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Development/Plasticity/Repair

SkpA Restrains Synaptic Terminal Growth during
Development and Promotes Axonal Degeneration following
Injury

E.J. Brace,! Chunlai Wu,? Vera Valakh,! and 2 Aaron DiAntonio!
Department of Developmental Biology, Washington University School of Medicine, St Louis, Missouri 63110, and 2Neuroscience Center of Excellence,
Louisiana State University Health Sciences Center, New Orleans, Louisiana 70112

The Wallenda (Wnd)/dual leucine zipper kinase (DLK)-Jnk pathway is an evolutionarily conserved MAPK signaling pathway that func-
tions during neuronal development and following axonal injury. Improper pathway activation causes defects in axonal guidance and
synaptic growth, whereas loss-of-function mutations in pathway components impairs axonal regeneration and degeneration after injury.
Regulation of this pathway is in part through the E3 ubiquitin ligase Highwire (Hiw), which targets Wnd/DLK for degradation to limit
MAPK signaling. To explore mechanisms controlling Wnd/DLK signaling, we performed a large-scale genetic screen in Drosophila to
identify negative regulators of the pathway. Here we describe the identification and characterization of SkpA, a core component of SCF E3
ubiquitin ligases. Mutants in SkpA display synaptic overgrowth and an increase in Jnk signaling, similar to hiw mutants. The combination
of hypomorphic alleles of SkpA and hiw leads to enhanced synaptic growth. Mutants in the Wnd-Jnk pathway suppress the overgrowth of
SkpA mutants demonstrating that the synaptic overgrowth is due to increased Jnk signaling. These findings support the model that SkpA
and the E3 ligase Hiw function as part of an SCF-like complex that attenuates Wnd/DLK signaling. In addition, SkpA, like Hiw, is required
for synaptic and axonal responses to injury. Synapses in SkpA mutants are more stable following genetic or traumatic axonal injury, and
axon loss is delayed in SkpA mutants after nerve crush. As in highwire mutants, this axonal protection requires Nmnat. Hence, SkpA is a novel

negative regulator of the Wnd-Jnk pathway that functions with Hiw to regulate both synaptic development and axonal maintenance.
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Introduction
The growth, activity, and maintenance of synapses are vital for
the proper formation and function of neuronal circuits. The
Highwire-Wallenda-Jnk pathway (Hiw-Wnd-Jnk) plays a key
role in each of these processes. This pathway was first identified
due to its role in regulating synaptic growth and development,
and more recently has been demonstrated to be a key determi-
nant of the axonal response to injury.

Drosophila Wallenda and its mammalian homolog dual leu-
cine zipper kinase (DLK) are members of the mixed-lineage
kinase family and function as MAP Kinase Kinase Kinases (MAP-
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KKKs) to activate Jnk signaling. Hiw is the Drosophila homolog of
the PHR family of E3 ubiquitin ligases (human Pam, mouse Phrl,
zebrafish Esrom, and Caenorhabditis elegans RPM-1) that target
substrates for ubiquitination and degradation (Schaefer et al.,
2000; Wan et al., 2000; Zhen et al., 2000; Po et al., 2010). In the
absence of Hiw, Wnd levels are elevated resulting in overactiva-
tion of the Jnk pathway and an increase in synaptic growth (Na-
kata et al., 2005; Collins et al., 2006).

Hiw and DLK/Wnd function not only in synaptic develop-
ment, but also in response to axonal injury. DLK/Wnd is re-
quired for axonal regeneration in Drosophila, C. elegans, and
mice (Hammarlund et al., 2009; Yan et al., 2009; Xiong et al.,
2010; Shin et al., 2012; Watkins et al., 2013). In addition,
mutants in dlk or inhibitors of Jnk result in a delay in axonal
degeneration in both fly and mouse models of Wallerian de-
generation (Miller et al., 2009; Yoshimura et al., 2011), as well
as models of glaucoma (Watkins et al., 2013; Welsbie et al.,
2013). Finally, hiw and phrl mutants maintain synaptic con-
nections and block axon loss in Drosophila and mouse models
of Wallerian degeneration (Massaro et al., 2009; Xiong et al.,
2012; Babetto et al., 2013). The vital role of axonal and synap-
tic maintenance in circuit formation and neurodegenerative
diseases underscores the importance of understanding how
these processes are regulated, and suggests that the DLK path-
way may be a therapeutic target.
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The Wnd/DLK pathway can be potentiated by mechanisms
that affect either Wnd/DLK activation or levels (Yan and Jin,
2012; Huntwork-Rodriguez et al., 2013; Valakh et al., 2013). Two
known mechanisms that lead to an increase of Wnd protein levels
are loss of the E3 ubiquitin ligase Hiw and overexpression of the
deubiquitinating protease Fat Facets (Faf). Similar to hiw mu-
tants, neuronal overexpression of Faf leads to increased Wnd
levels and synaptic overgrowth (Collins et al., 2006). Combining
these two negative regulators results in synthetic lethality due to
increased activation of the pathway (DiAntonio et al., 2001).
Therefore, we hypothesized that we may identify additional neg-
ative regulators by screening for mutants that are lethal in com-
bination with neuronal overexpression of Faf. Combining the
power of Drosophila genetics with whole genome sequencing, we
have identified SkpA as a novel negative regulator of the DLK-Jnk
pathway.

Skp proteins are core components of SCFE-type E3 Ubiquitin
ligases. SCF complexes are multicomponent E3 ubiquitin ligases
that include a member from each of the Cullin, Skp1, Rbx1 (ring
domain), and F-Box protein families. Hiw appears to function as
a component of an SCF-like Ubiquitin ligase complex (Liao et al.,
2004; Saiga et al., 2009) with Hiw serving as a novel ring domain
protein. In Drosophila, there are six Skpl proteins (A—F) with
SkpA being the most widely expressed (Murphy, 2003). Here we
identify SkpA as an essential component of the Hiw complex and
demonstrate a role for SkpA in both synaptic development and
axonal maintenance.

Materials and Methods

Fly stocks. Drosophila melanogaster were raised on standard fly food at
25°C. The following strains were used in this study: Canton S or
w (wild-type), wnd' and wnd® (Collins et al., 2006), Run>, and
FM7TW9 (Bloomington Stock Center), elav Gal4 (neuron-specific; Yao
and White, 1994), SkpA’ (Murphy, 2003), SkpA®®**? and SkpA%?053
(Bloomington Stock Center), G7-Gal4 (muscle-specific; Zhang et al.,
2001), m12-Gal4 (single-axon resolution; Ritzenthaler et al., 2000), OK6-
Gal4 (motoneuron-specific; Aberle et al., 2002), UAS—junD N and UAS-
foSDN (Eresh et al., 1997), UAS-bskPN (Weber et al., 2000), hiw™N (Wu et
al,, 2005), hiw™P3! (Wan et al., 2000), and puc-LacZ " (Martin-Blanco
etal., 1998). RNAi lines used from the Vienna Drosophila RNAi Consor-
tium (a-Spectrin, 110417 and SkpA, 107815) and Bloomington Trip lines
(Nmnat, 29402). Generation of UAS-Fat Facets was described previously
(DiAntonio et al., 2001). Clone UFO01602 was obtained from DGRC for
generation of UAS-SkpA-Flag-HA that was used in rescue experiments.
The UAS-SkpA-Flag-HA transgene was inserted into the attP2 landing
site (~68A4; Bloomington stock no. 8622) by Best Gene. Male and fe-
male larvae were used for experiments unless stated.

Synthethic lethality screen. Isogenicw — males were fed a solution of 5%
sucrose and 14 mm methanesulfonic acid ethyl ester (EMS) for 24 h.
These males were crossed to run>/FM7TW9 virgin females, and ~7000
w, "MSTEM7TW9 virgin females were collected. These females were
mated singly to w ~ /y; elav-Gald(w ™), EP(3)381-Faf(w™" )/TM6B males.
The progeny from the individual crosses were scored for sex and eye color
through the side of the vial to rapidly determine genotype and identify
whether the EMS mutant is (1) lethal on its own, (2) lethal in combina-
tion with neuronal expression of Faf, or (3) not lethal. Six synthetic lethal
mutants were obtained that failed to complement a mutant hiw allele.

Mapping SkpA. The GD65 locus was mapped by meiotic recombina-
tion and deficiency mapping to 1B14-1E1. Whole-genome sequencing
identified a lone missense mutation in this region that corresponded to
the SkpA gene. Additional SkpA mutant alleles complemented the GD65
mutant phenotype suggesting that GD65 was allelic to SkpA.

Whole-genome sequencing. DNA for sequencing was prepared from
>35 female wandering third instar larva that were homozygous for the
GD65 mutation, w~ control line, and an additional GD control line.
Larva were briefly rinsed in 50% bleach solution to remove surface con-
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tamination and frozen at —80°C for atleast 1 h. Larvae were crushed with
a small pestle and genomic DNA was prepared using the DNeasy Blood
and Tissue Kit protocol. Three micrograms of genomic DNA was used
for library construction. Genomic DNA was sonicated to an average size
of 175bp. The DNA fragments were repaired to produce blunt ends then
modified with a 3" “A” base overhang and ligated to Illumina’s standard
sequencing adapters. The ligated fragments were amplified for 10 cycles
incorporating a unique indexing sequence tag. The resulting libraries
were sequenced as 101-nucleotide paired-end reads using the Illumina
HiSeq-2000. More than 30 million reads resulting in 13.8 million aligned
read pairs were generated for GD65. This resulted in 24.2X coverage of
the genome (control lines: 34.4X coverage for the w ™ line and 30.2X
coverage for the additional GD line). Data analysis was done through
GTAC: reads were aligned to the genome using Novoalign; SNPs identi-
fied using SAMtools and annotated using snpEFF. Comparison of the
exons of the X-chromosome of GD65 mutant strain with control lines
identified 298 unique nonsynonymous mutations. Library construction
and sequencing was performed at GTAC at Washington University
School of Medicine.

Immunocytochemistry. Larval filet preps were fixed in Bouin’s solution
(a 1:5:15 ratio of acetic acid/formalin/picric acid) for 10 min at room
temperature unless otherwise noted. Blocking and staining were per-
formed in PBS + 0.1% Triton X-100 + 5% goat serum The rabbit
a-DVGLUT antibody was described previously (Daniels et al., 2004),
and used at 1:5000 dilution. Other antibodies used were as follows: Cy3
and Cy5-conjugated goat a-HRP (1:1000, Jackson ImmunoResearch),
mouse a-LacZ (1:100, 40-1a; fix in 4% paraformaldehyde in PBS on ice
for 40 min; Developmental Studies Hybridoma Bank), mouse a-DLG
monoclonal antibody 4f3 (1:2000, developed by Corey Goodman, Reno-
vis). AlexaFluor 488-conjugated a-rabbit (1:1000, Invitrogen) and Cy3
a-mouse (1:1000, Jackson ImmunoResearch) were used at 1:1000 dilu-
tion. All samples were mounted and imaged in 70% glycerol containing
Vectashield.

Nerve crush assay. The segmental nerves of third instar larvae were
visualized through the cuticle under a dissection microscope. Larvae
were immobilized in a cold dish and the segmental nerves were pinched
tightly through the cuticle for 5 s with Dumostar no. 5 forceps. After
injury, the larva were transferred to a grape plate and kept alive for
varying periods of time at 25°C before dissection. This assay was adapted
from (Xiong et al., 2010). Synapses were stained with aDVGLUT and
aHRP. Axons were labeled with GFP expressed by the M12-Gal4 driver.
GFP stained larval filet preps were fixed in PBS + 4% paraformaldehyde
for 20 min at room temperature.

Imaging and analysis. Images of Drosophila third instar larva were
acquired on a Nikon Eclipse C1 Confocal microscope using 40X or 60X
oil objectives. Images shown are maximal Z-projections of confocal
stacks. Samples for each experiment were processed simultaneously and
used identical confocal gain settings. MetaMorph software (Molecular
Devices) was used for bouton size, synaptic area, and intensity measure-
ments. Synaptic retractions were counted as a percentage of NMJs at
segments A3—A6 of muscle 6/7 NMJs where postsynaptic DIg staining is
not apposed by presynaptic VGLUT staining. The mean intensity of LacZ
expression was quantified in MetaMorph by measuring the intensity of
LacZ staining in the neuronal nuclei that lie along the dorsal midline of
the nerve cord. The mean lacZ intensity per nucleus was measured for
each genotype and normalized against wild-type controls.

Tandem-affinity purification procedure. Purification of the Hiw-
associated protein complex was previously described (Wu et al., 2007;
Tian et al,, 2011). To purify the DFsn-associated protein complex, a
UAS-TAP-DFsn transgene was generated using a full-length DFsn cDNA
(Wu et al., 2007), and was expressed in fly heads by the BG380-Gal4
driver. Tandem affinity purification (TAP) purification was performed
as previously described (Tian et al., 2013). Mascot scores >36 = p <
0.05.

Electrophysiology. Intracellular electrophysiological recordings were
done as previously reported (Marrus and DiAntonio, 2004). Briefly,
wandering third instar larvae were dissected in 0.42 mm Ca>™ Stewart
saline, HL3; Stewart et al., 1994). Both spontaneous miniature excitatory
junction potentials (mEJPs) and evoked EJPs were then recorded in 0.42
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mm Ca?* HL3 from muscle 6 in segments A2 and A3. Seventy-five con-
secutive miniature events were measured per cell using MiniAnalysis
(Synaptosoft) and averaged to determine mean mEJP. Events with a slow
rise time were rejected as artifacts from neighboring electrically coupled
muscle cells. To record evoked EJPs, segmental nerves were cut and
suctioned into a stimulating electrode, where they received a brief (1 ms)
depolarizing pulse. The amplitude of the stimulus was set to ensure re-
cruitment of both nerves innervating muscle 6. EJP amplitude was deter-
mined by averaging 75 consecutive EJPs delivered at 0.2 Hz using
Clampfit 9.0. Quantal content was estimated by dividing the mean EJP by
the mean mEJP. All cells displayed input resistances >5 M() and resting
potentials of —60 mV or lower. Statistical analysis was performed using a
t test to compare pairs of samples or ANOVA for more than two samples
in an experimental group.

Results

A genetic screen for modulators of the

Hiw-Wnd-Jnk pathway

The Hiw-Wnd-Jnk pathway is a central player in multiple aspects
of axonal and synaptic biology. The finding that Hiw and DLK/
Wnd function not only in synaptic development, but also in re-
sponse to injury, has raised the possibility that this pathway is a
potential target for therapeutic intervention. To identify novel
genes that regulate the Wnd pathway, we have performed a for-
ward genetic screen for new modulators of the pathway. The
screen takes advantage of the previous observation that hiw mu-
tants are lethal in combination with neuronal overexpression of
the ubiquitin hydrolase Fat Facets (Faf; DiAntonio et al., 2001).
Similar to hiw mutants, overexpression of Fafleads to an increase
in Wnd levels and an expansion of the NM]J (DiAntonio et al.,
2001; Collins et al., 2006). The synthetic lethality of hiw mutants
and Faf overexpression is likely due to excessive Wnd signaling,
since removing one copy of wnd from this genetic background
allows the animals to survive (Collins et al., 2006). We reasoned,
therefore, that additional mutants that were lethal with neuronal
overexpression of Faf may also be negative regulators of Wnd.

The screen is depicted in Figure 1A. Mutant females were
individually crossed to flies that neuronally overexpress Faf and
which are marked by a transgene that results in red eye color. The
ability to track genotype by eye color allows for rapid identifica-
tion of EMS mutants that are (1) lethal, (2) lethal in combination
with neuronal expression of Faf, or (3) not lethal. Mutants that
are lethal only in combination with neuronal overexpression of
Faf are candidate modulators of the Hiw-Wnd-Jnk pathway. We
screened ~5500 flies and identified 20 mutants that were lethal
with Faf overexpression. Fourteen of the mutations mapped to
hiw, which was expected because hiw is on the X-chromosome
and is a giant target for mutagenesis due to its large size (5233 aa).
However, the remaining alleles are potential novel regulators of
the Hiw-Wnd pathway.

Because Faf may have targets in addition to Wnd, we per-
formed a secondary screen to identify mutants whose synthetic
lethality with overexpressed Fat Facets is suppressed by wnd mu-
tants to focus on negative regulators of the Wnd pathway. Of the
six mutants, two nonallelic mutants were suppressed by loss of
function mutations in wnd, including an allele we term GD65.
GD65 was crossed to a strain that neuronally expresses Faf and
the resulting progeny from the cross were counted. No GD65
mutant progeny expressing Faf were observed, whereas 146 GD65
mutant progeny containing the balancer chromosome were ob-
served (Fig. 1Bi). This lethality was suppressed by a wnd mutation
as demonstrated by viability of the triple mutant (24 progeny vs
~40 expected progeny; Fig. 1Bii). Because GD65 is likely func-
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W pems ru n3/erhal
y FM7TW9maIe lethal
W KEvs Elav-Gal4, UAS-Fat Facets
FM7TW9 ™3

F2 A : Elav-Gal4, UAS-Fat Facets /o W, ; TM3
y + y +
(Red-eye) (White-eye)

B wallenda mutants suppress the lethality of GD65 and
neuronal expression of Fat Facets

offspring #
i. GD65/y; UAS-Faf, elav-Gal4/+ 0
GD65/y; TM3/+ 146
ii.GD65; wnd’, UAS-Faf/wnd?, elav-Gal4 24
GD65; wnd’, UAS-Faf/TM6B 44
GD65; wnd? elav-Gal4/TM3 39

Figure1. Identification of genesinvolved in the Hiw-Wnd pathway. A, Scheme for solating
X-chromosome mutations that are synthetic lethal with neuronal overexpression of Faf is
shown. EMS-treated w— males were mated to run>/FM7TW9(male lethal) virgin females in
mass to generate mutagenized F1females. F1 virgin females were individually crossed to males
neuronally expressing Faf. Mutant F2 males were scored for lethality with overexpression of Faf
based on eye color that is induced by the presence or absence of the transgene marked by the
mini w * gene. B, Quantification of lethality and wnd suppression. Bi, GD65 is lethal with
neuronal overexpression of Faf. GD65 mutants were crossed to UAS-Faf, elav-Gal4/TM3 and the
resulting male offspring were scored. Bii, wnd mutants suppress synthetic lethality. GD65;
wnd', UAS-Faf/TM3 females were crosses to GD65; wnd?, elav-Gald/TM6B males. Male off-
spring from the cross were scored demonstrating wnd suppression of the synthetic lethality.

tioning as a modulator of the Wnd pathway, we focused on the
identification and characterization of this mutant.

GDG65 acts to restrain synaptic growth

Because increased Wnd levels can lead to NM]J overgrowth, we
reasoned that if GD65 is a negative regulator of Wnd, then it may
show an increase in synaptic bouton number. Therefore, we char-
acterized the synaptic morphology of GD65 mutants at the
NMJ of muscle 4, which is formed from a single motoneuron
(MN4b), but similar results were observed at all glutamatergic
type I NMJs. GD65 mutants displayed a more than twofold in-
crease in synaptic bouton number and synaptic branch number
with a concurrent 60% decrease in bouton size (Fig. 2A). The
synaptic phenotypes of GD65 are similar to hiw mutants although
quantitatively less pronounced (Wan et al., 2000).

Interestingly, GD65 mutant phenotypes are strongly affected
by maternal genotype. Significant overgrowth of the NM]J is seen
only when mothers are homozygous for the GD65 mutation (Fig.
2B). Homozygous GD65 mutant progeny from heterozygous
mutant mothers have an 82% decrease in synaptic terminal over-
growth compared with those from homozygous mutant mothers
(Fig. 2B). In addition, heterozygous progeny from homozygous
mutant mothers have a 60% increase in bouton number com-
pared with heterozygous progeny from heterozygous mothers
(Fig. 2B). Therefore, the maternal contribution of the GD65 gene
product is essential for proper synaptic terminal development.

Identification of GD65 as SkpA
Because GD65 genetically interacts with wnd mutants and regu-
lates synaptic development, we chose to identify the mutated
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Figure 2.  GD65 restrains synaptic growth at the larval NMJ. A, Representative confocal images of muscle 4 NMJ synapses

demonstrating a large increase in synaptic branches and synaptic boutons in GD65 mutants (axons in red, ce-HRP; boutons green,
a-DVGLUT). The graphs show quantification of bouton number (22 vs 46, *p << 0.05), bouton size (9.68 vs 3.82 um 2), **Ep <
0.001), and branch number (2.6 vs 6.4, **p << 0.01) for WT and the GD65 mutants (n = 12). B, GD65 mutants exhibit a strong
maternal effect on synaptic growth. Maternal and zygotic genotypes are listed for each genotype tested. Quantification of bouton
number from motoneuron MN4b on muscle 4 is shown. Bouton number = 20.3, 50.4, 25.8, 32.4,22.1, 20.5, and N = 16, 15, 15,

13, 16, 14 respectively for each genotype. Error bars indicate = SEM; **p << 0.01.

gene. To this end, we used a combination of molecular mapping
techniques and next generation whole genome sequencing of the
GD65 mutant strain. DNA libraries were created for whole
genome sequencing from homozygous GD65 larvae as well as two
control lines (the wild-type line that was used for the EMS screen
and a different GD line that originated from the screen). Because
GDe65 is on the X-chromosome, we focused on mutations that
were unique to the X-chromosome of GD65. Comparing the
X-chromosome sequence of the GD65 line against the wild-type and
sister GD line allowed us to identify 298 unique nonsynonymous
mutations in the exons of the X-chromosome. Not all of the 298
mutations were likely due to the EMS mutagenesis, but may be due
to additional polymorphisms that existed on the chromosomes
sequenced.

To define the region of the X-chromosome carrying the muta-
tion, we used recombination and deficiency mapping techniques.
Results from recombination mapping for GD65 indicated that the
mutation was located on the left side of the X-chromosome allow-
ing us to focus our deficiency mapping on location 1A-3A of the
chromosome. Deficiencies were crossed to GD65 and the tran-
sheterozygous mutant was tested for synthetic lethality with Faf
overexpression. One deficiency recapitulated the GD65 lethality
phenotype and was deleted for region 1B14; 1E1 and contained
47 genes. Upon analyzing our whole genome sequencing data for

J. Neurosci., June 18,2014 - 34(25):8398 — 8410 * 8401

this region, there was only a single gene,
SkpA, which contained a mutation that al-
tered a coding sequence in the region de-
leted by the deficiency.

To explore whether the GD65 pheno-
type was indeed due to the mutation in the
SkpA locus, we performed genetic com-
plementation tests with additional alleles
of SkpA. SkpA is an essential gene and null
alleles are lethal (Murphy, 2003). There-
fore, to test for complementation of GD65
we took advantage of the maternal effect
of GD65. Heterozygous SkpA mutant fe-
males were crossed to GD65 males to pro-
duce SkpA/GD65 females. Only if SkpA
complements the GD65 mutation will
male offspring (GD65/y) of this cross ex-
hibit synaptic overgrowth because moth-
ers must be homozygous for GD65 to
exhibit a strong phenotype. To test for
complementation, we used the SkpA’ ™"
allele produced by imprecise excision,
(Murphy, 2003), a P-element insertion
SkpA®®**°, and a deficiency of the region
(df9053). As shown in Figure 3, offspring
from these GD65/Skp mothers exhibit a
similar, but quantitatively stronger, NMJ
overgrowth phenotype than offspring from
GD65 homozygous mothers. Therefore,
GDe65 is allelic to SkpA. Because the GD65
allele is viable and homozygous GD65
mothers produce offspring with a weaker
synaptic phenotype than do SkpA'/GD65
mothers, GD65 is a hypomorphic allele of
SkpA. We named this new allele SkpA“"®,

We resequenced the SkpA gene and
confirmed the mutation identified by
whole genome sequencing. The mutation
Go,A results in a glutamic acid to lysine
substitution altering the charge of the amino acid. Based on the
Skp1 protein structure (Schulman et al., 2000; Zheng et al., 2002),
this mutation maps to helix 2 of SkpA. This mutation may par-
tially disrupt the stability or function of the protein or may par-
tially disrupt the ability of F-Box proteins to interact with SkpA
because it is near the F-Box binding domain. Indeed, mutations
near the F-Box binding domain in Skp1 have the ability to par-
tially disrupt SCF-complex function (Brace et al., 2006).

As an independent test of whether GD65 is allelic to SkpA, we
performed rescue experiments with SkpA. SkpA”/SkpA“P®® females
containing a UAS-SkpA transgene were crossed to various GAL4
drivers and tested for rescue of the synaptic overgrowth phenotype.
Neuronal expression, but not muscle expression, of SkpA completely
rescued the zygotic phenotype of SkpA“”*” mutants (Fig. 4A). This
result not only confirms that GD65 is indeed allelic to SkpA, but
demonstrates that SkpA functions in the neuron to regulate synaptic
growth. Neuronal expression of RNAI targeting SkpA also leads to
synaptic overgrowth, confirming the neuronal role of the protein
and demonstrating that the phenotype is due to reduced function of
SkpA rather than to any peculiarity of the GD65 allele (Fig. 4B).
Additionally, knockdown of SkpA selectively in motoneurons with
OK6-Gal4 also led to overgrowth of the NMJ (WT = 22.4 boutons;
SkpARNAi = 38.7; p > 0.001), indicating a cell autonomous re-
quirement for SkpA within the motoneuron.
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GD65 isidentified as SkpA. Representative confocal images from muscle 4 NMJ synapses of third instar larva (axons in red, a-HRP; boutons green, a-DVGLUT). Multiple alleles of SkpA

recapitulate the GD65 phenotype. Quantification of bouton number: WT (18.8), GD65/GD65 (39.3), SkpA'/GD65 (54.5), SkpA®®35/GD65 (57.4), and SkpA™®0%3/GD65 (63); N = 22,19, 23, 14,13,

respectively. Error bars indicate ==SEM; **p < 0.01.

SkpA genetically interacts with hiw

Hiw and its homologues likely function as part of an SCF-like
Ubiquitin ligase complex to regulate synaptic growth as both Hiw
and the F-Box protein Fsn play a role in regulating synaptic
growth (Liao et al., 2004; Wu et al., 2007; Saiga et al., 2009). In C.
elegans, the Skp homolog Skr-1 physically interacts with Rpm-1
and Fsn-1 (Liao et al., 2004), but no functional data exists dem-
onstrating that Skr-1 participates in the Rpm-1 ligase complex
that functions in regulating neuronal development.

Our characterization of SkpA suggests that SkpA likely func-
tions with Hiw to restrain synaptic growth. If so, then our hypo-
morphic allele SkpA“”*® should enhance the phenotype of an
allele of hiw that has an intermediate phenotype, hiw""°’, Indi-
vidually, both hypomorphic alleles exhibit a modest increase in
bouton number at muscle 4 (WT = 18.3; SkpAGDéS = 40.4;
hiw™NP?! = 35.8; Fig. 5A). The synaptic overgrowth phenotype is
dramatically enhanced in the double mutant (SkpA“P®,
hiw™NP?! = 91), suggesting that SkpA and Hiw function in the
same pathway. Consistent with this hypothesis, this double
mutant has a phenotype similar to that of a hiw-null (hiw®N =
1105 Fig. 5A).

SkpA functions with Hiw to regulate synaptic function

Both hiw and Dfsn mutants have defects in synaptic function
with decreases in EJP amplitude and quantal content (Wan et
al., 2000; Wu et al., 2007). Although the morphological phe-
notype of hiw is due to activation of the Wnd pathway, the
physiology defects are independent of Wnd as mutants in Wnd
do not suppress the functional defect (Collins et al., 2006). Because
other Skp proteins may be functioning with Hiw to regulate synaptic
release, we wanted to test whether SkpA also affected synaptic func-
tion. Although there is a trend toward a decrease in EJP amplitude
and quantal content in the SkpA mutant, it is not statistically signif-

icant, potentially due to the hypomorphic nature of the SkpA“P*?

allele (Fig. 5B).

As a second test of the role of SkpA in regulating synaptic
transmission, we combined a hypomorphic allele of hiw with the
SkpA“P% mutant allele. The hypomorphic hiw""*! allele also has
no statistically significant effect on EJP amplitude or quantal con-
tent (Fig. 5C). This is not surprising because we previously dem-
onstrated that the synaptic growth phenotype of hiw mutants is
more sensitive to loss of Hiw function than is the synaptic func-
tion phenotype (Wu et al., 2005). In contrast to the single mu-
tants, the combination of the two hypomorphic alleles leads to a
pronounced defect in evoked release, with a decrease in EJP am-
plitude (69% decrease) and quantal content (69% decrease; Fig.
5C). There is no significant difference in mEJP amplitude in any
of the mutants (WT = 0.90 % 0.04 mV; hiw"">" = 0.89 =+ 0.05
mV; SkpAGD55 = 0.85 * 0.02 mV; and hiw™VP>!, SkpAGD65 =
0.92 = 0.07 mV). Hence, SkpA does regulate synaptic function,
and likely works together with Highwire in this process.

SkpA interacts with Hiw and DFsn

We used a proteomics approach to test for a physical interaction
between SkpA and other components of the Highwire complex.
Our prior work demonstrated that Highwire binds to the F-box
protein DFsn and that these proteins function together in a com-
plex (Wu et al.,, 2007). We purified the Hiw-associated protein
complex (Tian et al,, 2011) and the DFsn-associated protein
complex from Drosophila adult brains using a transgene-based
two-step purification method, TAP (Rigaut et al., 1999; Tian et
al., 2013). Proteins present in either the Hiw-associated or DFsn-
associated complex were identified via liquid chromatography-
tandem mass spectrometry (LC-MS/MS). DFsn was identified in
the Hiw-associated protein complex (Wu et al., 2007), together
with three peptides of SkpA: VDQGTLFELILAANYLDIK, GL-
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SkpA functions in the motoneuron to regulate synapse morphology. A, Neuronal expression of SkpA rescues the synaptic morphology phenotype of SkpA®®®*. Representative confocal

images of muscle 4 synapses from third instar larva costained with DVGLUT (green) and HRP (red). Genotypes of the progeny are listed in figure. Elav-Gal4 was used for neuronal expression. (Note:

the maternal genotypes for the SkpA progeny were SkpA'/SkpA°°*). The graph depicts quantification of bouton number from motoneuron MN4b on muscle 4. The morphological defects in Skp,

AGDéS

arerescued by presynaptic expression of UAS-SkpA (***p < 0.001 for SkpA®®®> vs SkpA®P%%; elavGal4/UAS-SkpA). N = 48, 25,36, 20, 27, and 26, respectively, for each genotype. Error bars indicate
+SEM. B, Neuronal knockdown of SkpA leads to overgrowth at the NMJ. Elav-Gal4 was used for neuronal expression of the RNAi (UAS-SkpARNAI"®7%"). Images and quantification are the same as

above (**p << 0.01). N = 22,17, and 19, respectively, for each genotype.

LELTCK, and TPEEIRK (Mascot score: 36, 52, 27; accumulating
Mascot score: 115). In the DFsn-associated protein complex, Hiw
was identified as the top DFsn-interacting protein due to its large
molecular weight. In addition, four peptides of SkpA were also
identified: GLLELTCK, KENEWCEEK, DFSPAEEEQVR, and
KDFSPAEEEQVRK (mascot score: 55, 54, 66, and 69; accu-
mulating Mascot score: 244). Other Skp proteins, such as SkpB
and SkpC, were not identified in either protein complex sug-
gesting that the Hiw complex may be specific to SkpA, although

other Skp and SCF components can function at the synapse (Juo and
Kaplan, 2004). These biochemical data in conjunction with the ge-
netic data above strongly support the model of a Hiw/DFsn/SkpA
protein complex in Drosophila neurons.

SkpA signals through the MAPKKK Wallenda to regulate
synaptic growth

How does SkpA regulate synaptic growth? The screen was de-
signed to identify new negative regulators of the Wnd path-
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way. If SkpA were a new negative
regulator of Wnd, we would predict that
wnd mutants should suppress the NMJ
overgrowth phenotype of SkpA mu-
tants. We tested whether the overgrowth
of SkpA mutants requires Wnd function.
As shown in Figure 6A, wnd mutants can
significantly suppress the increase in
bouton number in SkpA mutants, dem-
onstrating that Wnd is necessary for syn-
aptic overgrowth in SkpA mutants.
Interestingly, SkpA mutants are not
completely suppressed by mutations in
wnd in contrast to the full suppression
of mutations in hiw and Dfsn by wnd
(Collins et al., 2006; Wu et al., 2007).
These results are consistent with SkpA,
as part of non-Hiw SCF ligase com-
plexes, targeting additional unknown
substrates that account for the small in-
crease in bouton number that is not
suppressed by a wnd mutant. C

Jnk signaling is increased in

SkpA mutants

Because Wnd/DLK signals through Jnk,
we tested whether the Jnk pathway is up-
regulated in SkpA mutants. Jnk positively
regulates expression of the Puckered gene
and therefore expression of Puckered is an
indicator of Jnk activity. As a readout of
Puckered expression we used a LacZ en-
hancer trap under the control of the
endogenous Puckered promoter (Martin-
Blanco et al., 1998). We measured the in-
tensity of LacZ staining in neuronal cell
bodies in third instar larva. Compared
with wild-type larva, SkpA mutants exhib-
ited an ~90% increase in LacZ staining
intensity (Fig. 6B).

Because Jnk signaling is elevated in
SkpA mutants we tested whether this in-
crease is responsible for the overgrowth
phenotype. We expressed a dominant-
negative form of Jnk, containing a non-
functional kinase domain (Weber et al.,
2000), to inhibit Jnk signaling in SkpA
mutants. Neuronal expression of JnkPN
in a SkpA mutant partially suppresses the
SkpA mutant phenotype (Fig. 6C), consis-
tent with a role for Jnk downstream of SkpA in regulating synap-
tic overgrowth.

Jnk often signals through the AP-1 transcription factors Fos
and Jun. Fos and Jun have previously been linked to synaptic
growth (Sanyal et al., 2003) and we have shown that Fos functions
downstream of Hiw to regulate synaptic growth (Collins et al.,
2006). To test whether Fos and/or Jun functions in SkpA regu-
lated synaptic growth, we neuronally expressed dominant nega-
tive forms of each protein in SkpA mutants. Expression of both
FosP™ and Jun®Y suppresses the overgrowth of SkpA mutants
consistent with SkpA functioning through AP-1 (Fig. 6C). We
had not previously observed suppression of hiw-null mutants

5mV I_

10msec

hiWNDSI

Figure 5.

him/voﬂlskpAGDss :

Evoked 25

z
T Skp GD65 ;20
B 15
£
210
<
o
o

Brace et al. ® SkpA Controls Synaptic Growth and Axon Stability

vy)

=3
o
L

Number of boutons
[
o

A 5 5 W
Jo" (,o" (,v" “\ \J

o c,W " g\kQ
o

o

o

30] “‘

225

SkpA©es, hiw™>s' §15‘

o5 R &®
\(\"\‘ﬁ‘ SY&P\WS\ “;\‘QP‘

W

SkpA genetically interacts with hiw to restrain synaptic growth. A, Representative confocal images of muscle
4 synapses from third instar larva costained for presynaptic DVGLUT (green) and neuronal HRP (Red). Genotypes of the
progeny are listed in the figure. In each case, the maternal genotype is identical to the genotype of progeny. B, Quantifi-
cation of bouton number from motoneuron MN4b on muscle 4 (18.3, 35.8, 40.4, 91.0, 110.0, respectively). There is a
significant increase (**p << 0.01) in the number of boutons between WT and all genotypes. There is also a significant
increase between the single-mutants and the double-mutant (SkpA"%*, hiw"*”*") demonstrating an enhancement of the
phenotype. N = 30, 33, 33, 28, 28. C, Evoked EJP and quantification of EJP amplitude and quantal content from muscle 6
of third instar larva for each of the genotypes listed. There is a significant decrease (***p < 0.001) in EJP amplitude and
quantal content of SkpA®®®, hiw"®*" and each of the other genotypes.

by Jun®Y, likely because the hiw mutants have a stronger phe-
notype than the hypomorphic SkpA“"® allele.

Mutants in SkpA protect synapses and axons from
degeneration after injury

The findings above are consistent with the model that SkpA is an
essential component of the Hiw/E3 Ub ligase complex that re-
strains NMJ expansion. Because there are six genes encoding Skp
proteins in Drosophila, we wished to assess whether SkpA partic-
ipates in other Hiw-dependent processes. Hiw regulates synaptic
stability in Drosophila as hiw mutants suppress the synaptic loss
induced by a-spectrin mutants in a Drosophila model of motor
neuron disease (Massaro et al., 2009).
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To study the effect of SkpA mutants on synapse stability, we
neuronally expressed an RNAIi transgene targeting a-Spectrin to
induce synaptic retractions (Pielage et al., 2005). Synaptic retrac-
tions are the result of the presynaptic motoneuron terminal re-
tracting from the postsynaptic muscle. Retractions are observed
as the lack of presynaptic markers due to the loss of the presyn-
aptic terminal. Neuronal expression of a-spectrin RNAI led to
retractions in 47% of muscle 6/7 synapses (Fig. 7A). In contrast,
WT animals had no synaptic retractions at muscle 6/7 synapses.
When a-spectrin RNAi was neuronally expressed in SkpA mutant
animals, the percentage of retractions was reduced to 5% dem-
onstrating that SkpA is necessary for the synaptic loss. The sup-
pression of the synaptic retraction phenotype is likely due to the
upregulation of a synapse stabilization program in the absence of
effective Hiw/SkpA function (Fig 7A; Massaro etal., 2009). This is
consistent with a model in which the Hiw ubiquitin ligase com-
plex selectively incorporates SkpA.

Recently, it was demonstrated that mutants in hiw and its
mammalian ortholog Phrl protect synapses and axons from de-
generation after axonal crush (Xiong et al., 2012; Babetto et al.,
2013). Therefore, to test the role of SkpA in synaptic degeneration
after injury we examined the maintenance of synapses following
an axonal crush injury. To injure the axons, the segmental nerves
of intact third instar larva were crushed with forceps and the larva
were placed on grape plates for 20 h before they were dissected
and stained for synaptic markers (Xiongetal., 2010). In wild-type
animals, presynaptic proteins such as VGLUT disappear from the
presynaptic terminal leading to innervation in only 10% of mus-
cle 6/7 NMJs after injury (Fig. 7B). In contrast, synapses in hiw
mutants are robustly maintained 20 h after crush as all muscle 6/7
synapses are partially or completely innervated (Fig. 7B; Xiong et
al., 2012). To test whether SkpA functions in this injury response,
SkpA mutant larva were injured with an axonal crush and their
axons were examined 20 h after injury. Similar to hiw mutants,
SkpA mutants exhibit increased synaptic maintenance with
~75% of muscle 6/7 synapses partially or completely innervated
after injury (Fig. 7B). That mutants in hiw show stronger protec-
tion is likely due to the fact that hiw" is a null allele, whereas
SkpA“P® is a hypomorphic allele.

The above experiment focused on synaptic maintenance after
injury. To visualize the role of SkpA directly in axonal degenera-
tion we labeled single axons with GFP and compared axon frag-
mentation after injury. Animals expressed GFP in a small subset
of motoneurons (M12-Gal4) allowing for visualization of single
GFP labeled axons. Segmental nerves of third instar larva were
crushed with forceps and nerves were examined 14 h later. In
wild-type animals, the GFP labeled axons are extensively frag-
mented by 14 h after crush (Fig. 8). This is in sharp contrast to hiw
mutants that display robust axon protection 14 h after injury
(Fig. 8; Xiong et al., 2012). Similar to mutants in hiw, SkpA mu-
tants partially inhibit axon degeneration demonstrating a role for
SkpA in promoting axonal degeneration after injury (Fig. 8).

The axonal protection provided by hiw mutants is dependent
on Nmnat (nicotinamide mononucleotide adenyltransferase)

<«

(Figure legend continued.) cord is increased almost twofold in SkpA®*** mutants compared with
WT controls (WT = 1.0,n = 48 vs SkpA®®®* 1.92, n = 60; **p << 0.01). €, Dominant negative
mutantsin Fos, Jun, and Jnk suppress NMJ overgrowth phenotype. Muscle 4 synapses from third
instar larva were costained for presynaptic DVGLUT (green) and neuronal HRP (red). Neuronal
overexpression of each of the transgenes (UAS-Jun °", UAS-Fos °, UAS-Jnk ™) with elav-Gal4
in combination with SkpA°°®® mutant results in a significant decrease in bouton number com-
pared with the SkpA®°®* mutant alone (***p << 0.001). N = 16, 30, 30, 29, 16, respectively.
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because knockdown of Nmnat leads to increased degeneration in
the hiw mutant background (Xiong et al., 2012). To determine
whether this were also the case with SkpA mutants we expressed
Nmnat RNAi in axons and tested for axonal protection. The ax-
onal protection seen for SkpA mutants is abrogated upon knock-
down of Nmnat (Fig. 8). Due to the more robust protection
provided by hiw mutants, we see only a modest decrease in pro-
tection from Nmnat knockdown at 14 h after injury, which is in
agreement with the data from Xiong et al. at this time point.
Hence, the axonal protection afforded by loss of highwire and
SkpA is likely due to the same mechanism, the maintenance of
Nmnat protein and its axoprotective effect.

The delay in degeneration demonstrated above reveals a novel
role for SkpA in both synaptic and axonal maintenance in addi-
tion to its role in regulating NMJ growth. This is consistent with
SkpA functioning as part of an SCF-like complex with Hiw to
regulate diverse neuronal functions. Hence, blocking the func-
tion of this complex is a potential therapeutic intervention for
slowing axon loss resulting from injury or disease.

Discussion

The Hiw-Wnd-Jnk pathway is a central regulator of neural circuit
development and maintenance. The pathway was originally stud-
ied for its role in synaptic growth and function, but also controls
axon guidance, regeneration, and degeneration. Here we identify
the SCF component SkpA as a component of this pathway, and
demonstrate that SkpA functions to restrain synaptic terminal
growth during development and promote synaptic and axonal
degeneration following injury.

Hiw functions with DFsn and SkpA in an atypical

SCF complex

Canonical SCF E3 ubiquitin ligases form complexes that contain
Skp1, Cullin, Rbx1, and an F-Box protein that serves as the sub-
strate adaptor. Hiw and other PHR orthologs, however, likely
function as part of a novel SCF-like complex that does not in-
clude cullin and Rbx1 proteins (Saiga et al., 2009). DFsn and its
orthologs, Fsn-1 in worms and Fbxo45 in mice, are the F-Box
proteins that participate in the PHR complex (Liao et al., 2004;
Wu etal., 2007; Saiga et al., 2009). Mutants of DFsn in Drosophila
have similar phenotypes to hiw mutants, consistent with the
hypothesis that the F-box protein is essential for Hiw function
(Wu et al., 2007). Although Skp1 can physically interact with
Rpm-1 in worms, before this study there were no functional
data in any organism demonstrating a role for a Skp in PHR
ligase function.

Here we present evidence that SkpA functions with Highwire
to downregulate the MAP3K Wnd/DLK to restrain synaptic ter-
minal growth. As with mutants in hiw and DFsn, mutants in SkpA
exhibit overgrowth of the NM]J with an increase in synaptic bou-
tons and synaptic branch number. Consistent with SkpA and
Hiw functioning in the same pathway, the NMJ overgrowth phe-
notype of a hiw hypomorph is dramatically enhanced in combi-
nation with a hypomorph of SkpA. As with hiw and DFsn,
mutants in the ligase target Wnd/DLK as well as other compo-
nents of the downstream JNK signaling pathway suppress the
synaptic overgrowth phenotype of SkpA mutants. Although the
phenotypes for SkpA mutants are not as strong as those seen for
hiw or Dfsn mutants, this is likely because the SkpA“"* allele
analyzed here is a hypomorph. Indeed, SkpA is an essential gene
and homozygous null mutants are lethal (Murphy, 2003). The
large size of our screen allowed us to identify a hypomorphic
allele of SkpA and to discover its role at the synapse.
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Both hiw and Dfsn mutants have defects in synaptic function  defects are independent of Wnd as mutants in Wnd do not sup-
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and quantal content. Although the morphological phenotype of  with Hiw to regulate synaptic function, or instead, whether SkpA
hiw is due to activation of the Wnd pathway, the physiology = may be selective for the targeting of Wnd and not affect the ability
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mCD8::GFP

Figure8.  SkpA mutants suppress axonal degeneration after injury. The segmental nerves of third instar larva are stained by HRP (red) and single axons are labeled by the expression
of UAS-m(D8:GFP by the M72-Gal4 driver. In wild-type larva, axons distal to the crush site are extensively fragmented by 14 h after injury as seen by fragmentation of the GFP-labeled

axon. Degeneration is limited in SkpA®°%*

and hiw™" as axons remain more intact in the mutants. Knockdown of Nmnat in the axon (M12Gal4) by RNAi blocks the ability of SkpA mutants

to protect axons from degeneration. Axons were scored by researchers blind to genotype using a scale ranging from completely continuous (0%), to continuous with varicosities (25%),
to partially discontinuous (50%), to mostly fragmented with a few segments of continuity (75%), to completely fragmented (100%; Xiong et al., 2010). N = 69, 56, 55, 26, and 10 for

each genotype; ***p < 0.001.

of Hiw to target the unknown substrate responsible for the phys-
iology phenotypes. Although SkpA““*® does not have a statisti-
cally significant physiology phenotype on its own, it has a
pronounced decrease in EJP amplitude and quantal content
when combined with a hiw hypomorph. These data demonstrate
that not only does SkpA participate in the regulation of synaptic
transmission, but also that SkpA functions with Hiw in this
process.

SkpA promotes axonal and synaptic degeneration after injury
Hiw promotes axonal and synaptic degeneration after injury
(Massaro et al., 2009; Xiong et al., 2012; Babetto et al., 2013).
We wondered whether SkpA selectively functions in regulat-
ing synaptic growth and function or whether it also partici-
pates in these other Hiw-dependent functions. To investigate
whether SkpA promotes degeneration we tested three models

of axon and synapse stability where hiw mutants provide pro-
tection. In a genetic model that results in synaptic retractions,
SkpA mutants provide robust protection from the loss of neu-
ronal a-spectrin. In addition, SkpA mutants delay axonal and
synaptic degeneration upon axonal injury. These findings sug-
gest that SkpA functions with Hiw to regulate axonal stability.
The ability of hiw mutants to delay axonal degeneration is
likely via the increased activity of the axoprotective enzyme
Nmnat, as levels of Nmnat are elevated in mutants of Drosoph-
ila hiw and mouse Phrl and knockdown of Nmnat blocks
protection in both flies and mice (Xiong et al., 2012; Babetto et
al., 2013). Similarly, knockdown of Nmnat abrogates axonal
protection in SkpA mutants, suggesting the same mechanism
of action.

In vivo, mutants in Drosophila hiw or mouse Phrl provide
exceptional protection from injury-induced degeneration. Mu-
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tants in hiw protect Drosophila olfactory receptor neurons for
20 d after axotomy (Xiong et al., 2012) and in the mouse Phrl
mutants provide robust protection for at least 10 d after sciatic
nerve axotomy (Babetto et al., 2013). Hence, disrupting the PHR
complex, including the interactions among the PHR, F-box, and
Skp proteins, may be an attractive therapeutic target in neurolog-
ical diseases characterized by axonal loss.
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