the phenocopy of developmental defects reported here. Combining the roles of
postsynaptic FMRP—Staufen—Coracle in GIURIIA clustering, we reasoned that this pathway must

be a regulatory determinant of synaptic functional development.

Removing FMRP, Staufen and Coracle strongly enhances functional synaptic
differentiation and NMJ neurotransmission strength. This is consistent with expectations from the
postsynaptic GIURIIA accumulation in all of these mutants (Harris and Littleton, 2015). Elevated
GIuRIIA levels are well known to be associated with increased evoked functional responses and
prolonged channel open times (DiAntonio et al., 1999; Schmid et al., 2008). A GIuRIIA pore
sequence (MQQ) critically required for the Drosophila channel Ca?* permeability is conserved in
mammalian receptors (Petersen et al., 1997). This selectivity allows Ca?*-dependent participation
in spontaneous (MEJC) and evoked (EJC) neurotransmission (Han et al., 2015). Although
enhanced evoked EJC amplitudes are typically accompanied by mEJC alterations (Karunanithi et
al., 2020; Sandstrom, 2011; Tsurudome et al., 2010), we find that mEJC amplitude and frequency
are unchanged in both the staufen and coracle mutants, and show only minimal changes in the
dfmrl mutants (Zhang et al., 2001). Classically, both evoked and spontaneous neurotransmission
were thought to be mediated by the same vesicles (del Castillo and Katz, 1954; Groemer and
Klingauf, 2007); however, more recent evidence has indicated that spontaneous and evoked

neurotransmission have distinct machinery and vesicle pools (Groffen et al., 2010; Horvath et al.,
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2020; Ramirez et al., 2012; Sara et al., 2005). Postsynaptic receptors can be segregated into
different compartments that are activated by either spontaneous or evoked release (Atasoy et al.,
2008). Our work supports this growing body of evidence for differential regulation. Importantly,
GIuRIIA has unique functions, modulating both presynaptic glutamate release and presynaptic

bouton development (Bogdanik et al., 2004; Kamimura et al., 2019).

The dfmrl, staufen and coracle mutants all showed upregulated presynaptic pMad
correlated with postsynaptic activated GIuRIIA accumulation. GIuRIIA activation triggers
presynaptic pMad signaling via BMP receptors surrounding active zones, which, in turn, stabilizes
GIuRIIA receptors in the postsynaptic domains (Sulkowski et al., 2016). This trans-synaptic
signaling mechanism induces new presynaptic bouton development. The targeted postsynaptic
RNAI for all three genes confirms this intercellular link. Synaptic BMP signaling involves both
the type | serine/threonine kinase receptors and the type Il receptor Wit (Upadhyay et al., 2017).
Although BMP ligand Glass bottom boat (Gbb) signaling via Wit presynaptic receptors is well
established at the NMJ to modulate synaptogenesis (Ellis et al., 2010; Kim et al., 2019; McCabe
et al., 2003), the mechanism of presynaptic bouton formation induced by activated GIuRIIA
signaling does not involve canonical BMP signaling via Gbb (Friedman et al., 2013; Kamimura et
al., 2019). In the dfmrl mutants, we suggest that postsynaptic GIuRIIA accumulation induces
presynaptic bouton development via non-canonical GIuRIIA-Wit trans-synaptic retrograde
signaling (Sulkowski et al., 2016). Similarly, the muscle postsynaptic glypican Dally-like protein
(Dlp) (Kamimura and Maeda, 2021) negatively regulates NMJ synaptic development by inhibiting
this same non-canonical BMP pathway through decreased activated GIuRIIA expression
(Kamimura et al., 2019). Postsynaptic GIURIIA clustering can thus trigger presynaptic bouton

formation, although supernumerary boutons do not always induce reciprocal GIuRIIA changes
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(Sulkowski et al., 2016). We conclude that an FMRP—Staufen—Coracle-GluRIIA—-pMad pathway

regulates intertwined structural and functional glutamatergic synapse development.

2.5 Materials and Methods

2.5.1 Drosophila genetics

All stocks were reared at 25°C on standard cornmeal/agar/molasses food. The genetic
background control was w8, The viable dfmrl mutant was w; dfmr15°™ in which the dfmr1 locus
has been completely removed via a P-element imprecise excision deletion (Zhang et al., 2001).
The larval viable staufen mutant was w; stau™, which has a point mutation in the dsRNA-binding
domain 5 specifically required for local MRNA translation (Figure 2.1A; St Johnston et al., 1991).
The viable coracle mutant was w; cora'®, which has a nonsense mutation (Arg1607) reducing
function (Lamb et al., 1998; Ward et al., 2001). Transgenic drivers were ubiquitous daughterless
UH1-Gal4 (Rohrbough et al., 2004), neuronal elav-Gal4 (Kan et al., 2021) and muscle-specific
24B-Gal4 (Kim et al., 2021). All genetic crosses and recombinations to make double mutant lines

were done using standard approaches. Transgenic UAS lines used in this study are listed in Table

2.2.
Line Provider Reference
UAS-stau RNAI VDRC 106645 (Landskron et al. 2018)
UAS-cora RNAI BDSC 51845 (Jiang et al., 2019)
UAS-dfmrl RNAI BDSC 35200 (Flockhart et al., 2006)
UAS-myc-cora Fehon Lab (Ward 1V et al., 1998)
UAS-stau-GFP Ramaswami Lab (Barbee et al., 2006)
UAS-YFP-dfmrl Zarnescu Lab (Cziko et al., 2009)

Table 2.2 Transgenic UAS lines used in this study.
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2.5.2 Antibody labeling

Staged wandering third instars were dissected in phosphate-buffered saline (PBS). For
FMRP, DLG, Brp and pMad labeling, tissues were fixed in 4% paraformaldehyde (PFA) diluted
in PBS for 10 min at room temperature (RT). Coracle labeling was performed with 20 min fixation
at RT. To label GIuRIIA, larvae were fixed in 100% Bouin’s fixative (Karr et al., 2009) for 5 min
at RT. Fixed preparations were blocked for 1 h at RT in PBS with 0.2% Triton X-100 (PBST) plus
1% bovine serum albumin (BSA). Primary antibody incubation was done overnight at 4°C and
secondary antibody incubation was done for 2.5 h at RT. Primary antibodies used were as follows:
mouse anti-DLG [Developmental Studies Hybridoma Bank (DSHB), 4F3, 1:50], mouse anti-
GIuRIIA (DSHB, 8B4D2, 1:50), mouse anti-Coracle (DSHB, C566.9, 1:50), mouse anti-FMRP
(Abcam, 10299, 1:250), mouse anti-Brp (DSHB, NC82, 1:100), rabbit anti-Smad3 (70hosphor
S423+S425, Abcam 52903, 1:500), Cy5-conjuagted goat anti-HRP (Jackson ImmunoResearch,
147967, 1:250) and Cy3-conjugated goat anti-HRP (Jackson ImmunoResearch, 137589, 1:250).
Secondary antibodies used were as follows: goat 488 anti-mouse (Invitrogen, A11001, 1:250), goat
488 anti-rabbit (Invitrogen, A11008, 1:250), donkey 555 anti-mouse (Invitrogen, A31570, 1:250)

and donkey 488 anti-mouse (Invitrogen, A21202, 1:250).

2.5.3 Synaptic imaging

All confocal imaging was performed on a Zeiss LSM 510 META laser-scanning confocal
microscope and projected in Zen software (Kopke et al., 2020). The NMJ areas and fluorescent
intensities were analyzed via blinded z-stack sum projection in FIJI software (Guillen et al., 2020).
GIuRIIA levels were quantified in HRP-labeled NMJ areas with eliminated muscle intensity

background, while Coracle levels were quantified in dilated 1 um rings surrounding individual
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NMJ boutons. For SIM, samples were imaged on a Nikon N-SIM microscope in 3D SIM mode
(Kopke et al., 2020). Fluorophores were activated by 647 nm, 561 nm and 488 nm diode lasers.
With a SR Apo TIRF 100x oil objective (1.49 NA WD 0.12) and an Andor iXon Ultra DU-897
EMCCD monochrome camera, samples were reconstructed through NIS-Elements (Nikon) with
0.12 um step-size stacks. Stack reconstructions of the blinded raw data were done before image

rendering and measurement analyses.

2.5.4 Quantitative real-time PCR

The total RNA from wandering third instars was isolated according to the instructions in
the RNeasy Plus Mini Kit (Qiagen 74134). RNA (2 ng) measured by a Nanodrop 2000C was then
reverse transcribed into complementary DNA (cDNA) with random hexamers using the High
Capacity cDNA Reverse Transcription Kit (Applied Biosystems, 4368814). Resulting single-
strand cDNA was then subjected to real-time PCR employing the SYBR Green Master Mix
(Applied Biosystems, A25742) and using the CFX384 Touch Real-Time PCR system (Bio-Rad).
Targeted transcripts were normalized to reference gene cDNA (GAPDH2). The cDNA primers

used in this study are listed in Table 2.1.

2.5.5 RNA immunoprecipitation

Fifty wandering third instars of each genotype were homogenized in 500 pl RNase-free
lysis buffer [20 mM HEPES, 100 mM NacCl, 2.5 mM EDTA, 0.05% (v/v) Triton X-100, 5% (v/v)
glycerol] with 1% B-mercaptoethanol, 1x protease inhibitor cocktail (cOmplete mini EDTA-free

Tablets, Sigma-Aldrich), and 400 U Rnase inhibitor (Applied Biosystems, N8080119). To preclear
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the supernatant, the centrifuged lysates were incubated with 20 pl Protein G Dynabeads for 1 h at
4°C. In parallel, 200 pl Protein G Dynabeads were incubated in blocking buffer (1xPBS, 0.2%
TWEEN 20, 0.1% tRNA and 5% BSA) for 1 h at 4°C, followed by coating with 10 pg of the
primary antibody. Next, the precleared supernatant was incubated with antibody-bead conjugates
overnight at 4°C. To reduce non-specific RNA binding in larval lysates, tRNA (Sigma-Aldrich,
10109541001) was added in lysis buffer as specified (e.g. 1 mg tRNA per 500 ul IP reaction). To
purify bound RNAs, washed bead-protein-RNA complexes were incubated with a 500 ul TRIzole
and chloroform mixture (Ambion, 15596026) for 10 min. Subsequently, 3 pl glycogen was applied
to carry RNAs for the precipitation by mixing with 100 ul 2-propenol. The precipitated RNA was
then reverse transcribed into single-strand cDNA and subjected to primer-specific PCR (Table S2).
We used 2% agarose gels to analyze the PCR products. Primary antibodies used were mouse anti-

Venus YFP (Sigma-Aldrich, MABE1906) and mouse anti-GFP (Sigma-Aldrich, G6539).

2.5.6 Synaptic electrophysiology

Wandering third instars were dissected along the dorsal midline, internal organs were
removed, and body walls were glued down (Vetbond, 3 M). Next, all peripheral motor nerves were
cut at the base of the ventral nerve cord. TEVC recordings were performed at 18°C in physiological
saline (128 mM NaCl, 2 mM KCI, 4 mM MgCl2, 1 mM CaCl2, 70 mM sucrose and 5 mM HEPES,
pH 7.2). Synaptic currents were recorded from ventral longitudinal muscle 6 of abdominal
segments 3/4 under a Zeiss Axioskop microscope using a 40x water-immersion objective (Kopke
et al., 2020). Muscles were impaled with two microelectrodes (1 mm outer diameter borosilicate
capabilities; World Precision Instruments) of ~15 MQ resistance filled with 3 m KCI, and then

clamped at a command voltage of —60 mV employing an Axoclamp-2B amplifier (Axon
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Instruments; Kopke et al., 2020). To make the EJC recordings, the motor nerve was stimulated
using a fire-polished glass suction electrode with 0.5 ms suprathreshold voltage stimuli at 0.2 Hz
(Grass S88 stimulator). Data were filtered at 2 kHz. To quantify EJC amplitude, ten consecutive
traces were recorded and averaged, with the average peak amplitude being reported. Spontaneous
mEJC events were recorded in continuous 2 min sessions at 10 kHz, and analyzed using a 200 Hz
low-pass filter (Kopke et al., 2020). Clampex 9.0 was used for data acquisition, and Clampfit 9

was used for data analysis (Axon Instruments).

2.5.7 Statistical analyses

All statistics were performed using GraphPad Prism software (v8.0). All data sets were
subject to ROUT outlier tests with Q set to 1%. All paired data comparisons (i.e. bouton numbers,
GIuRIIA levels, FMRP levels, Coracle levels and gPCR measurements) were assayed using
unpaired two-tailed Student’s t-tests for two-way comparison with 95% confidence. All data sets
of more than two comparisons (i.e. electrophysiology results, pMad levels and active zone
numbers) were analyzed using one-way ANOVA. Dunnett’s multiple comparison tests were
performed to compare the mean of each experimental data set with the control mean. All figures

show meanzs.e.m., with P<<0.05 considered significant.
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3.1 Abstract

In the developmental remodeling of brain circuits, neurons are removed by glial
phagocytosis to optimize adult behavior. Fragile X mental retardation protein (FMRP) regulates
neuron-to-glia signaling to drive glial phagocytosis for targeted neuron pruning. We find that
FMRP acts in a mothers against decapentaplegic (Mad)-insulin receptor (InR)-protein kinase B
(Akt) pathway to regulate pretaporter (Prtp) and amyloid precursor protein-like (APPL) signals
directing this glial clearance. Neuronal RNAI of Drosophila fragile X mental retardation 1 (dfmrl)
elevates mad transcript levels and increases pMad signaling. Neuronal dfmrl and mad RNAI both
elevate phospho—protein kinase B (pAkt) and delay neuron removal but cause opposite effects on
InR expression. Genetically correcting pAkt levels in the mad RNAI background restores normal
remodeling. Consistently, neuronal dfmrl and mad RNAI both decrease Prtp levels, whereas
neuronal InR and akt RNAI increase Prtp levels, indicating FMRP works with pMad and insulin
signaling to tightly regulate Prtp signaling and thus control glial phagocytosis for correct circuit
remodeling. Neuronal dfmrl and mad and akt RNAI all decrease APPL levels, with the pathway
signaling higher glial endolysosome activity for phagocytosis. These findings reveal a FMRP-
dependent control pathway for neuron-to-glia communication in neuronal pruning, identifying

potential molecular mechanisms for devising fragile X syndrome treatments.

Keywords: glia, phagocytosis, insulin, PDF-Tri clock neurons, Drosophila
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3.2 Significance

Brain circuits are remodeled by the removal of neurons via glial engulfment and
phagocytosis. The mechanism requires neuron-to-glia signaling to identify the targeted neuron,
recruit glia, and trigger phagocytosis. This normal optimization process goes awry in neurological
disease states such as fragile X syndrome (FXS), a leading heritable cause of intellectual disability
and autism spectrum disorders. Epigenetic silencing of the Mrna-binding translational regulator
fragile X mental retardation protein (FMRP) elevates mothers against decapentaplegic (Mad)
transcript levels to increase 77hosphor-Mad (pMad) signaling and prevent brain circuit remodeling.
In neurons, this FMRP-dependent regulatory network interacts with insulin receptor (InR)
77hosphor—protein kinase B (pAkt) control of two neuron-to-glia signals driving phagocytosis.

This mechanism is critical for normal and diseased brain circuit remodeling.

3.3 Introduction

Neuron-to-glia communication has critical roles in controlling brain circuit remodeling
(Boulanger and Dura, 2022; del Puerto et al., 2013; Raiders et al., 2021). Neuronal signaling
induces glial phagocytosis from synapses to whole neurons, crucial in normal brains and in
neurodevelopmental disorder conditions (Lee and Chung, 2019; Lieberman et al., 2019; Neniskyte
and Gross, 2017; Raiders et al., 2021). Disruption of neuron-to-glia communication causes
aberrant neuronal pruning, resulting in defects ranging from defective synaptic transmission
(Marinelli et al., 2019; Stogsdill and Eroglu, 2017) to impaired circuit wiring (Fields et al., 2015)
to transient neuroinflammation (Bernaus et al., 2020; Juliani et al., 2021). A key case is fragile X
syndrome (FXS), a leading intellectual disability and autism spectrum disorder (Hagerman et al.,

2017; Richter and Zhao, 2021), typically caused by the epigenetic loss of fragile X mental
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retardation protein (FMRP) owing to expanded CGG repeats in the 5'-untranslated region of

fragile X mental retardation 1 (fmrl) (Richter and Zhao, 2021; Verkerk et al., 1991). In neurons,
FMRP binds to specific transcripts to regulate protein translation during brain circuit development
and later plasticity, including synaptic connectivity remodeling (Gatto and Broadie, 2011) and
intercellular signaling mechanisms (Donnard et al., 2022; Friedman et al., 2013). In the Drosophila
FXS disease model, FMRP loss blocks removal of the developmentally transient pigment-
dispersing factor (PDF)-Tri peptidergic neurons from the juvenile brain (Gatto and Broadie, 2011).
Cell-specific RNAI studies show that FMRP is required only in neurons, not glia, to transcellularly
activate glial phagocytosis driving PDF-Tri neuron clearance (Vita et al., 2021). Thus, FMRP-
dependent neuron-to-glia communication drives targeted neuron pruning, but the molecular
mechanisms remain largely unknown.

FMRP regulates bone morphogenic protein (BMP) and insulin-like peptide (ILP) signaling
(Song and Broadie, 2022). Activated Drosophila BMP receptors phosphorylate mothers against
decapentaplegic (pMad) to control gene transcription, including the insulin receptor (InR)
(Deignan et al., 2016; Gallagher and LeRoith, 2013). InRs phosphorylate protein kinase B (pAkt)
(Ascano et al., 2012; Wong et al., 2013) to suppress dendrite pruning (Wong et al., 2013).
Importantly, mouse FMRP binds smad messenger ribonucleic acid (mRNA) (Drosophila mad
homologue) (Song et al., 2022), and Drosophila FMRP regulates pMad signaling levels in neurons
(Song et al., 2022). Moreover, FMRP loss elevates InR-dependent signaling (Bu and Zhang, 2017).
In neuron-to-glia communication, pretaporter (Prtp) and amyloid precursor protein like (APPL)
from neurons both activate glial phagocytosis (Kessissoglou et al., 2020; Kuraishi et al., 2009).
Drosophila Prtp traffics to the neuron surface to bind the glial phagocytotic receptor draper (Drpr)

(Kuraishi et al., 2009; Nakano et al., 2019). Loss of neuronal FMRP decreases glial Drpr
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expression (Vita et al., 2021), consistent with FMRP-dependent Prtp signaling. Drosophila APPL
has a cleavable N terminus, and APPL release from neurons activates glial phagocytosis
(Kessissoglou et al., 2020). Glia take up secreted APPL to maintain Drpr expression and up-
regulate Rab GTPases, activating the glial endolysosomal network for the neuron clearance
mechanism (Kessissoglou et al., 2020). Taken together, these studies suggest that neuronal FMRP
interacts with neuronal InR, pMad, and pAkt signaling cascades to tightly regulate Prtp and APPL
neuron-to-glia communication controlling the glial phagocytosis of target neurons during circuit
remodeling in the juvenile brain.

Here, we use Drosophila brain PDF-Tri neuron removal via glial phagocytosis to study the
neuron-to-glia communication remodeling mechanism, assaying both the early pruning steps at 1
day post-eclosion (dpe) and end-stage clearance (5 dpe) (Vita et al., 2021). We discover that
neuronal FMRP binds mad mRNA to restrict pMad signaling in neurons. Surprisingly, however,
we find that both neuronal Drosophila fragile X mental retardation 1 (dfmrl) and mad RNAI
similarly block PDF-Tri neuron removal, indicating a more complex regulatory mechanism.
Consistently, we find pMad is a positive transcription factor for InRs driving downstream pAkt
signaling but that pMad also indirectly inhibits pAkt, inducing the phenocopy between neuronal
dfmrl and mad RNAi conditions. We find both neuronal dfmrl and mad RNAI similarly decrease
Prtp neuron-to-glia signaling, resulting in reduced glial phagocytic activity and a block of PDF-
Tri neuron clearance, whereas loss of neuronal InR and pAkt has that opposite phenotype of
elevating Prtp to accelerate neuronal removal. We also discover that the FMRP-pMad-InR-pAkt
pathway positively regulates neuronal APPL signaling to induce glial Rab7-driven endolysomal
activation for PDF-Tri neuron clearance. Taken together, we conclude that neuronal FMRP-pMad

and InR-pAkt cascades coordinate an integrated regulatory decision network governing neuron-
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to-glia communication via neuronal Prtp and APPL signaling ligands that drive glial phagocytosis

for targeted neuron pruning from brain circuits.

3.4 Results

3.4.1 Neuronal FMRP regulates pMad signaling to mediate PDF-Tri neuron clearance.
Previous genetic studies have shown that PDF-Tri neuron removal over the first 5 d in the
early juvenile brain requires phagocytosis clearance by two cooperating glial subclasses (Friedman
et al., 2013; Song and Broadie, 2022). To begin to dissect this mechanism further, we imaged
interactions between glia and neurons early and late in this clearance process at 1 day posteclosion
(dpe) and 5 dpe. To image neuron—glia interactions, we first used projected confocal microscopy
to visualize glial localization relative to PDF-Tri neurons at 1 dpe during the early stages of the
phagocytic removal (Figure 3.1A). In 2D projections, the glia-specific reversed polarity (Repo)
nuclear marker shows glial cells closely surrounding the PDF-Tri neurons, with multiple glia in
direct contact along the entire length of the neuronal processes (Figure 3.1 B, Top). In magnified
three-dimensional (3D) reconstructed views, multiple glia (arrows) contact the PDF-Tri neuron,
converging on the remodeling neurons from multiple directions (Figure 3.1 B Bottom, and Movie
S1 that published in https://doi.org/10.1073/pnas.2216887120). To label the glial membrane, we
expressed UAS-mCD8::GFP with repo-Gal4 to show the PDF-Tri neuronal cell body covered by
glial projections (Movie S2 that published in https://doi.org/10.1073/pnas.2216887120), further
demonstrating close interaction between glia and PDF-Tri neurons. Previous studies have shown
neuronal FMRP signals glial phagocytosis for PDF-Tri neuron removal (Vita et al., 2021). To test
this mechanism over the time course of clearance, we assayed the PDF-Tri neuron area at 1 dpe

(early in the removal process) and 5 dpe (at the end of the removal process) in neuronal driver
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controls (elav-Gal4/+) and with dfmrl RNAI (Figure 3.1C). At 1 dpe, controls (elav/+) already
show dramatically reduced PDF-Tri neuron area compared to dfmrl RNAI (elav>dfmrl RNAI)
animals (Figure 3.1D). Two-way ANOVA indicates that neuronal FMRP loss causes retention of
significantly more PDF-Tri neuron area at 1 dpe. By the end of the removal process (5 dpe),
controls show near-complete PDF-Tri neuron loss, whereas dfmrl RNAI results in neuron
maintenance (Figure 3.1C). The control PDF-Tri neuron area is enormously reduced compared to
neuron retention with dfmrl RNA.I, a highly significant difference by two-way ANOVA (Figure
3.1D). To specifically test FMRP in PDF-Tri neurons, we assayed PDF driver controls (PDF-
Gal4/+) alone and with targeted dfmrl RNAIi (Figure 3.2A). FMRP loss in PDF neurons
significantly lowers PDF-Tri neuron clearance at 1 dpe (Figure 3.2B). Taken together, these
findings indicate that neuronal FMRP plays critical roles in driving normal PDF-Tri neuron

clearance in the early juvenile brain.
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Figure 3.1 Glial phagocytic removal of PDF-Tri neurons requires FMRP regulation of pMad.

A, PDF-Tri neuron (anti-PDF, green) and glial cells (anti-Repo, magenta) in the central brain at
the beginning of the glial phagocytic removal (0 dpe). Scale bar: 20um; B, Progressively higher
magnified views of PDF-Tri neuron and glia interaction. Scale bar: magnified 2D (right top), Spm;
magnified 3D (right bottom), Sum on X, Y and Z axes. C, Double labeling of the neuronal driver
control (elav/+, left) and with dfmrl RNAI (right) at day 1 (top) and day 5 (bottom) post-eclosion.
Scale bar, 20um. D, Two-way ANOVA analysis of PDF-Tri neuron area quantification at both
time points (data shown as mean + sem. 1 dpe: control 1761.0 £ 149.80 vs. dfmrl RNAIi 2615.0 +
148.30, p=0.0047; 5 dpe: control 455.9 + 104.10 vs. dfmrl RNAI 1767.0 = 219.90, p<0.0001).
There is no significant difference in glia density between elav/+ and elav>dfmrl RNAI (p=0.121).
E, Representative anti-pMad Western blot of neuronal elav/+ control and with dfmrl RNAI.
GAPDH is the loading control. F, Normalized pMad levels from the Western blots (control 1.00 +
0.034 vs. dfmrl RNAI 2.14 £ 0.121; student’s t-test, p<0.0001). G, RNA immunoprecipitation and
normalized quantification of FMRP-bound transcripts. GFP-trap beads pull down neuronal
YFP::FMRP together with negative control GFP (GFP-stau 1.00 + 0.009 vs. FMRP-stau 1.979 +
0.163, student’s t-test, p=0.0001; GFP-mad 1.00 + 0.019 vs. FMRP-mad 1.653 * 0.137, student’s
t-test, p=0.0008). H, Normalized mad mRNA levels in elav/+ control and with dfmrl RNAI
(control 1.00 + 0.045 vs. dfmrl RNAI 1.182 £ 0.037, student’s t-test, p=0.009). Dot plots show all
data points. Statistical significance indicated as **p<0.01, ***p<0.001 and ****p<0.0001.
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Figure 3.2 FMRP and Mad regulate pAkt signaling driving PDF-Tri neuron clearance by
glia

A, PDF neurons (anti-PDF, green) in the PDF driver control (PDF-Gal4/+, left) and with dfmrl
(middle) and mad RNA. (right) at 1 dpe. Scale bar: 20 um. B, Quantification of PDF-Tri neuron
area with one-way ANOVA (PDF-Gal4/+ 1156.0 + 122.30 vs. dfmrl RNAI 1816.0 + 78.26,
p=0.0015; PDF/+ vs. mad RNAIi 1902.0 + 126.90, p=0.0005). C, PDF-Tri neuron (anti-PDF, green)
and pAkt (anti-pAkt, magenta) double labeling in driver control (elav-Gal4/+, left) and with dfmrl
(middle) and mad RNA. (right) at 1 dpe. pAkt puncta within PDF-Tri neurons highlighted with
white arrows. Scale bar: 2.5 pm on X, Y and Z axes. D, Quantification of the pAkt puncta density
in PDF-Tri neurons in driver control (elav/+) and with dfmrl RNAI (elav/+ 0.0125 + 0.00651 vs.
dfmrl RNAi 0.0596 + 0.0143, p=0.005, student’s t-test). E, Quantification of the pAkt puncta
density in PDF-Tri neurons in driver control (elav/+) and with mad RNAI (elav/+ 0.0129 + 0.00585
vs. mad RNAi 0.09284 + 0.02775, p=0.0106; student’s t-test).
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We recently discovered that dfmrl null neurons accumulate high levels of phosphorylated
mothers against decapentaplegic (pMad), indicating FMRP limits neuronal pMad signaling (Song
etal., 2022). To study this mechanism of FMRP-pMad regulation in the context of PDF-Tri neuron
removal from the developing brain, we first tested pMad levels with neuronal dfmrl RNAI in
staged brain western blot analyses (Figure 3.1E). Comparisons with the neuronal driver controls
(elav/+) show that dfmrl RNAI results in a consistently elevated pMad level. Quantified analyses
indicate that neuronal dfmrl RNAI causes a significantly higher pMad signaling level, greater than
twofold increase over the matched control (Figure 3.1F). Since mouse RNA immunoprecipitation
(RIP) sequencing has shown that FMRP binds smad mRNA (Drosophila mad homologue)
(Ascano et al., 2012), we next assayed for an RNA-binding interaction. To analyze FMRP-bound
transcript levels, we used GFP-trap beads to pull down a FMRP::YFP fusion compared with a
GFP-negative control from brain neurons (Song et al., 2022). As FMRP has been shown to bind
staufen (stau) mMRNA (Song et al., 2022), we use stau as the immunoprecipitation positive control
(Figure 3.1G). With quantitative real-time PCR (qPCR) measurements, we found a >1.5-fold
immunoprecipitation enrichment for mad mRNA occurs with FMRP::YFP pull-down as
normalized compared to the GFP-negative control (Figure 3.1G). This is comparable to the
approximately twofold immunoprecipitation for the stau positive control. These results show
FMRP binds mad mRNA in brain neurons, so we next tested possible FMRP-dependent effects on
mad transcription levels (Figure 3.1H). Compared with the driver control (elav/+), reducing
neuronal FMRP (elav>dfmrl RNAI) causes a significant increase in mad mRNA levels (Figure
3.1H). This suggests that neuronal FMRP destabilizes bound mad transcripts to reduce the amount
of protein produced. Taken together, these findings indicate that FMRP binds mad mRNA and

reduces mad transcript levels, thereby presumably restricting pMad intracellular signaling.
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During intracellular signaling, the phosphorylation of Mad (pMad) generates an active
transcription factor that translocates into the nucleus to directly regulate gene expression (Deignan
et al., 2016). We therefore next wanted to determine whether knockdown of neuronal mad mRNA
impairs pMad signaling and whether neuronal pMad signaling regulates targeted PDF-Tri neuron
removal. To test the first question, we compared driver controls (elav/+) to neuronal mad RNAI
(elav>mad RNAI) to find a significant reduction in pMad protein levels. To test whether neuronal
pMad regulates PDF-Tri neuron clearance, we therefore reduced pMad in neurons by neuronal
mad RNAI (Figure 3.3A). Surprisingly, this knockdown results in impaired PDF-Tri neuron
clearance similar to the dfmrl RNAI condition (compare to Figure 3.1 C and D). Starting early in
the glial clearance process (1 dpe), and particularly at the end of the removal mechanism when
PDF-Tri neurons are normally absent (5 dpe), neuronal mad RNAI results in a striking retention
of most of the neuronal architecture (Figure 3.3A). Statistical analyses indicate that neuronal mad
RNAI causes significantly reduced PDF-Tri neuron removal compared to driver controls (elav/+)
at 1 dpe and an even stronger significant maintenance at 5 dpe (Figure 3.3B). To specifically test
FMRP in PDF-Tri neurons, we assayed PDF driver controls (PDF-Gal4/+) alone and with mad
RNAI (PDF>mad RNAI; Figure 3.2A). Loss of pMad signaling in PDF neurons very significantly
lowers PDF-Tri neuron clearance at 1 dpe (Figure 3.2B). Since this conclusion is opposite to
expectations, a second FMRP-pMad interactive pathway was suspected to result in the dfmrl
RNAI phenocopy. As both FMRP and pMad interact with insulin receptor (InR) signaling
(Deignan et al., 2016; Gross and Bassell, 2012; Song and Broadie, 2022), we therefore next
focused on testing INR dysregulation in neuronal dfmrl and mad RNAI conditions. With gPCR

assays, InR expression is oppositely modulated by neuronal dfmrl and mad RNAI (Figure 3.3C

86



and D), which fits the inhibitory regulation from FMRP to pMad. However, this fails to explain

the phenocopy result. We therefore next explored interactions downstream of InR signaling.
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Figure 3.3 PDF-Tri neuron clearance through FMRP-pMad signaling upregulates pAkt

level.

A, PDF-Tri neuron (green) and glia (magenta) labeling in the neuronal driver control only (elav/+,
left) and with neuronally-driven mad RNAI (right) at day 1 (top) and day 5 (bottom) post-eclosion.
PDF-Tri neuron alone is shown to the right for each image. Scale bar, 20um. B, PDF-Tri neuron
area quantification for both genotypes at both time points (1 dpe: control 1894.0 + 125.10 vs. mad
RNAI 2771.0 £ 118.60, two-way ANOVA, p=0.0020; 5 dpe: control 265.20 + 86.97 vs. mad RNAI
1852.0 + 230.80, two-way ANOVA, p<0.0001). There is no significant difference in glia density
(anti-Repo) between elav/+ and elav>mad RNAI (p=0.642). C-D, Normalized InR mRNA levels
with the neuronal elav/+ driver control compared to dfmrl RNAI (C, elav/+ 1.00 £ 0.036 vs. dfmrl
RNAI 1.283 + 0.0441, student’s t-test, p=0.0006) and mad RNA. (D, elav/+ 1.00 £ 0.018 vs. mad
RNAIi 0.851 £ 0.020, student’s t-test, p=0.0001). E, Representative anti-pAkt Western blots with
the neuronal elav/+ driver control compared to both neuronal dfmrl RNAI (top) and neuronal mad
RNAI (bottom) conditions. GAPDH is the loading control. F-G, Western blot quantification for
both conditions compared to elav/+ driver control (F, elav/+ 1.00 £ 0.007 vs. dfmrl RNAI 2.06
0.203, student’s t-test, p=0.0004; G, elav/+ 1.00 = 0.041 vs. mad RNAi 2.14 + 0.178, student’s t-
test, p<0.0001). Dot plots show all data points. Statistical significance indicated as **p<0.01,
***p<0.001 and ****p<0.0001.
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Activated InR phosphorylates protein kinase B (pAkt) (Armstrong and Drummond-
Barbosa, 2018; Gil-Ranedo et al., 2019), and FMRP loss elevates pAkt in neurons (Gross and
Bassell, 2012). To test whether pAkt is the dysregulated player in the FMRP-pMad signaling, we
first used western blots to measure pAkt levels in driver controls (elav/+) compared with dfmrl
and mad RNAI (Figure 3.3E). Quantification shows pAkt up-regulated by both neuronal dfmrl
and mad RNAI, with a significantly approximately twofold enrichment in both cases (Figure 3.3F
and G). To test pAkt in PDF-Tri neurons, we colabeled with anti-PDF and anti-pAkt. Both dfmrl
and mad RNAI increase pAkt in PDF-Tri neurons at 1 dpe (Figure 3.2 C-E). These findings
suggest pAkt upregulation generates the neuronal dfmrl and mad RNAI phenocopy blocking PDF-
Tri neuron removal. Consistently, neuronal pAkt RNAI dramatically increases the rate of PDF-Tri
neuron clearance (Figure 3.4A). Due to the complete neuron loss at 5 dpe in controls, we only
measured the PDF-Tri neuron area at 1 dpe to show significantly accelerated neuronal removal
early in the process (Figure 3.4B). As decreasing neuronal pMad results in aberrant pAkt elevation,
we hypothesized that correcting neuronal pAkt levels in the reduced pMad background should
restore normal clearance. With mad and akt double RNAI, PDF-Tri neuron clearance is restored
to control levels (Figure 3.4 C and D), supporting this hypothesis. To test possible Gal4 dilution
with double UAS constructs, we also expressed akt RNAI with control gfp RNAI. This double
RNA. still significantly promotes neuron loss (Figure 3.5 A and B). We also overexpressed akt
(elav>akt OE) to find slower PDF-Tri neuron loss at 1 dpe (Figure 3.5 C and D). PDF-Tri neuron
clearance defects from InR knockdown (Figure 3.4 E and F) and constitutive activation (InR CA,;
Figure 3.5 C and D) are also consistent with InR acting as a positive regulator to pAkt (31).
Importantly, InR and akt RNAI cause no significant effect on PDF-Tri neurons in pre-eclosion

pharate adults (Figure 3.6 A-D), supporting a specific role for InR-pAkt signaling in PDF-Tri
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neuron clearance. We finally tested InR-pAkt signaling within PDF-Tri neurons. Consistent with
pan-neuronal RNAI, both PDF-Gal4-driven InR and akt RNAIi promote PDF-Tri neuron clearance,
while targeted akt and mad double RNAI correct the akt phenotype (Figure 3.7 A and B). These
results show FMRP-pMad cross talk to InR-pAkt signaling regulates PDF-Tri neuron removal.
However, this intracellular neuronal network must act to control intercellular signaling to drive

glial phagocytosis, so we next turned to testing the neuron-to-glia communication mechanism,
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Figure 3.4 Neuronal knockdown of both InR and Akt accelerates PDF-Tri neuron clearance.

A, PDF-Tri neuron (anti-PDF, green) and glia (anti-Repo, magenta) double labeling in the
neuronal driver control (elav/+, left) and akt RNAI (right) at day 1 post-eclosion during the early
stages of the glial phagocytic removal process. Scale bar: 20um. B, Quantification of PDF-Tri
neuron area in the two conditions (elav/+ 1578.0 £ 132.0 vs. akt RNAI 927.10 + 117.70, students’
t-test, p=0.0017). There is no significant difference in glia density between elav/+ and elav>akt
RNAI at 1 dpe (p=0.778). C, The same co-labeling with neuronal mad and akt RNAI driven in
double knockdown combination at day 1. Scale bar: 20um. D, Quantification of PDF-Tri neuron
area in the two conditions (elav/+ 1424.0 £ 48.69 vs. mad; akt double RNAI 1308.0 £ 100.10,
students’ t-test, p=0.357). E, PDF-Tri neuron and glia double labeling in the neuronal driver
control (elav/+, left) and with InR RNAI (right) at day 1. F, Quantification of PDF-Tri neuron area
in the two conditions (elav/+ 1886.0 + 196.10 vs. InR RNAI 1273.0 + 94.27, students’ t-test,
p=0.008). There is no significant difference in glia density between elav/+ and elav>InR RNAI at
1 dpe (p=0.464). Dot plots show all data points. Statistical significance indicated as **p<0.01 and

not significant (ns; p>0.05). Scale bar in all images: 20 um.
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Figure 3.5 Neuronal insulin receptor and pAkt signaling inhibit PDF-Tri neuron clearance.

A, PDF-Tri neuron (anti-PDF, green) in neuronal driver control (elav-Gal4/+) and with combined
akt + gfp RNAI at 1 dpe. Scale bar: 20 um. B, Quantification of the PDF-Tri neuron area with
student’s t-test (elav-Gal4/+ control 1198.0 + 80.25 vs. akt + gfp RNAIi 909.50 + 49.63, p=0.0112).
C, PDF-Tri neuron in driver control (elav-Gal4/+, left) and with akt overexpression (OE, middle)
and InR constitutive activation (CA, right) at 1 dpe. Scale bar: 20 um. D. Quantification of the
PDF-Tri neuron area with one-way ANOVA (elav-Gal4/+ 1078.0 £ 57.09 vs. akt OE 1614.0 +
124.2, p=0.0015; elav-Gal4/+ vs. InR CA 1578.0 + 116.0, p=0.003).
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Figure 3.6 Neuronal pAkt and InR RNAI have no effect on pupal PDF-Tri neuron formation.

A, Pupal PDF-Tri neuron labeling (anti-PDF, green) in neuronal driver control (elav-Gal4/+) and
with akt RNAI in pre-eclosion pharate adults. Scale bar: 20 um. B, Quantification of the PDF-Tri
neuron area with student’s t-test (elav/+ 1123.0 £ 69.23 vs. akt RNAIi 1037.0 + 159.80, p=0.61).
C, Pupal PDF-Tri neuron labeling in in driver control (elav/+) and with InR RNAI in pre-eclosion
pharate adults. Scale bar: 20 um. D, Quantification of PDF-Tri neuron area with student’s t-test
(elav/+ 933.0 + 52.66 vs. InR RNAI 789.60 + 50.58, p= 0.088).
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Figure 3.7 InR and pAkt signaling in PDF-Tri neurons mediates PDF-Tri neuron removal.

A, PDF-Tri neurons (anti-PDF, green) in the PDF neuronal driver control (PDF-Gal4/+) and with
InR RNAI, akt RNAI, and double mad + akt RNAi at 1 dpe. Scale bar: 20 um. B, Quantification
of the PDF-tri neuron area with one-way ANOVA (PDF/+ control 1286.0 + 132.40 vs. akt RNAI
803.10 £ 83.78, p=0.0361; PDF/+ vs. akt + mad RNAI 1365.0 £ 101.20, p=0.88; PDF/+ vs. InR

RNAI 803.1 + 55.15, p=0.007).
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3.4.2 Neuronal FMRP-pMad-InR network regulates Pretaporter signaling for glial
phagocytosis.

Neuronal pretaporter (Prtp) binds the glial draper engulfment receptor to drive the glial
phagocytosis of neurons (Kuraishi et al., 2009). Neurons traffic Prtp from the endoplasmic
reticulum (ER) to the plasma membrane cell surface to activate targeted glial phagocytosis
(Kuraishi et al., 2009). We therefore next tested neuronal Prtp knockdown (elav>prtp RNAI)
compared to the driver control (elav/+) to test whether PDF-Tri neuron removal involves Prtp
signaling (Figure 3.8A). In assaying the full time course of the glial phagocytosis mechanism, we
find strongly reduced PDF-Tri neuron clearance at both 1 dpe (early) and 5 dpe (late) with neuronal
Prtp knockdown (Figure 3.8A). As usual, the aberrant retention is more obvious at 5 dpe, although
the PDF-Tri neuron maintenance here is reduced relative to both the dfmrl and mad RNAI
conditions (compare to Figs. 1 and 2), suggesting the combinatorial action of parallel neuron-to-
glia signals (see below). Two-way ANOVAs show the PDF-Tri neuron area with neuronal prtp
RNA. is significantly greater early in the glial removal process (1 dpe) and also at the end of
clearance (5 dpe) when neurons are normally eliminated in the elav/+ driver controls (Figure 3.8B).
These results suggest neuronal Prtp is involved in PDF-Tri neuron clearance by inducing glial
phagocytosis. We therefore next tested whether the above neuronal FMRP-pMad and InR-pAkt
network modulates Prtp signaling. With qPCR assays, both neuronal dfmrl and mad RNAI reduce
prtp levels (Figure 3.8 C and D), consistent with the inhibition of PDF-Tri neuron clearance.
Moreover, both neuronal InR and akt RNAI elevate prtp levels (Figure 3.8 E and F), consistent
with accelerated PDF-Tri neuron clearance. These combined interactions provide a mechanism to
explain the bidirectional change in PDF-Tri neuron removal in these two pathway conditions

downstream of the linked neuronal regulation. Taken together, these findings show the neuronal
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FMRP-pMad and InR-pAkt network controls Prtp signaling to regulate the glial phagocytic

clearance of PDF-Tri neurons. However, another neuron-to-glia intercellular signaling mechanism

seemed to be acting in parallel.
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Figure 3.8 Neuron-to-glia Pretaporter signaling acts downstream of FMRP, pMad and InR.

A, PDF-Tri neuron (green) and glia (magenta) co-labeling with the neuronal driver control (elav/+,
left) and neuronal pretaporter RNAI (prtp, right) at both day 1 (top) and day 5 (bottom). Scale bar:
20um. B, Quantification of the PDF-Tri neuron area for both of the genotypes at both early and
late time points (1 dpe: elav/+ 1151.0 + 77.48 vs. prtp RNAI 1620.0 + 93.28, two-way ANOVA,
p=0.0148; 5 dpe: elav/+ 29.51 + 14.21 vs. prpt RNAI 574.0 = 164.10, two-way ANOVA,
p=0.0432). There is no significant difference in glia density between elav/+ and elav>prtp RNAI
(p=0.571).  C, Normalized quantification of prtp mRNA levels in the neuronal driver control
(elav/+, left) and with neuronal dfmrl RNAI (right) (elav/+ 1.00 + 0.016 vs. dfmrl RNAIi 0.717
0.027, students’ t-test, p=0.0001). D, Normalized quantification of prtp mRNA levels in the
neuronal driver control (elav/+, left) and with neuronally-targeted mad RNAI (right) (elav/+ 1.00
+ 0.018 vs. mad RNAI 0.702 = 0.089, students’ t-test, p=0.0051). E, Normalized quantification of
prtp mRNA levels in the neuronal driver control (elav/+, left) and with neuronal InR RNA (right)
(elav/+ 1.00 + 0.021 vs. InR RNAI 1.329 + 0.022, students’ t-test, p<0.0001). F, Normalized
quantification of prtp mRNA levels in the neuronal driver control (elav/+, left) and with neuronal
akt RNAI (right) (elav/+ 1.00 £ 0.07045 vs. InR RNAIi 1.507 + 0.127, students’ t-test, p=0.0130).
Dot plots show all data points. Statistical significance indicated as *p<0.05, **p<0.01, ***p<0.001
and ****p<0.0001.

98



3.4.3 Neuronal FMRP-pMad and InR-pAkt network regulates amyloid precursor protein
signaling.

In the mouse FXS model, FMRP restricts neuronal amyloid precursor protein (APP) levels
(Westmark and Malter, 2007; Westmark et al., 2016). In Drosophila, the amyloid precursor
protein-like (APPL) homologue cleaved N terminus released from brain neurons is engulfed by
glia to activate their phagocytic function during brain neuron removal (Kessissoglou et al., 2020).
To test whether neuronal APPL is required for PDF-Tri neuron clearance, we next compared driver
controls (elav/+) with neuronal APPL knockdown (elav>appl RNAI) at 1 dpe (early) and 5 dpe
(late) in the glial phagocytosis clearance process (Figure 3.9A). Brain imaging shows more PDF-
Tri neuron retention with neuronal appl RNAi compared to driver controls at 1 dpe and 5 dpe, with
the difference more obvious late in glial removal (Figure 3.9A). Quantification shows the removal
of PDF-Tri neurons is significantly reduced with neuronal appl RNA. at both the 1 dpe and 5 dpe
time points (Figure 3.9B). These results are consistent with recently reported APPL requirements
in glia-mediated neuronal removal (Kessissoglou et al., 2020). We next tested if FMRP and APPL
interact to regulate PDF-Tri neuron removal. Single dfmr1/+ and appl 9/+ heterozygotes have no
significant impact on PDF-Tri neuron clearance compared to the genetic background control w18,
whereas the dfmrl/+; appl %/+ trans-heterozygote significantly increases PDF-Tri neuron retention
(Figure 3.10 A and B). To investigate how neuronal FMRP-pMad and InR-pAkt signaling might
regulate this APPL function, we next combined gPCR and western blots to measure APPL
expression in targeted RNAI studies for neuronal dfmrl, mad, and InR RNAi (Figure 3.9 C-E).
Quantified analyses show a similar significant reduction in appl transcript levels with both dfmrl
and mad RNAIi compared to the elav/+ driver controls (Figure 3.9 C and D), consistent with the

PDF-Tri neuron persistence in both these conditions. Likewise, neuronal InR knockdown results
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in an even more significant ~50% reduction in appl mRNA levels (Figure 3.9E). Moreover,
neuronal dfmrl, mad, InR, and akt RNAI also decrease APPL protein levels (Figure 3.9F). The
dfmrl and mad results are again consistent with the delayed neuronal removal, but the decreased
APPL with InR and akt RNAI opposes the phenotype of accelerated PDF-Tri neuron removal.
Taken together, neuronal FMRP-pMad and InR-pAkt cascades similarly regulate neuronal APPL
levels. However, we still wished to test the role of neuronal signaling in glial activation for PDF-

Tri neuron removal.
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Figure 3. 9 Neuronal APPL acts in the same pathway to facilitate PDF-Tri neuron clearance

A, PDF-Tri neuron (anti-PDF, green) and glial cell (anti-Repo, magenta) double labeling in the
neuronal driver control (elav/+, left) and appl RNA. (right) at both day 1 (top) and day 5 (bottom).
The PDF-Tri neuron alone (green) is shown to the right. Scale bar: 20pum. B, Quantification of
PDF-Tri neuron area for both genotypes at both early and late time points (1 dpe: elav/+ 1620.0 +
158.70 vs. appl RNAI 2469.0 £ 165.40, two-way ANOVA, p=0.0072; 5 dpe: elav/+ 175.0 £ 51.34
vs. appl RNAI 954.0 + 272.50, two-way ANOVA, p=0.0195). There is no significant difference
in glia density between elav/+ and elav>appl RNAI (p=0.746). C-E, Normalized quantification of
appl mRNA levels in neuronal driver controls (elav/+, left) compared with neuronal dfmrl RNAI
(C, elav/+ 1.00 + 0.012 vs. dfmrl RNAi 0.79 + 0.013, students’ t-test, p<0.0001), mad RNAI (D,
elav/+ 1.00 £ 0.032 vs. mad RNAi 0.70 + 0.042, students’ t-test, p=0.0009) and InR RNAi (E,
elav/+ 1.00 £ 0.011 vs. InR RNAi 0.58 + 0.030, students’ t-test, p<0.0001). F, Representative anti-
APPL Western blots with the neuronal elav/+ controls (left in each pairing) and neuronal dfmrl
RNAI (left), mad RNAI (second from left), InR RNAI (second from right) and akt RNAI (right).
G-J, Western blot quantification normalized to neuronal elav/+ controls (left in each pairing) for
dfmrl RNAI (G, elav/+ 1.00 + 0.039 vs. dfmrl RNAi 0.78 + 0.037, students’ t-test, p=0.0018),
mad RNAI (H, elav/+ 1.00 + 0.024 vs. mad RNAI 0.69 + 0.045, students’ t-test, p=0.0001), InR
RNA. (I, elav/+ 1.00 £ 0.031 vs. INR RNAi 0.68 + 0.073, students’ t-test, p=0.0011) and akt RNAI
(J, elav/+ 1.00 = 0.040 vs. akt RNAi 0.77 + 0.045, students’ t-test, p=0.0037). Dot plots show all
data points. Statistical significance indicated as *p<0.05, **p<0.01, ***p<0.001 and
****n<0.0001.
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Figure 3.10 FMRP and APPL trans-heterozygous removal blocks PDF-Tri neuron clearance.

A, PDF-Tri neurons (anti-PDF, green) in genetic background control (w''8), dfmr1 heterozygote
(dfmrl/+), appl heterozygote (appl9/+), and the double trans-heterozygote dfmrl/+; appl®/+
(dfmr1/ appl®) at 1 dpe. Scale bar: 20 pm. B, Quantification of PDF-Tri neuron area with one-way
ANOVA (w8 12250 + 101.70 vs. dfmrl/+ 1452.0 + 104.80, p=0.31; w''!8 vs. appl%/+ 1206.0 +
166.80, p=0.99; w8 vs. dfmr1/appl® 1743.0 + 68.97, p=0.009).
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3.4.4 Neuronal FMRP-pMad and InR-pAkt network up-regulates glial endolysosomal
activity.

Neuronal InR signaling inhibits glial engulfment (Folch et al., 2018; Kurant et al., 2008),
with reduced endolysosomal activation in glia (Damisah et al., 2020). The APPL N terminus
released from brain neurons up-regulates the glial Rab GTPases endolysosomal network for glial
phagocytosis (Kessissoglou et al., 2020). Thus, the InR-pAkt-APPL regulation of glial activation
has been established. To test whether neuronal FMRP-dependent pMad and Prtp signaling plays
roles in transcellularly regulating glial endolysosomal activation, two binary transgenic systems
were used in parallel: 1) neuron-targeted RNAI lines driven with Gal4/UAS, and 2) glia-targeted
mCDB8::GFP plasma membrane labeling with LexA/LexAOP (Figure 3.11A). All assays were done
on glia immediately adjacent to the PDF-Tri neuron cell bodies at 1 dpe to investigate early-stage
activation in the pruning glial population. As endolysosomal sorting starts with the Rab5 GTPase
in early endosomes (Kessissoglou et al., 2020; Skjeldal et al., 2021), we first tested anti-Rab5
labeling in glia. None of the neuronal RNAI manipulations cause any change in the glial Rab5
signal, indicating early endosomal activity is not affected. Late endolysosomal sorting employs
the Rab7 GTPase on late endosomes and lysosomes (Kessissoglou et al., 2020), so we next tested
anti-Rab7 labeling in glia. Neuronal dfmrl, mad, and prtp RNAI all dramatically depress glial
Rab7 (Figure 3.11A). The driver controls (elav/+) consistently have larger, more numerous Rab7
puncta in glia adjacent to the PDF-Tri neurons, whereas all three neuronal knockdowns (dfmrl,
mad, and prtp RNAI) have obviously smaller Rab7 puncta that are relatively difficult to detect
(Figure 3.11A). Quantification of glial Rab7 volume shows the most significant reduction with
neuronal dfmrl RNAI normalized to the elav/+ control (Figure 3.11B). Consistent with the above

regulatory pathway, both neuronal mad and prtp RNAI also exhibit significantly reduced glial
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Rab7 volume during PDF-Tri neuron removal (Figure 3.11 C and D). Together with established
neuronal InR and APPL signaling of glial activation (Damisah et al., 2020; Folch et al., 2018;
Gross and Bassell, 2012; Kurant et al., 2008), these findings show neuronal FMRP-pMad-Prtp

signaling triggers glial endolysosomal phagocytosis activation for neuron clearance in the juvenile

brain.
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Figure 3.11 Neuronal FMRP-pMad-Prtp signaling activates the glial endolysosomal pathway.

A, Glial cells immediately adjacent to the PDF-Tri neurons in the central brain marked with
membrane mCD8::GFP (green) and co-labeled with endolysosomal anti-Rab7 (magenta) at day 1
during the glial phagocytic removal process. The neuronal driver control alone (elav/+, left) is
compared to driven dfmrl RNAI (second from left), mad RNAI (second from right), and prtp RNAI
(right). The endolysosomal Rab7 is shown alone in the bottom row for all four genotypes. Scale
bar: 20um. B-D, Glial Rab7 volume normalized to the neuronal driver control (elav/+, left in each
pairing) compared to neuronal dfimrl RNAI (B, elav/+ 1.00 + 0.186 vs. dfmrl RNAIi 0.318 £ 0.129,
students’ t-test, p= 0.0078), neuronal mad RNA. (C, elav/+ 1.00 £ 0.178 vs. mad RNAIi 0.537 +
0.119, students’ t-test, p=0.041), and neuronal prtp RNAI (D, elav/+ 1.00 £ 0.123 vs. prtp RNAI
0.479 + 0.147, students’ t-test, p=0.014). Dot plots show all data points. Statistical significance
indicated as *p<0.05 and **p<0.01.
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3.5 Discussion

We have discovered an integrated mechanism of neuronal FMRP-dependent network
signaling that regulates neuron-to-glia communication to drive the glial phagocytic removal of
targeted neurons from an otherwise maintained brain circuit. Specifically, within the neurons,
RNA-binding FMRP restricts the translation of bound mad transcripts to limit phosphorylated Mad
(pMad) signaling, which, in turn, inhibits phosphorylated Akt (pAkt) to promote glial phagocytosis
for neuron removal. In parallel, the neuronal insulin receptor (InR) regulates pAkt signaling in a
second intersecting cascade controlling the neuronal clearance mechanism. This bone
morphogenic protein (BMP) and insulin-like peptide (ILP) neural decision-making network (Song
and Broadie, 2022) controls neuron-to-glia communication regulating glial phagocytosis function
for targeted neuron removal. Neuronal pretaporter (Prtp) is a ligand for the draper (Drpr)
engulfment receptor on glia (Kuraishi et al., 2009). The FMRP-pMad pathway promotes neuron-
to-glia Prtp signaling to induce glial phagocytosis for neuron clearance, whereas the InR-pAkt
pathway suppresses Prtp signaling to repress glia-mediated neuron removal. Neuronal amyloid
precursor protein like (APPL) is released via a cleavable N terminus to activate Rab7 GTPase
endolysomes in glia (Kessissoglou et al., 2020). The FMRP-pMad regulatory pathway promotes
this neuron-to-glia APPL signaling, consistent with inducing glial phagocytosis for neuron
clearance, and the intersecting InR-pAkt pathway also up-regulates this signaling, suggesting
additional roles in neuron removal. Overall, these findings indicate neuronal FMRP coordinates
signal transduction cascades to provide cross talk downstream of two signaling inputs (BMP and
ILP), which provides output in the form of two neuron-to-glia signaling ligands (Prtp and APPL)

that regulate glial phagocytosis for the clearance of targeted neurons from the juvenile brain.
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3.5.1 From mRNA transcription to phosphorylated protein signaling.

We suggest RNA-binding FMRP limits pMad signaling levels by reducing the number of
mad transcripts available for translation. FMRP is established to maintain protein translational
homeostasis by modulating RNA target stability (Shu et al., 2020; Zhang et al., 2018). Ribosome
profiling and transcriptome sequencing demonstrate imbalanced FMRP-targeted mRNA levels are
common in the mouse FXS model brain due to reduced stabilization (Shu et al., 2020). In mouse
RNA immunoprecipitation (RIP) sequencing, FMRP binds smad (Drosophila mad homologue)

transcripts widely in the 5'-UTR, within the coding region, and in the 3'-UTR (Ascano et al., 2012).

With both RIP and qPCR measurements, we find Drosophila FMRP likewise binds mad mRNA
and that FMRP loss increases both mad transcripts and pMad protein levels within brain neurons.
We therefore suggest a causal effect correlation, although other indirect regulatory mechanisms
are also possible (Sardi et al., 2021; Urrutia et al., 2016). We find loss of neuronal pMad decreases
InR levels but elevates InR-dependent pAkt signaling, suggesting cross talk inhibition from pMad
to pAkt. The pMad transcription factor (Deignan et al., 2016) positively regulates InR expression.
Downstream of the InR, pAkt regulates numerous targets, including target of rapamycin
complexes (Saltykova et al., 2021) and the transcription factor forkhead box O (Das et al., 2016),
to regulate cell fate decisions (Dutriaux et al., 2013; Jung and Suh, 2015). In the brain neuronal
fate decision, we suggest pMad inhibits pAkt signaling as a major cross talk regulation within the
neuron-to-glia signaling network. With western blot assays, we find reducing neuronal pMad
levels causes no changes in Akt protein levels but a approximately twofold increase in pAkt
signaling. Thus, FMRP-dependent pMad signaling modulates InR-pAkt signaling at two levels: as

a positive transcription factor regulating InR expression and as an inhibitor of downstream pAkt
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signaling. We conclude this cross talk provides critical regulation for targeted neuron pruning from

the juvenile brain.

3.5.2 Brain circuit pruning in Fragile X Syndrome (FXS).

Neuron removal from brain circuits is a normal mechanism in neurodevelopment, often
mediated by glial phagocytosis (Birge and Ucker, 2008; Fuchs and Steller, 2011; Riera Romo,
2021). During the clearance process, glia engulf neurons and degrade internalized debris in
endolysosomes (McLaughlin et al., 2019; Xu et al., 2020). In glia, the engulfed neuronal debris is
first sorted in Rab5 GTPase early endosomes (Kessissoglou et al., 2020), then trafficked from
early-to-late endosomes with accompanying increased intravacuolar acidification, and finally
delivered to Rab7 GTPase lysosomes where acid hydrolases complete the degradation process (Hu
et al., 2015). In both rodent and Drosophila FXS disease models, this glial phagocytosis
mechanism is severely impaired, resulting in a failure to prune neurons in brain circuits
(Vandenberg et al., 2021; Vita et al., 2021). In the Drosophila FXS model, loss of neuronal FMRP
decreases the glial Drpr engulfment receptor, and loss of glial Drpr blocks glial phagocytosis to
prevent neuron removal (Vita et al., 2021). This previous study generated the hypothesis that the
impaired brain circuit neuron removal in the FXS disease model is caused by the loss of neuron-
to-glia communication driving glial phagocytosis (Gatto and Broadie, 2011). With neuron-specific
RNAI trials, we find the neuronal FMRP-pMad pathway triggers Drpr ligand Prtp signaling from
neurons to mediate glial engulfment and phagocytosis, whereas the neuronal InR-pAkt pathway
represses Prtp to oppose the glial removal mechanism. Furthermore, we find targeted knockdown
of neuronal FMRP, pMad, and Prtp impedes glial endolysosomal activation with reduced Rab7

expression, showing the neuronal FMRP-dependent network is required for glial phagocytosis
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function. These findings are consistent with the impaired glia-mediated neuron pruning in FXS
disease models (Vandenberg et al., 2021; Vita et al., 2021) and provide insight into the molecular
mechanisms of this defect. Clearly, the decision to eliminate neurons by glial phagocytosis rests
on multiple, distinct signaling inputs and is executed via parallel avenues of neuron-to-glia

communication.

3.5.3 Neuronal Prtp vs. APPL regulation of glial phagocytosis.

We find that loss of either neuronal Prtp or APPL hampers glial phagocytosis neuron
removal from the juvenile brain circuit but that loss of either signal alone causes a less severe
impairment than blocking the neuronal FMRP-pMad pathway. These results suggest that Prtp and
APPL act combinatorially downstream of FMRP-pMad, consistent with both neuronal Prtp and
APPL driving the glial phagocytic clearance of targeted neurons (Kessissoglou et al., 2020;
Kuraishi et al., 2009). Prtp is a transmembrane protein trafficked from the endoplasmic reticulum
(ER) to the cell surface of a neuron thus marked for removal, where it binds the Drpr engulfment
receptor on glia (Kuraishi et al., 2009). Through this mechanism, Prtp surface presentation
downstream of the neuronal FMRP-pMad pathway is proposed to directly signal glial engulfment.
In contrast, the cleaved extracellular domain of transmembrane APPL from neurons activates the
glial endolysosomal network (Kessissoglou et al., 2020). This provides a separable function for
APPL, suggesting why two signaling ligands mediate neuron removal by the glial phagocytosis
mechanism. The Prtp signaling changes closely match the neuron clearance phenotypes of all
neuronal dfmrl, mad, InR, and akt RNAI experiments. Likewise, the APPL signaling changes are
consistent with FMRP-pMad regulation but not the InR-pAkt pathway. We therefore propose Prtp

and APPL coregulate glial phagocytic activity with different strengths or independently participate
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in glial phagocytosis via other regulatory mechanisms. To test the possibility that Prtp interacts
with APPL in this clearance mechanism, we could test the putative cross talk interaction at
molecular and/or genetic levels. Conversely, neuronal Prtp and APPL may be independent signals
in neuron-to-glial communication linked predominantly or solely through upstream FMRP
regulation. Future studies will dissect these combinatorial signals downstream of inputs targeting

the clearance of neurons from the juvenile brain.

3.5.4 Neuronal InR vs. glial InR roles in glial phagocytosis.

The pigment-dispersing factor (PDF) brain circuit mediates circadian clock functions, with
the developmentally transient central PDF-Tri neurons presumably driving eclosion timing (Gatto
and Broadie, 2011). Multiple signals appear to coordinate the targeted clearance of PDF-Tri
neurons from the juvenile brain, including insulin-like peptide (ILP) signaling (Vita et al., 2021).
The insulin receptor (InR) is present in both neurons and glia, acting to coordinate intercellular
communication and neuronal remodeling (Boulanger and Dura, 2022; Gu et al., 2013; Harrison et
al., 2021; Musashe et al., 2016; Wong et al., 2013). For glial signaling, InRs are proposed to be
activated by secreted ILPs from the remodeling neurons to stimulate transduction cascades
promoting glial phagocytosis (Musashe et al., 2016; Vita et al., 2021). Glial InR phosphorylation
triggers pAkt production, which, in turn, elevates Drpr engulfment receptor levels to drive glial
phagocytosis (Musashe et al., 2016). Consistently, genetically increasing glial InR levels elevates
glia-dependent neuron removal of the PDF-Tri neurons (Vita et al., 2021). In the Drosophila FXS
disease model, loss of FMRP represses InR phosphorylation in glia, whereas glial InR activation
restores PDF-Tri neuron pruning (Vita et al., 2021). For neuron signaling, we propose that InR-

mediated pAkt signal transduction regulates neuron-to-glia communication in this same
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remodeling process. Similarly, InR signaling in Drosophila dendrite arborization neurons inhibits
their developmental pruning (Wong et al., 2013). Our work shows neuronal InR loss elevates Prtp
signaling to drive glial phagocytosis, thus accelerating PDF-Tri neuron clearance from the juvenile
brain. Neuronal InRs may be responding to autocrine ILP signaling from the remodeling neurons
(Musashe et al., 2016; Vita et al., 2021) or ILPs from another source which is coordinating neuron
and glia functions to properly regulate the glial phagocytosis neuron removal process. Future work
will investigate how the different intercellular signals act on both neurons and glia to ensure the

exact targeting and timing of the coordinated PDF-Tri neuron clearance from the juvenile brain.

3.6 Materials and Methods
3.6.1 Drosophila genetics

All Drosophila stocks were reared on cornmeal/agar/molasses food at 25 °C. Loss-of-
function mutants used include dfmr1%°™ (Song et al., 2022) and appld Bloomington Drosophila
Stock Center (BDSC# 43632) alleles (Kessissoglou et al., 2020). Transgenic drivers used include
pan-neuronal elav-Gal4 (Song et al., 2022), PDF-Gal4 (BDSC# 6899) (Vita et al., 2021), and glial
repo-LexA (BDSC# 67096) (Dong et al., 2021). The controls include the w!'!8 genetic background
(Song et al., 2022) and the transgenic drivers alone. All genetic crosses and recombinations to
make double transgenic insertions were performed with standard methods. Transgenic stocks were
obtained from the Bloomington Drosophila Stock Center (BDSC) and are listed in Table 3.1. UAS
lines alone have been tested to show no significant effect on the PDF-Tri neuron phenotype (Figure

3.12 A-C).
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Transgenic Line Insertion BDSC#

UAS-dfmrl RNAI yli sclT vl sey 22 p Lyl 71y FIEI=TR{P. GL0O0075 }attP2 35200
(Song et al., 2022)

UAS-mad RNAI yl Vit peyt Ty A=TRIP, JF01263}attP2 31315
(Tracy Cai et al., 2019)

UAS-InR RNAI ylH sl Tyl sey 2l p Lyl 71y FLEI=TRjP.GL00139}attP2 35251
(Nakamura et al., 2020)

UAS-akt RNAI yt il pLy7 71 yHLE=TR{P. HMS06047}attP40/CyO 82957
(Ni et al., 2009)

UAS-akt RNAI yl il pLyl7 71 yHLBI=TRiP. HM04007 YattP2 31701
(Ito and lgaki, 2021)

UAS-appl RNAI yl il pLy7 71 yHLBI=TRIP JF02878}attP2 28043
(Raza et al., 2019)

UAS-prtp RNAI yi el il seyl2l: pLyl7 71 yHLE=TR{P HMC04406}attP40 56965
(Nietal., 2011)

UAS-gfp RNAI wittsl: paymCl=yAS-GFP.dsRNA.R}142 9330
(Lin et al., 2020)

UAS-InR CA yl witti8l: powmCl=yAS-InR.del}2 8248
(Vitaetal., 2021)

UAS-akt OE yt wittisl: powmCl=_yAs-Akt.Exel}2 8191
(Lietal., 2022)

LexAOP-mCD8::GFP wlT: Lyl 7T wimCl= 13X |_exAop2-mCD8::GFP} attP40 32205
(Chan et al., 2015) /CyO

Table 3.1 Transgenic lines.

BDSC#, Bloomington Drosophila stock center number.
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Figure 3.12 UAS-RNAI controls have no effect on the normal PDF-Tri neuron clearance

A, PDF-Tri neurons (anti-PDF, green) in driver control (elav/+) and matched UAS RNAI controls.
Scale bar: 20 um. B, Quantification of PDF-Tri neuron size in dfmrl RNAIi, mad RNAi and InR
RNAI controls with one-way ANOVA (elav/+ 1275.0 £107.20 vs. UAS-dfmrl RNAI alone/+
1322.0 + 68.31, p=0.97; elav/+ vs. UAS-mad RNAI alone/+ 1397.0 £ 117.0, p=0.72; elav/+ vs.
UAS-InR RNAI alone/+ 1281.0 + 89.64, p>0.99). C, Quantification of PDF-Tri neuron size in akt
RNAI, prtp RNAI and appl RNAI controls with one-way ANOVA (elav/+ 1232.0 + 69.83 vs.
UAS-akt RNAI alone/+ 1366.0 £ 124.80, p=0.68; elav/+ vs. UAS-prtp RNAI alone/+ 1276.0 +
124.40, p=0.98; elav/+ vs. UAS-appl RNAI alone/+ 1244.0 + 90.89, p>0.99).
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3.6.2 Immunocytochemistry

Brains from synchronized, staged animals were dissected in phosphate-buffered saline
(PBS), fixed in 4% paraformaldehyde in PBS for 30 min at room temperature (RT), and then
blocked for 1 h at RT in PBS with 0.2% Triton X-100 (PBST) + 1% bovine serum albumin.
Primary antibodies were diluted in the blocking buffer for incubation overnight at 4 °C, followed
by washing 3X with PBST. Secondary antibodies were incubated for 3 h at RT and then washed
3X with PBST. Primary antibodies used were mouse anti-PDF [Developmental Studies
Hybridoma Bank (DSHB), PDF C7,1:50], rabbit anti-Repo (gift from Dr. Benjamin Altenhein,
University of Cologne, Germany, 1:1,000), chicken anti-GFP (Abcam, ab13970, 1:1,000), rabbit
anti-Rab5 (Abcam, ab31261, 1:500), rabbit anti-pAkt (115hosphor S473, Cell Signaling, 4060S,
1:100), and mouse anti-Rab7 (DSHB, Rab7, 1:100). Secondary antibodies used were goat anti-
mouse 488 (Invitrogen, A11001, 1:250), donkey anti-rabbit 555 (Invitrogen, A31572, 1:250), goat
anti-chicken 488 (Invitrogen, A11039, 1:250), and goat anti-mouse 633 (Invitrogen, A21050,

1:250).

3.6.3 Confocal imaging

Brains were imaged on a Zeiss LSM 510 META laser scanning confocal microscope using
40X, 63X, and 100X oil immersion objectives (Song et al., 2022). All collected images were
projected in Zen software. Identical microscope setting was used to collect and analyze all
genotypes for all trials within any given experiment. For three-dimensional (3D) images, the
cropped Z-stack was processed with the 3D viewer icon in FIJI software to visualize PDF-Tri
neurons, Repo-positive glia, and pAkt puncta. PDF-Tri neurons with glia colabeling Z-stacks were

maximum projected in FIJI software to quantify the outlined neuronal area. Glial Rab5/7-labeled
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Z-stacks were sum projected to analyze total volumes. All Rab volumes were quantified only
within labeled glia (repo-Gal4>mCDB8::GFP membrane marker). The Rab volumes were divided
by the imaged glial volume for normalization. The pAkt puncta within labeled PDF-Tri neurons
were quantified based on 3D views. The number of pAkt puncta were divided by the PDF-Tri

neuron area to quantify the pAkt puncta density.

3.6.4 Western blots

Staged heads (3 to 5 h after eclosion at 25 °C) were homogenized in lysis buffer (20 mM
HEPES, 10 mM EDTA, 100 mM KCl, 1% (v/v) Triton X-100, and 5% (v/v) glycerol, pH 7.4) with
2X protease and phosphatase inhibitor cocktail (Thermo Scientific, WL334851). Homogenized
lysate samples (50 pL lysis buffer/head) were incubated on a rotor for 15 min at 4 °C and then
centrifuged at 14,000 rpm for 15 min at 4 °C. The supernatant was denatured with 1X NuPAGE
LDS sample buffer (Invitrogen, NP0007) for 10 min at 100 °C. Protein samples were run in 4 to
15% Mini-PROTEAN TGX gels (Bio-Rad, 4568086) and then transferred onto PVDF membranes
using the Trans-Blot Turbo Transfer System (Bio-Rad). PVDF membranes were blocked in TBS
Intercept Blocking Buffer (Li-COR# 220121) for 1 h at RT, followed by incubating with primary
and secondary antibodies. Primary antibodies used were rabbit anti-Smad3 (phospho S423+S425,
Abcam, ab52903, 1:1,000), rabbit anti-pAkt (phospho S473, Cell Signaling, 4060S, 1:1,000), goat
anti-GAPDH (glyceraldehyde 3-phosphate dehydrogenase) (Abcam, ab157156, 1:2,000), and
chicken anti-APPL (a gift from Dr. Doris Kretzschmar, Oregon Health and Science University,
USA,; 1:1,000). Secondary antibodies used were goat anti-chicken 800 (Invitrogen, SA5-10076,
1:10,000), donkey anti-goat 680 (Invitrogen, A21084, 1:10,000), goat anti-mouse 800 (Invitrogen,

SA535521, 1:10,000), and goat anti-rabbit 800 (Invitrogen, SA535571, 1:10,000). Blots were
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scanned with an Odyssey CLx Imager (Li-COR). Fluorescent band intensities were quantified
using Image Studio Lite software (Li-COR). To normalize protein levels, the fluorescent intensity
of targeted proteins was divided by the loading control of glyceraldehyde 3-phosphate

dehydrogenase (GAPDH).

3.6.5 Quantitative real-time PCR

RNA was extracted for ~30 heads at 1 day posteclosion (1 dpe). The RNA extraction
procedure followed the instructions of the RNeasy Plus Micro Kit (Qiagen, 74034). RNA (2 pg)
was reversely transcribed in 20-uL reaction mixture of SuperScript VILO Master Mix (Invitrogen,
11755-050), with cDNA (1 pL) then mixed with 19 uL diluted Power SYBR Green PCR Master
Mix (Applied Biosystems, 4367659) for real-time PCR amplification using the Bio-Rad CFX96
system. The quantified PCR cycle number was normalized to the internal control GAPDH. All

primers used in this study are listed in Table 3.2.

Gene Forward Reverse

GAPDH CGTTCATGCCACCACCGCTA CCACGTCCATCACGCCACAA
Mad AACACACGCCGTCATATAGGCAAG GGCCTCGAATCCATTGTTCACC
Stau AAATGCTGCACAGGCTCTG CAGTATTAAAATGCCTGGCATGGG

InR ACTGTCACAAAATGTAAAACCTTGC AACAGCTTGTTTCCCCTAATGA
Akt CGTGGTCATGTACGAGATGATCT CTAGATCTGTCCAGTTAATACTCGC
Prtp GTGCAGTCATTGTCAGCGTTT CTCGATCCAGAGAAGAGTGGG
Appl GTCCCAAGCACTTCAAAACCGA CCGCATTTATGTCATCCAAAGATCC

Table 3.2 PCR primers used in this study.
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3.6.6 RNA immunoprecipitation

The procedure was done as in Song et al. (Song et al., 2022). Briefly; lysates were prepared
from ~30 heads at 1 dpe with 500 uL. RNase-free lysis buffer (20 mM HEPES, 100 mM NaCl, 2.5
mM EDTA, 0.05% (v/v) Triton X-100, 5% (v/v) glycerol, and 1% B-mercaptoethanol) with 1X
protease inhibitor cocktail (cOmplete Mini EDTA-free tablets, Sigma-Aldrich) and 400 U RNase
inhibitor (Applied Biosystems, N8080119). To precipitate RNA complexes, precleared lysates
were incubated with 15 pL magnetic GFP-trap beads (ChromoTek) for 3 h at 4 °C, followed by
washing 3X with lysis buffer. To purify bound RNAs, the washed beads were incubated with a
500 puL TRIzol and chloroform mixture (Ambion, 15596026) for 10 min. Subsequently, 1 pL
glycogen was applied to carry RNAs for the precipitation by mixing with 100 pL 2-propenol. The

above qPCR methods were performed to analyze the reverse-transcribed RNAs.

3.6.7 Statistical analyses

All statistical analyses were performed with GraphPad Prism software 9.0. All datasets
were subject to ROUT outlier tests with Q set to 1%. Unpaired two-tailed Student’s t tests with
95% confidence of comparisons were used for all two-way datasets (PDF-Tri neuron areas, Rab7
volumes, pAkt puncta density, western blot assays, and gPCR assays). All datasets with more than
two comparisons (day 1 and day 5 PDF-Tri neuron areas with dfmrl RNAI, mad RNAI, prtp RNAI,
and appl RNAI) were analyzed by two-way ANOVA tests with a 5% alpha significance level. The
comparison with more than two datasets was analyzed using one-way ANOVA tests (PDF-Tri
neuron area). Data are presented as the mean + SEM. Significance is indicated by P value
measurements shown as P <0.05 (*), P <0.01 (**), P <0.001 (***), and P <0.0001 (****). Values

of P > 0.05 are deemed not significant (ns).
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3.7 Data, materials, and software availability

All study data are included in this article.
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CHAPTER IV

Discussion and Future Directions

In this dissertation, | report two independent but related research projects from my graduate
training. With the powerful Drosophila genetic model, | focused on studying the dysregulation of
intercellular signaling during 1) synapse formation and 2) circuit remodeling in a Fragile X
syndrome (FXS) disease model. | used the larval neuromuscular junction (NMJ) for project 1, and
the juvenile adult brain for project 2. Both projects tested FMRP-mediated molecular interactions,
sequential signaling pathways, and neuronal responses based on synaptic and circuitry changes. In
addition to FXS disease relevance, these mechanisms are important for normal neurodevelopment,
and reflect processes highly conserved across species. My studies open the gate to avenues
regarding the function of postsynaptic FMRP on presynaptic development, and neuronal FMRP
directing neuron-to-glia crosstalk during brain circuit remodeling. In the future, | hope that this
work will provide a foundation to map the core molecular cascades in these signaling networks as

a means to design and implement new FXS treatments.

4.1 FMRP-dependent intercellular signaling in synapse formation

Biopsies of human FXS patients show overgrowth of immature dendritic spines,
suggesting impaired/altered synaptic connectivity and neurotransmission (Huebschman et al.,
2020; Pfeiffer and Huber, 2009). In both Drosophila and mouse FXS disease models, FMRP loss
induces similar disordered synapses, with increased synaptic architecture, enhanced synaptic
strength, and impaired synaptic plasticity (Repicky and Broadie, 2009; Suresh and Dunaevsky,
2017; Zhang et al., 2001). The Broadie Lab has also previously shown that the Drosophila FXS

model exhibits altered postsynaptic glutamate receptor balance (GIuRIIA/B; accumulated
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GIuRIIA) and enlarged presynaptic vesicle pools with elevated glutamate release (Pan and Broadie,
2007b; Pan et al., 2008). These defects likely explain the elevated NMJ transmission and
hyperactivity in the FXS condition. However, the mechanism of GIuRIIA accumulation remained
largely unknown. In addressing this question, | revealed an FMRP-Staufen-Coracle signaling
cascade regulating postsynaptic GIURIIA levels and, secondarily, presynaptic bouton formation
(Song et al., 2022). Both FMRP and Staufen are RNA-binding proteins that sequentially regulate
Coracle, a scaffold that anchors GIuRIIA-containing receptors to the underlying cytoskeleton
(Chenetal., 2005). In the FXS condition, the accumulated GIuRIIA in turn activates trans-synaptic,
non-canonical BMP signaling (Sulkowski et al., 2016) to induce presynaptic bouton formation and
synaptic overgrowth (Song et al., 2022). While | thus built up a regulatory model for NMJ synaptic
changes mediated by FMRP in the muscle, the study of related reverse signaling networks from
postsynapse to presynapse more generally in glutamatergic synapses is just beginning. Future
directions should concentrate on identifying ligands, receptors, synaptic endocytosis sorting

mechanisms, and trafficking organelles.

4.1.1 The role of transcellular BMP signaling in NMJ synaptogenesis

Postsynaptic GIURIIA induces presynaptic pMad accumulation near active sites through
noncanonical BMP receptor (BMPR) trans-synaptic signaling, which requires presynaptic BMPR
Wishful thinking (Wit) but appears independent of BMP ligands (Sulkowski et al., 2016). In my
NMJ study, | found reducing the muscle FMRP-Staufen-Coracle cascade results in elevated
postsynaptic GIuRIIA levels and promotes elevated presynaptic pMad levels, suggesting a trans-
synaptic signaling mechanism regulated by FMRP (Song et al., 2022). In a follow-up test of bouton

formation, I explored if loss of NMJ postsynaptic FMRP impairs presynaptic bouton formation.
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With muscle-targeted dfmrl RNAI (24B-Gal4>dfmrl RNAI), the bouton number is significantly
increased compared to matched driver control (24B/+) (Figure 4.1). This evidence suggests that
postsynaptic FMRP is required to regulate presynaptic development via the above noncanonical
BMP signaling mechanism. An important future direction is determining which signaling
molecules from the postsynaptic muscle activate presynaptic Wit. It is possible that GIURIIA
directly interacts with Wit through Neto, a transmembrane protein that conjuncts with receptors,
to stabilize synaptic architecture (Han et al., 2020). To test this possibility, first of all, using co-IP
to test the direct molecular interaction between Wit, Neto, and GIuRIIA. Second, predicting
binding motifs in Neto with GIURIIA and Wit, and testing the interaction by using yeast two-
hybrid systems or using CRISPR to knockout predicted motifs on Neto with combined in vivo co-
IP to confirm the interaction with Wit and GIuRIIA. Lastly, measuring bouton formation with
increased GIuRIIA accumulation in the background of disrupted binding motifs in Neto. Another
possibility of intercellular activated Wit may be unknown Wit ligands that are released from
muscle with accumulated GIuRIIA background. An unbiased way to test this possibility is
mapping Wit immunoprecipitation products with overexpressed GIURIIA on muscles versus

genetic controls.
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Figure 4.1 Postsynaptic FMRP is required to limit presynaptic bouton formation at NMJ.

A) Double labeling of Drosophila NMJ. HRP (magenta) labels axon terminals while DLG (green)
targets postsynaptic SSR. Left double images show presynaptic bouton labeling in genetic control
(24B/+) while the right images are muscle-targeted dfmrl RNAi (24B>dfmrl RNAI). Muscle-
targeted dfmrl RNAI (24B-Gal4>dfmrl RNAI) causes the presynaptic bouton number to be
elevated compared to the genetic control (24B-Gal4/+) B) Student’s t-test indicates loss of FMRP
in muscle significantly increases presynaptic bouton number (24B/+ 24.94+1.034 vs. dfmrl RNAI
31.79£2.041, p=0.0037; statistics shown in mean + s.e.m.). Scale bar: 10 pm.

Another important future direction is to explore the mechanism of presynaptic pMad in
regulating bouton formation. As a transcription factor, pMad has been identified to interact with
several cofactors to form a complex regulating gene expression (Deignan et al., 2016; Newton et
al., 2015; Sardi et al., 2021). In Drosophila, the reported pMad partners include Medea (Med)
(Affolter and Basler, 2007; Li et al., 2020), Schnurri (Shn) (Gafner et al., 2013; Marty et al., 2000;
Torres-Vazquez et al., 2000), Yorkie (Yki) (Huang et al., 2017; Sansores-Garcia et al., 2013),
Moleskin (Msk) (Chen et al., 2010; Kimura and Imamoto, 2014) and Ultrabithorax (Ubx) (Li et
al., 2016; Walsh and Carroll, 2007), among possible others. My NMJ immunofluorescence studies

indicate pMad in the cytosol, but also concentrated in the muscle nucleus (Figure 4.2). Studies
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indicate Mad is phosphorylated in cytosol via activated Wit (Moulton et al., 2020), then binds
partners for nuclear translocation (Galbiati et al., 2020; Smith et al., 2012). So far, my research
indicates postsynaptic FMRP intercellularly suppresses presynaptic pMad accumulation for the
normal bouton formation, so future studies need to examine the neuronal nuclei. Morever, | have
not tested if synaptic Med and other candidate partners are impacted via pMad binding, protein
level, and/or subcellular localization. Furthermore, it will be important to test if pMad complexes
regulate cytoskeleton assembly and protein trafficking mechanisms, which are known to be
required for synaptic bouton development (Ho and Treisman, 2020; Hoover et al., 2019; Song et

al., 2022).
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— Nucleus

Figure 4.2 pMad localization at the NMJ.

Double labeling of pMad at the NMJ and muscle. HRP (magenta) labels axon terminals. pMad is
labeled green in neurons and muscles. The left image shows merged channels of NMJ and muscle
while the right is a single channel with pMad labeling. pMad is widely distributed in muscle cells
and neurons at the Drosophila neuromuscular junction, but pMad is concentrated in the nuclei.

Scale bar: 10 pm.

4.1.2 Other FMRP-dependent postsynaptic signaling networks

In addition to trans-synaptic BMPR signaling cascade, other signaling pathways also
possibly play roles in postsynaptic FMRP-mediated muscle-to-neuron crosstalk (Song and Broadie,
2022). To explore these candidate mechanisms, it will be important to consider secreted Whnts, an
acronym derives from Drosophila Wingless (Wg) whose developmental role was identified in the
famous segment polarity screen (Nusslein-Volhard and Wieschaus, 1980), and mouse INT-1, from

a virus-induced breast tumorigenesis study (Nusse and Varmus, 1982). There are 7 Wnts in
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Drosophila and 19 in mice. Cysteine-palmitoylated Wnts are secreted with the assistance of seven-
pass transmembrane proteins Wntless (WIs) and evenness interrupted (Evi) (Bénziger et al., 2006;
Bartscherer et al., 2006; Willert et al., 2003). Wnt receptors include the Frizzled (Fz) family, low-
density lipoprotein receptor-related proteins-5/6 (LRP-5/6), receptor tyrosine kinase-like orphan
receptor-1/2 (ROR1/2), and related to tyrosine (Y) kinase (Ryk) (Niehrs, 2012; Patel et al., 2019).

In the Drosophila FXS disease model, FMRP regulates trans-synaptic Wnt signaling to
modulate NMJ synaptogenesis (Friedman et al., 2013), via the presynaptic Wg ligand and
postsynaptic Fz2 receptor (Song and Broadie, 2022). Previous studies mostly focus on neuron-to-
muscle signaling. For example, FMRP loss increases Wg secretion from presynaptic boutons to
induce cleavage of the larval muscle Fz2 C-terminus (Fz2-C), which is translocated as a second
messenger into postsynaptic nuclei (Friedman et al., 2013). Consistently, Wg overexpression
within the presynaptic motor neuron activates Fz2-C accumulation within postsynaptic muscle
nuclei (Mathew et al., 2005). However, Fz2 is also present in presynaptic membrane to direct
presynaptic development (Wu et al., 2010). The activation of presynaptic Frizzled promotes
presynaptic assembly through transducing signals to inhibit Shaggy/Gsk3p and MAP1B/Futsch
(Franciscovich et al., 2008; Franco et al., 2004; Gogel et al., 2006; Roos et al., 2000). According
to these reports, it would be interesting to test if postsynaptic FMRP regulates Wg secretion from
muscles to mediate presynaptic congregation. One of the methods to measure it may tag muscle
Wg with GFP by using CRISPR tissue-specific knock in, followed by detecting Wg::GFP signals

at the NMJ with the postsynaptic dfmrl RNAI.
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4.2.3 Glia participation in NMJ trans-synaptic signaling

Glia have multiples roles in modulating neuronal development, as well as synaptic
assembly and pruning (Nave, 2010; Ou et al., 2014; White and Kramer-Albers, 2014). In mammals,
several glial subtypes have been identified both in the central nervous system (CNS) and peripheral
nervous system (PNS), included oligodendrocytes, astrocytes, ependymocytes, radial glia,
Schwann cells, enteric glial cells, satellite cells, and microglia (Hanani and Spray, 2020; Jékel and
Dimou, 2017; Nazareth et al., 2021; Rasband, 2016). Based on differential tissue distribution,
Drosophila glia are classified into surface glia (to form blood-brain barrier), neuropil glia (axon
ensheathment and pruning) and cortex glia (gas and nutrition exchange) within the CNS, as well
as multiple subtypes of peripheral glia in the PNS (Bittern et al., 2021; Kottmeier et al., 2020; Ou
et al., 2014). The Drosophila NMJ has three glia subtypes (perineurial, subperineurial and
wrapping glia), which regulate synapse formation and function (Figure 4.3) (Brink et al., 2012;
Fuentes-Medel et al., 2012; Ou et al., 2014). In particular, studies have identified intercellular
signaling pathways in glia essential to maintaining NMJ synaptic development and function. For
example, NMJ glia secrete Wg to restrict GIuRIIA clustering but also promote presynaptic
glutamate release, although bouton formation is reportedly not impacted (Kerr et al., 2014).
Moreover, Delta/Notch signaling in subperineurial glia suppresses c-Jun N-terminal kinase (JNK)
activation to inhibit extracellular matrix metalloproteinase 1 (Mmp1) (Calderon et al., 2022), a
major regulator of the synaptomatrix and NMJ trans-synaptic signaling. In the Drosophila FXS
disease model, FMRP regulates Mmp1 secretion to modulate larval NMJ synaptic structure and
function via control of secreted Whnt trans-synaptic signaling (Dear et al., 2016; Dear et al., 2017).
However, it is unknown how FMRP links into this mechanism. It is therefore important to test this

direction to further uncover the mechanism of peripheral glia-mediated NMJ synaptic modulation
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in our FXS model. It would be interesting to detect NMJ morphology, neurotransmission, and

secreted Wg levels by NMJ peripheral glia with glial- or muscle-targeted dfmrl RNAI.

| Perineurial glia

v
f,/gﬁ Subperineurial gli
ubperineurial glia
R
Wrapping glia

Neuromuscular Junction

Figure 4.3 Different subtypes of peripheral glia at the Drosophila neuromuscular junction.

The perineurial glia, subperineurial glia and wrapping glia wrap around presynaptic axons to
regulate synaptic structure and function. Perineurial glia functions in axon ensheathment (Ou et
al., 2014). Subperineurial glia secretes Wg to restrict GIURIIA accumulation (Kerr et al., 2014).
And wrapping glia guarantee neuronal signaling precision and axon growth to promote action

potential conduction speed (Kottmeier et al., 2020).

4.3 FMRP-dependent neuron-to-glia communication in CNS remodeling

Loss of neuronal FMRP results in aberrant brain circuit remodeling due to downregulated
glial phagocytosis activity (Song and Broadie, 2023). My study shows neuronal FMRP interacts
with BMPR pMad and InR pAkt signaling to intercellularly direct glial endolysosome activity by

mediating neuronal phagocytotic signals Prtp and APPL (Song and Broadie, 2023). The FMRP
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translational regulator restricts bound mad transcripts to limit transcription factor pMad levels,
which, in turn, controls InR-pAkt signaling for the expression of Prtp and APPL (Song and Broadie,
2023). | surprisingly discovered that reducing neuronal FMRP and pMad both lead to increased
pAkt levels to result in a phenocopy of PDF-Tri neuron removal defects (Song and Broadie, 2023).
Genetically correcting pAkt levels in neuronal mad RNAI background restores normal neuronal
clearance. Finally, | found that reducing neuronal FMRP, pMad, and Prtp all cause an impaired
glial endolysosome response, demonstrating a direct link between the neuronal FMRP-dependent
signaling and glial phagocytosis function (Song and Broadie, 2023). However, numerous

important questions in this research remain to be addressed in the future.

4.3.1 Mechanism of neuronal pMad inhibition of pAkt signaling

Based on previous chromatin immunoprecipitation (ChIP) sequencing results for pMad
(Deignan et al., 2016), we tested whether pMad is a positive transcription factor for the InR
signaling pathway. Previous sequencing shows pMad binds both InR and Akt DNA (Deignan et
al., 2016), but I did not obtain significant differences in either Akt transcript or protein levels with
neuronal mad RNAI, suggesting pMad may play no roles in Akt transcription and translation
processes (Figure 4.4). However, | did demonstrate loss of neuronal pMad increases pAkt levels
(Song and Broadie, 2023), suggesting pMad regulates Akt phosphorylation via an unknown
mechanism. When exploring the mechanism of protein accumulation it is always critical to
consider “how it is produced” and “how it is degraded”. Thus, testing if pMad regulates the activity
of Akt phosphorylation kinases and phosphatases, as well as Akt protein degradation, will be
important directions for future studies. My studies indicate no change in Akt protein levels with

pMad knockdown (Figure 4.4). However, downstream of InR signaling, 3-phosphoinositide-
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dependent kinases (PDKSs) and phosphatidylinositol 3-kinase (PI3K) reportedly phosphorylates
different Akt residues to activate signal transduction (Cicenas, 2008; Hemmings and Restuccia,
2012; Yu and Cui, 2016), while numerous phosphatases, including Protein Phosphatase 2A (PP2A)
(Kim et al., 2009) and PH domain leucine-rich repeat protein phosphatase (PHLPP) (Gao et al.,
2005), can directly remove phosphates from pAkt to terminate signal transduction. Regarding Akt
protein degradation, several E3 ubiquitin ligases (e.g. neural precursor cell expressed
developmentally down-regulated protein 4, NEDD4) (Fan et al., 2013), directly attach ubiquitin to
pAkt for proteasomal degradation. It is therefore important to test the direct/indirect pMad

modulation of these pathways to determine the mechanism of pAkt inhibition.
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Figure 4.4 pMad plays no detectable roles in modulating Akt protein levels in the brain.

Western blot measurement indicates knockdown of neuronal pMad signaling does not significantly
change pan Akt protein levels in whole brain lysates.
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4.3.2 Drosophila APPL roles in glial engulfment in the FXS condition

Amyloid Precursor Protein (APP) is a type | single-transmembrane protein with a large
extracellular N-terminus and a relatively short intracellular C-terminal domain (Coburger et al.,
2013; Mdller and Zheng, 2012). APP has three enzymatic cleavage sites that are processed by a-,
B- and y-secretases (Chow et al., 2010), which allow generation of multiple proteins with different
cellular functions: secreted APPa (sAPPa), sAPPB, amyloid-B (Ap) oligomers, P3 domain, and
APP intracellular domain (AICD) (Chow et al., 2010; De Strooper and Annaert, 2000). Drosophila
has a single APP-like (APPL) homologue sharing just 30% homology at the amino acid level (Luo
et al., 1990; Martin-Morris and White, 1990). In the Drosophila brain, an interesting recently
defined function of the secreted APPL extracellular domain (SAPPL) is to intercellularly signal to
glia for the guidance of neuronal clearance (Kessissoglou et al., 2020). In this study, SAPPL is
engulfed by glia to maintain the expression of the Draper phagocytotic receptor during the
clearance of injured olfactory neurons (Kessissoglou et al., 2020). Inspired by this report, we tested
APPL expression with dfmrl null mutants and neuron-targeted dfmrl RNAI. Both exhibit delayed
PDF-Tri neuron clearance in juvenile brains (Song and Broadie, 2023), and | predicted decreased
APPL levels. With gPCR and Western blots, | found the APPL level is indeed reduced with
neuronal dfmrl RNAI as hypothesized (Song and Broadie, 2023). Surprisingly, the global dfmrl
mutant shows increased APPL transcript levels (Figure 4.5), suggesting FMRP-dependent APPL
expression varies in different cells. Similar apparent conflicting results have been reported in the
differently aged mouse FXS model and in cultured neurons (Westmark, 2019). Previous studies
show APP levels substantially higher in juvenile mouse Fmr1X® cultured primary neurons versus
controls (Westmark and Malter, 2007), but no significant changes in whole brain lysates (Pasciuto

etal., 2015). In adult Fmr1X° mice, no significant difference in brain APP levels is apparent in the
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hippocampus, cortex or cerebellum (Westmark et al., 2010). Another group of studies indicate
decreased APP levels in cultured Fmr1K® cortical neurons with antibody labeling and stable
isotope labeling by amino acids in cell culture (SILAC) (Liao et al., 2008; Pasciuto et al., 2015).
Taken together, it is important to continue exploring different functions of full-length APP and its

cleaved segments in neuron-to-glia communication within different time windows and neuron

types.
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Figure 4.5 The dfmrl null mutant shows a significant increased appl mRNA level.

Statistics: unpaired Student’s t-test shown in mean * s.e.m. (dfmr1®M 1.243+0.065 vs. w!!!®

1.00+0.043, p=0.1919).

4.3.3 Other FMRP-dependent glial phagocytotic signals

To induce glia engulfment, released ligands bind phagocytotic receptors to activate glial
intracellular signaling (MacDonald et al., 2006). The widely reported Drosophila phagocytotic
receptor is Draper (MacDonald et al., 2006; Musashe et al., 2016) with two reported ligands, a
protein Pretaporter (Kuraishi et al., 2009) and a phospholipid Phosphatidylserine (Kurematsu et

al., 2022). However, Six-microns-under (SIMU) is reportedly another glial transmembrane
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phagocytotic receptor that binds phosphatidylserine exposed on neuronal surfaces (Kurant et al.,
2008). Both Draper and SIMU are expressed in multiple highly phagocytotic cell types, with
conserved functional domains with Cell death abnormality protein 1 (CED-1), the first reported
glial phagocytotic receptor in C. elegans (Zhou et al., 2001), as well as the human Scavenger
Receptor from Endothelial Cells (SREC) (Adachi et al., 1997). Their extracellular N-termini
contain Nimrod (NIM) repeats consisting of Elastin Microfibril Interfacer (EMI)-like domain that
has a highly conserved CCxGY motif, and four Epidermal Growth Factor (EGF) domains with
highly stereotyped spacing of Cys residues, which all have showed functions in phagocytosis
(Kurant et al., 2008).

While numerous studies focus on the consequential signaling cascades of these identified
receptors binding apoptotic signaling ligands, | am still curious if other type of ligands and glial
receptors are involved in glial engulfment. In mice, an InR deficiency in astrocyte glia leads to
aberrant neuronal circuit connectivity (Rhea and Banks, 2019). In Drosophila, glial InR RNAI
blocks the clearance of PDF-Tri neurons and injured neuron removal is significantly delayed
(Musashe et al., 2016; Vita et al., 2021). It has been suggested that neuronal insulin-like peptide
(ILP) signaling to glial InRs is required to drive glial phagocytosis. However, it is not clear if the
neuronal-secreted ILP signal belongs to a “find me” or “eat me” signal activating glial InRs. Other
transcellular signaling pathways also possibly regulate glial activity. For example, Wnt/B-catenin
signaling plays a central role in the response of astrocyte and microglia to neuroinflammation,
neural mitochondrial dysfunction, dopaminergic neuroprotection, and oxidative stress (Marchetti,
2020). It will be important to test the function of glial Frizzled receptors for developmental neuron

remodeling.
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In the FXS condition, | have summarized recent evidence that FMRP interacts with insulin,
BMP and Whnt signaling network to modulate synapse formation, neuron-to-glia communication,
and neuronal circuit remodeling (Song and Broadie, 2022). Most of reported mechanisms
regarding FMRP-dependent regulation heavily relys on protein-RNA interactions from the
abundant FMRP candidate RNA targets. For example, this dissertation provides solid evidence
that FMRP binds mad transcripts to restrict the level of pMad, a downstream molecule in BMP
signaling pathway, which, in turn, controls insulin signaling for “eat me” Prtp expression (Song
and Broadie, 2023). In mice, FMRP binds BMPR2 mRNA (Drosophila Wit homolog) to inhibit
full-length isoform translation, thus causing accumulation of the noncanonical BMP pathway
component Lin11/Isl1/Mec3 domain kinase 1 (LIMK1) within neurons (Kashima et al., 2016). It
would be intriguing to map the full FMRP-RNA interaction network for BMP, insulin and Wnt
signaling in the release of phagocytotic signals and synthesis of phagocytotic receptors. However,
FMRP may also regulate the translation of proteins that are required for neuron-glia crosstalk via
either direct or indirect protein-protein interactions. Many known FMRP-interacting proteins are
RNA-binding proteins such as Caprin-1, NUFIP2, and FXRs (Bonaccorso et al., 2015). It will be
important to profile phagocytotic signaling regulation targeted by FMRP RNA-binding partners

with related mutants.

4.3.4 The role of mitochondria in neuron-to-glia crosstalk within FXS

Mitochondria play important roles in maintaining cellular function and tissue homeostasis
during development. In developmental brains, mitochondria provide energy and metabolites to
regulate survival and death for both neurons and glia, whose intercellular interaction is essential

to prevent brain inflammation and aberrant circuitry remodeling (Song and Broadie, 2023). In the
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FXS, loss of FMRP in the developmental murine forebrain induces futile proton cycling and
deficiency in coenzyme Q (CoQ), a lipophilic molecule that carries electrons from mitochondrial
Complexes I and Il to Complexes 111, thus causing aberrant density of dendritic spines in the young
adult (Griffiths et al., 2020). This study suggests a possible hint that dysregulated mitochondria in
either neurons or glia results in defects of neuronal pruning underlying FXS. However, it is not
clear how this mitochondrial deficiency leads to abnormal dendritic pruning and if any
transcellular signaling network fluctuates between neurons and glia. Studies also show partial of
mitochondrial DNA (mtDNA)-encoded tRNAs and rRNAs are potentially transported into nucleus
to coordinate nuclear gene transcription for cellular response (Amuthan et al., 2001; Gitschlag et
al., 2016; Rashad et al., 2020). It is therefore possible that dysfunctional mitochondria in FXS
intracellularly mis-regulate nuclear gene expression that is essential for neuronal morphology and
neuron-glia crosstalk. Yet, researchers still lack solid proof to show these re-located mitochondrial
small RNAs are physically delivered through mitochondrial membrane. It may be wise to focus
on metabolism adaptation and lipid droplets accumulation that all related to mitochondrial reactive

oxygen species (ROS) signaling for neuron-glia transcellular communication within a FXS picture.
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