. eprints@whiterose.ac.uk
Whlte Rose https://eprints.whiterose.ac.uk

N
(@) Rresearch onii
N’ esearc niine Universities of Leeds, Sheffield and York

Deposited via The University of York.

White Rose Research Online URL for this paper:
https://eprints.whiterose.ac.uk/id/eprint/93562/

Version: Published Version

Article:

West, Ryan John Hatcher, Lu, Yubing, Marie, Bruno et al. (2015) Rab8, POSH, and TAK1
regulate synaptic growth in a Drosophila model of frontotemporal dementia. Journal of Cell
Biology. pp. 931-947. ISSN: 0021-9525

https://doi.org/10.1083/jcb.201404066

Reuse

Items deposited in White Rose Research Online are protected by copyright, with all rights reserved unless
indicated otherwise. They may be downloaded and/or printed for private study, or other acts as permitted by
national copyright laws. The publisher or other rights holders may allow further reproduction and re-use of
the full text version. This is indicated by the licence information on the White Rose Research Online record
for the item.

Takedown
If you consider content in White Rose Research Online to be in breach of UK law, please notify us by
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request.

ﬁ <&, | University of

UNIVERSITY OF LEEDS & Sheffleld



mailto:eprints@whiterose.ac.uk
https://doi.org/10.1083/jcb.201404066
https://eprints.whiterose.ac.uk/id/eprint/93562/
https://eprints.whiterose.ac.uk/

>
o
o
-l
o
o
-l
-l
L
o
LL
@)
-l
<
2
o
-
o
=
Ll
I
[

Published March 23, 2015

This article has original data in the JCB Data Viewer

http://jcb-dataviewer.rupress.org/jcb/browse/9954

Rab8, POSH, and TAKT regulate synaptic growth
in a Drosophila model of frontotemporal dementia

Ryan J.H. West,'? Yubing Lu,? Bruno Marie,* Fen-Biao Gao,? and Sean T. Sweeney'2

'Department of Biology and ?Hull York Medical School, University of York, Heslington, York YO10 5DD, England, UK
*Department of Neurology, University of Massachusetts Medical School, Worcester, MA 01605
“Institute of Neurobiology, Medical Sciences Campus, University of Puerto Rico, San Juan, Puerto Rico 00901

utations in genes essential for protein homeo-

stasis have been identified in frontotemporal

dementia (FTD) and amyotrophic lateral sclerosis
(ALS) patients. Why mature neurons should be particularly
sensitive to such perturbations is unclear. We identified
mutations in Rab8 in a genetic screen for enhancement
of an FTD phenotype associated with ESCRT-IIl dysfunc-
tion. Examination of Rab8 mutants or motor neurons ex-
pressing a mutant ESCRT-IIl subunit, CHMP2B"™™", ot the
Drosophila melanogaster neuromuscular junction synapse
revealed synaptic overgrowth and endosomal dysfunction.

Introduction

Frontotemporal dementia (FTD) is the second most prevalent
form of early onset dementia after Alzheimer’s disease, account-
ing for up to 20% of all dementia cases under 65 yr of age (Van
Langenhove et al., 2012). FTD is highly heterogeneous, present-
ing broad clinical, pathological, and genetic disparity among af-
fected individuals (Hardy and Rogaeva, 2013; Ling et al., 2013).
Molecular and genetic studies have identified several loci impli-
cated in the disease, the most common being MAPT (Hutton
et al., 1998), GRN (Baker et al., 2006; Cruts et al., 2006), and
C90ORF72 (Delesus-Hernandez et al., 2011; Renton et al., 2011).
Less common loci include TARDBP (Borroni et al., 2009; Kovacs
et al., 2009), VCP (Watts et al., 2004), and CHMP2B (Skibinski
et al., 2005). A growing body of evidence supports the idea that
FTD is clinically, pathologically and mechanistically linked with
amyotrophic lateral sclerosis (ALS; Ringholz and Greene, 2006;
‘Wheaton et al., 2007; Hardy and Rogaeva, 2013; Ling et al., 2013)
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Abbreviations used in this paper: ALS, amyotrophic lateral sclerosis; AP-1, acti-
vator protein-1; EPSP, excitatory postsynaptic potential; Eve, even-skipped; FTD,
frontotemporal dementia; GMR, glass multimer reporter; Hiw, highwire; JINKKK,
INK kinase kinase; LAMP, lysosome-associated membrane protein; MCC, Mander’s
correlation coefficient; mEPSP, miniature EPSP; MVB, multivesicular body; NMJ,
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phorylated MAD; UAS, upstream activation sequence; VNC, ventral nerve cord;
Wit, wishful thinking.
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Expression of Rab8 rescued overgrowth phenotypes gen-
erated by CHMP2B™™">, In Rab8 mutant synapses, c-Jun
N-terminal kinase (JNK)/activator protein-1 and TGF-B
signaling were overactivated and acted synergistically to
potentiate synaptic growth. We identify novel roles for en-
dosomal JNK-scaffold POSH (Plenty-of-SH3s) and a JNK
kinase kinase, TAKT, in regulating growth activation in
Rab8 mutants. Our data uncover Rab8, POSH, and TAK1
as regulators of synaptic growth responses and point to
recycling endosome as a key compartment for synaptic
growth regulation during neurodegenerative processes.

in which FTD and ALS constitute extremes of a continuum, repre-
senting a single neurodegenerative disorder (Ling et al., 2013).
CHMP2B encodes a component of the ESCRT-IIT complex
that acts sequentially with ESCRT-0, -1, and -II and is essen-
tial for the biogenesis of multivesicular bodies (MVBs; Henne
et al., 2011). Mutations in CHMP2B have been identified in FTD
and ALS patients (Skibinski et al., 2005; Parkinson et al., 2006;
Cox et al., 2010; van Blitterswijk et al., 2012). MVBs provide
a sorting nexus for both endosomal-lysosomal and autophagic
trafficking pathways, critical for protein homeostasis and regu-
lation of signaling. In support of this, CHMP2B function has
been implicated in autophagosome maturation (Filimonenko
et al., 2007; Lee et al., 2007; Rusten et al., 2007; Lu et al., 2013).
The dominant pathological CHMP2B™"" mutation generates a
C-terminally truncated CHMP2B protein, which forms a more
avid association with ESCRT-III component Snf-7/CHMP4B,
inhibiting dissociation of the ESCRT-III complex (Lee et al.,
2007). The CHMP2B™"" mutation therefore perturbs normal
endosomal trafficking, resulting in autophagosome accumulation
and neurodegeneration (Lee et al., 2007; Urwin et al., 2010).

© 2015 Westetal. This article is distributed under the terms of an Attribution-Noncommercial-
Share Alike-No Mirror Sites license for the first six months after the publication date (see
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Why neuronal subtypes in adults are particularly sensitive to
perturbations in ESCRT-III function is not clear.

To address this question, we have previously established a
Drosophila melanogaster model of FTD in which CHMP2B™"
is expressed in postmitotic neurons in the eye (Ahmad et al.,
2009). A genetic screen has so far identified Serpin5, a negative
regulator of the Toll receptor activated innate immune pathway
and Syntaxinl3, required for autophagosome maturation, as dom-
inant enhancers of CHMP2B™"™" toxicity (Ahmad et al., 2009;
Lu et al., 2013). Here, we describe the identification and charac-
terization of mutations in the small endosomal GTPase Rab$ as
another distinct modifier of the CHMP2B™"™" phenotype.

In vitro studies have previously shown Rab8 playing an im-
portant role in exocytic membrane traffic from the Golgi complex
in polarized epithelial cells (Huber et al., 1993b), photoreceptor
cells (Moritz et al., 2001), and neurons (Huber et al., 1993a). Simi-
lar in vitro studies have demonstrated a regulatory role for Rab8
in the cycling and delivery of a-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid and metabotropic glutamate receptors into
dendritic spines in an endosome-dependent manner (Brown et al.,
2007; Esseltine et al., 2012). In vertebrates, genetic analysis of neu-
ronal Rab8 function has been hampered by the presence of two
Rab8 isoforms, Rab8a and Rab8b, that may compensate for each
other (Sato et al., 2014). In addition, Rab8 knockout mice typically
die prematurely, as a result of nutritional wasting associated with
the role of Rab8 in the development of intestinal epithelial cells
(Sato et al., 2007), preventing study of Rab8 function in neurons.

Here, we demonstrate that heterozygous Rab8 mutants
dominantly enhance CHMP2B™"" toxicity in our Drosophila
model of FTD. We identify mutations in the single Drosophila
Rab$8 gene and show that Rab8 mutants display significant per-
turbations to normal endosomal trafficking within motor neurons,
leading to misregulated TGF-{ and JNK signaling. This misregu-
lation results in aberrant synaptic overgrowth at the Drosophila
neuromuscular junction (NMJ) synapse, a hallmark of neurode-
generative disease in Drosophila models. Synaptic overgrowth
in Rab8 mutants can be alleviated through reduction of POSH
(Plenty of SH3’s), an endosomal JNK scaffold (Tapon et al.,
1998; Xu et al., 2003; Tsuda et al., 2006; Votteler et al., 2009) that
aggregates within axon bundles of Rab8 mutants. Expression of
CHMP2B™™ in motor neurons also increases synaptic growth
and TGF-B and JNK signaling, phenotypes that are reversed by
the coexpression of Rab8. We present POSH as a novel nexus
linking activity of TGF-3 and JNK signaling via TAK1 (TGF-p—
activated kinase 1), a JNK kinase kinase (JNKKK) essential for
synaptic overgrowth in Rab8 mutants. Thus, we provide evidence
for a novel pathway regulating synaptic growth in both normal
development and in a synaptic overgrowth disease model.

Results

A genetic screen in Drosophila identifies
Rab8 as a dominant enhancer of mutant
CHMPZ2B toxicity

Expression of CHMP2B™"" in the Drosophila eye, under the
control of the postmitotic eye-specific driver glass multimer
reporter (GMR)-Gal4, leads to a mild phenotype characterized

JCB

by melanotic deposits (Fig. 1 B; Ahmad et al., 2009; Lu et al.,
2013). Loss of one copy of the deficiency allele D{3L)ED228
(Fig. 1, A—C) potentiated this phenotype. To identify the genes
responsible for this genetic interaction, mutant alleles of individ-
ual genes within this deficiency region were screened against the
CHMP2B""" eye phenotype. The Rab8' allele significantly po-
tentiated CHMP2B™"" toxicity (Fig. 1, B and C). Enhancement
was consistent for four additional identified Rab8 mutant alleles
(Figs. 1 D and S1) as well as Rab8-RNA1 expression (Fig. 1,
B and C). In addition, coexpression of wild-type Rab8 with
CHMP2B™"™ could partially alleviate toxicity (Fig. S1 C). Se-
quencing of identified Rab§ alleles revealed missense mutations
(Figs. 1 D and S1) affecting conserved residues essential for Rab8
GTPase function (Fig. S1; Giagtzoglou et al., 2012). Comple-
mentation analysis demonstrated that all Rab8 mutant combina-
tions die at the pharate pupal stage (Figs. 1 E and S1 B).

Presynaptic Rab8 regulates NMJ

synapse development

Rab8 function in Drosophila, and in neurons in general, is poorly
understood. We first examined whether Rab8 is expressed in
motor neurons. Expression of the membrane-associated GFP,
mCDS8-GFP, under the control of the Rab8-GAL4 driver (Chan
et al., 2011) revealed Rab8 expressed throughout the Drosophila
larval ventral nerve cord (VNC), with coexpression in all even-
skipped (Eve)—positive cells (Fig. 2 A), indicating expression in
all motor neurons.

To examine potential roles for Rab8 in synaptic growth and
function, we used the Drosophila third instar larval NMJ as a model
synapse. All trans-heterozygous allelic combinations of Rab8
mutants presented with synaptic overgrowth, characterized by sig-
nificant increase in synaptic bouton number of up to 100% (Fig. 2,
B and C). With the Rab8' allele previously identified as a hypo-
morph (Giagtzoglou et al., 2012), the observation of synaptic
overgrowth in all trans-heterozygote combinations of Rab8 alleles
strongly associates synaptic overgrowth with loss of Rab8 function.
Synaptic overgrowth observed was highly penetrant affecting every
NMIJ observed, including both muscles 6/7 and 4 (Fig. 2, B-E).

We hereafter chose to focus on Rab8'/Rab8**’ trans-
heterozygotes as a robust representative of Rab8 synapse over-
growth. To determine whether Rab8 has a pre- or postsynaptic
role in the regulation of synaptic growth, genetic rescue experi-
ments were performed. Both global (actin-Gal4) and presynaptic
(neuronal-synaptobrevin/n-Syb—Gal4) expression of upstream
activation sequence (UAS)-Rab8 were sufficient to completely
rescue increased synaptic bouton number at both muscles 6/7
and 4 (Fig. 2, D and E). In contrast, postsynaptic (MHC-Gal4) ex-
pression of UAS-Rab8 rescued increased synaptic bouton number,
but not synapse length at muscle 6/7 (Fig. 2, C and D; and Fig. S2).
Synaptic bouton number or length, in muscle 4 was not rescued by
muscle expression of Rab8 (Fig. 2, C and E; and Fig. S2). In ad-
dition to elevated bouton number, Rab8 mutants also have a signifi-
cant increase in NMJ length, branching, and satellite bouton number,
with a reduction in synaptic bouton size (Fig. S2). These phenotypes
were completely rescued by both global and presynaptic, but not
postsynaptic, expression of Rab8. Collectively, these results indicate
a presynaptic role for Rab8 in the regulation of synaptic growth.
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Figure 1. A genefic screen identifies Rab8 mutants as dominant enhancers of CHMP2B™"" foxicity. (A) Schematic representation of the genomic region un-

covered by the Df(3L)ED228 deficiency. (B) Df{3LJED228, Rab8' /+, or Rab8RNAi expression dominantly enhance the CHMP2B""°*> mutant eye phenotype,
with increased melanization. (C) Quantification of the eye phenotype in flies for genotypes in B. Numbers above bars = n. (D) Schematic representation of the

Rab8 locus with location and nature of Rab8 mutant alleles used in this study. (E)

Rab8 is localized to the synaptic

recycling endosome

Although it has previously been reported that Rab8 has a role in
neurite outgrowth (Huber et al., 1993a) and neurotransmitter recep-
tor recycling in neurons (Gerges et al., 2004; Esseltine et al., 2012)
via a function in the recycling endosome (Brown et al., 2007), it is
not clear how these effects are mediated. We find that expressed

Rab8 trans-heterozygote mutant combinations show pharate lethality.

YFP-tagged Rab8 partially colocalizes with markers for the slow
(Rab11) and fast (Rab4) recycling endosome in motor neurons, in
addition to the synaptic TGF-f3 type II receptor, wishful thinking
(Wit; Fig. 3, A—C; Aberle et al., 2002; Marqués et al., 2002), indi-
cating function in the recycling endosome at the synapse, a com-
partment previously associated with synaptic growth control via
regulation of TGF-[3 receptor traffic (Rodal et al., 2011).

POSH/TAK1 regulate synaptic growth in Bab8 mutants ¢ West et al.
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Figure 2. Rab8 mutants reveal a presynaptic role for Rab8 in the regulation of neuronal growth at the larval NMJ. (A) Rab8 is expressed in all Eve-positive
motor neurons within the third instar larval VNC. Insets show magnification of four neurons showing coexpression of eve and Rab8 promoter—driven
mCD8-GFP. Bar, 20 pm. (B) All trans-heterozygous Rab8 mutant combinations show significant synaptic overgrowth at the third instar larval NMJ (muscle
6/7, hemisegment A3). ANOVA: F(d.f. [degrees of freedom] 15) = 10.14; ***, P < 0.001 with posthoc Dunnett's comparison to wildtype control.
(C) Overgrowth can be completely rescued by global (actin-Gal4) and neuronal (n-Syb-Gal4) expression of UAS-Rab8. Muscle (MHC.Gal4) expression of
UAS-Rab8 partially rescues synaptic bouton number in Rab8 mutants. Bars, 10 pm. (D) Quantification of synaptic bouton number at muscle 6/7, hemiseg-
ment A3. ANOVA: F(d.f. 7) = 36.8975; ***, P < 0.001 with post-hoc Dunnett's comparison to wild-type control, and posthoc Student's t test comparison
between groups; ###, P < 0.001. (E) Quantification of synaptic bouton number at muscle 4, hemisegment A3. (ANOVA: F(d.f. 7) = 19.95; *** P <
0.001 with posthoc Dunnett's comparison to wild-type control, and posthoc Student's t test comparison between groups; ###, P < 0.001; ##, P < 0.01.
Numbers above bars = n. Error bars show SEM.
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Figure 3. Rab8 locdlizes to the recycling endosome at synapses and disruption of Rab8 function perturbs normal endosomal structure throughout the
nervous system. (A) Panneuronal (n-Syb-Gal4) expression of constitutively active Rab8-YFP (Rab8“A-YFP) reveals colocalization of Rab8 with recycling
endosomal marker Rab4-RFP, at the NMJ. White line defines outline of synaptic bouton. PCC: 0.59 + 0.023 (mean = SEM); Mander’s correlation coef-
ficient (MCC) M1: 0.73 = 0.025; M2: 0.84 + 0.034; n = 20. (B) Rab8“AYFP expressed with n-syb-GAL4 colocalizes with recycling endosome marker
Rab11-GFP in the axon. White lines define outline of axon. (C) Rab8“A-YFP expressed with n-syb-GAL4 colocalizes with Rab11-GFP (PCC: 0.65 + 0.01;
MCC M1: 0.87 = 0.038; M2: 0.84 + 0.034; n = 20) and TGF-B receptor Wit at the NMJ. White line defines the outline of synaptic bouton. (D) Rab8
mutants show a reduction in the fast recycling endosome marker Rab4-RFP (expressed with n-Syb-GAL4) throughout the larval VNC and at the NMJ. (E) Rab8
mutants show a reduction in the slow recycling endosome marker Rab11-EGFP (expressed with n-Syb-GAL4) at the NMJ. (F) Rab8 mutants show decreased
levels of HRS within the cell bodies of Eve-positive motor neurons of third instar larvae. (G) The late endosome marker LAMP accumulates in puncta within
the VNC when expressed with n-syb-GAL4 in Rab8 mutants. (H-J) Ultrastructural analysis of the larval NMJ synapse in Rab8 mutants reveals a significant
increase in large clear endosome-like structures (>70 nm) within synaptic boutons. Third instar larvae, muscle 6/7, hemisegment A3. (I) ANOVA:
F(d.f.1) = 4.9635; *, P < 0.05. (J) ANOVA: F(d.f.1) = 55.1122; ***, P < 0.001. (K) Ultrastructural analysis in the VNC in third instar larvae of Rab8
mutants uncovers large, aberrant, multilamellar, membranous structures not observed in wild4ype animals. Numbers above bars = n. Error bars show SEM.
Bars: (A and C-G) 2 pm; (B) 5 pm; (H) 500 nm; (K) 200 nm.

within synaptic boutons was observed (Fig. 3, H-J), mor-
phologically similar to those previously seen with manipula-

To understand how loss of Rab8 in neurons leads to synaptic
overgrowth, we analyzed synapses at the endosomal and ultra-
structural level. Rab8 mutants displayed a clear reduction in both
Rabl11 and Rab4 recycling endosome markers at both the NMJ
and in motor neuron cell bodies in the VNC (Fig. 3, D and E;
and Fig. S3, A and B). In addition to depletion of recycling en-
dosome markers, we found the ESCRT-0 subunit HRS, which
is essential for MVB biogenesis, was also depleted within the cell
body of Eve-positive motor neurons in Rab8 mutants (Figs. 3 F
and S3 C).

Upon ultrastructural analysis of the Rab8 mutant synapse,
accumulation of large endosome-like, intermediary structures

tions of endocytic machinery such as Rab5 (Shimizu et al.,
2003), clathrin (Kasprowicz et al., 2008; Kawasaki et al., 2011),
AP180 (Zhang et al., 1998), and Dap160 (Winther et al., 2013).
The structures we observe are, however, dissimilar and un-
likely to be synaptic vesicles as they are not released; we did
not observe any increase in quantal size during our electro-
physiological analysis. On the contrary, Rab8 mutants show
decreased quantal size (Fig. 4). Multilamellar accumulations,
consistent in size and distribution with lysosome-associated
membrane protein (LAMP)-GFP accumulation (Fig. 3, G and K)
were also observed within cell bodies of the larval VNC of Rab8
mutant larvae. These structures are similar to the autophagosomal

POSH/TAK1 regulate synaptic growth in Rab8 mutants
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Figure 4. Rab8 mutants show decreased amplitude of spontaneous min-
iature release events and an increase in quantal content. (A) Representative
traces of miniature spontaneous release events and evoked EPSP in wild type
and Rab8 mutants. (B) Quantification of mean mEPSP amplitude in control
and Rab8 mutants. The mean amplitude of spontaneous miniature release
events of Rab8 mutants (0.71 + 0.02 mV; n = 21) is decreased (Student’s
ttest; P < 0.006) when compared with controls (0.81 + 0.02 mV; n = 22).
This decrease is not rescued by Rab8 expression in the neuron (mEPSP is
0.68 = 0.04 mV; n = 12) but is rescued by expression of Rab8 in muscle
(mEPSP is 0.78 + 0.03 mV; n = 11), showing that postsynaptic function of
Rab8 is responsible for decreased miniature amplitude. (C) Quantification of
the mean number of vesicles released per evoked action potential in control
and Rab8 mutants. We find a significant (P < 2.5 x 1079 increase in the
amount of vesicles released in Rab8 mutants: the quantal content of Rab8
mutant synapses is 61.3 = 2.6 (n = 21), whereas it is 46.7 = 1.4 in controls
(n = 22). Rab8 mutant animals rescued by neuronal expression of Rab8
still show similar increase in vesicle release quantal content of 64.5 + 3.9
(n = 12), indistinguishable from Rab8 mutants (P > 0.49) and significantly
different from control flies (P < 8 x 107%). Rab8 mutant animals rescued by
muscle expression of Rab8 show a mean quantal content of 52 + 2.4 (n =
11) similar to wild-type values (P > 0.07) and significantly different from
mutant values (P < 0.02). The values are means + SEM. *** P < 0.001;
**,P<0.01; *, P<0.05.

intermediates observed in cortical neurons expressing CHMP-
2B™MmonS (Lee et al., 2007) and are never observed in wild-
type animals.

A Rab8-dependent process restricts

TGF-B signaling

Disruption of endosomal traffic has been shown to be a major
mechanism in the generation of synapse overgrowth driven by
aberrant TGF-f3 signaling at the Drosophila NMJ (Sweeney and
Davis, 2002; Wang et al., 2007; O’Connor-Giles et al., 2008;
Rodal et al., 2011; Shi et al., 2013; Vanlandingham et al., 2013).
We hypothesized that disruption of the endosome via loss of

JCB

Rab8 would lead to misregulated TGF-§3 signaling. We there-
fore examined the role of TGF-(3 in the overgrowth of synapses
in Rab8 mutants.

Trans-heterozygous combinations of mutations in the
TGF-f type-I receptor thick veins (Tkv) elicit a ~50% reduc-
tion in synaptic bouton number, whereas loss of one copy of Tkv
has no effect on bouton number (Fig. 5, A and B; Sweeney and
Davis, 2002). When present in a Rab8 mutant background, het-
erozygous and trans-heterozygous Tkv mutant combinations re-
duce synaptic overgrowth in a dose-dependent manner (Fig. 5,
A and B). Although heterozygous mutations in Rab8 or Dad
(an inhibitory SMAD [Similar to Mothers Against Decapenta-
plegic] and negative regulator of TGF-f signaling; Tsuneizumi
et al., 1997; Inoue et al., 1998) do not show any perturbation to
synaptic bouton number, heterozygous combinations of Rah8'
and Dad*"™ have an increased bouton number comparable to
that of Rab§8 trans-heterozygotes (Fig. 5, A and B). A permis-
sive TGF-f3 signal is essential for the synaptic overgrowth phe-
notype observed in Rab8 mutants.

Next, we asked whether mutants showed misregulated
TGF- signaling in neurons. Upon ligand binding, TGF-§3 type
II receptors recruit type-I receptors forming an active tetra-
meric complex (Massagué, 2012). Active receptors phosphorylate
downstream receptor SMADs, which translocate to the nucleus.
The Drosophila receptor SMAD is MAD (Mothers against de-
capentaplegic; Sekelsky et al., 1995), and levels of nuclear phos-
phorylated MAD (P-MAD) provide a reliable readout of TGF-3
receptor activity. The levels of P-MAD are greatly elevated in
Eve-positive motor neuron nuclei of Rab8 mutant larvae (Fig. 5,
C and D). In addition, the type II receptor, Wit, is more abundant
in Rab8 mutants compared with wild type (Fig. S4 C). As Dad
is transcriptionally activated by TGF-§ signaling, a Dad-LacZ
enhancer trap can be used as a reporter of transcriptional TGF-
B activity (Tsuneizumi et al., 1997). In Rab8 mutants, levels of
Dad-driven LacZ expression were elevated throughout the larval
VNC (Fig. 5 E) and specifically within Eve-positive motor neu-
ron nuclei (Fig. 5, E and F). These findings demonstrate synaptic
overgrowth in Rab8 mutants requires a permissive TGF-{3 signal,
which is elevated at a signaling and transcriptional level in mu-
tants and that Rab8 suppresses TGF-f3 signaling.

JNIK acts synergistically with TGF-§ to
regulate synaptic growth in Rab8 mutants
Previous studies demonstrated that the JNK—activator protein-1
(AP-1) signal transduction pathway plays a major role in the
activation of overgrowth of the larval NMJ (Collins et al., 2006)
gating the activity of the TGF-3 pathway when synaptic growth
is seen to be substantially above that of a wild-type synapse
(Berke et al., 2013). In previous studies, genetic activation of
TGF-f signaling alone at the larval NMJ has resulted in only
modest increases in synapse growth (Sweeney and Davis, 2002;
Rawson et al., 2003; McCabe et al., 2004; Berke et al., 2013).
The JNK-AP-1 pathway has been identified as an evolutionarily
conserved stress-activated kinase pathway that can be activated in
response to a range of both endogenous and environmental stim-
uli in neurons. In response to stimuli, a kinase cascade, acting
through JNK, activates a series of downstream targets, including
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Figure 5. Synaptic overgrowth in Rab8 mutants requires a permissive and elevated TGF-B signal. (A and B) Inhibition of TGF-8 signaling through thick
veins (Tkv) loss-of-function mutants alleviates synaptic overgrowth in a trans-heterozygous Rab8 mutant background. Alleviating the inhibition of TGF-8
signaling maintained by the inhibitory SMAD, Dad, using the loss-of-function mutant Dad elicits no effect upon synaptic bouton number. Dad*/Rab8’

double-heterozygote combination shows synaptic overgrowth similar to Rab8 trans-heterozygotes. ANOVA: F (d.f. 10) =

27.8476; P < 0.001 with post-

hoc Dunnett's comparison to wild type: ***, P < 0.001; *, P < 0.05. Posthoc Student’s ttest comparison between groups: ###, P < 0.001; ##, P < 0.01;
#, P < 0.05. (C and D) Rab8 mutants show significantly elevated levels of phospho-MAD, the activated form of the Drosophila receptor SMAD, within Eve-
positive nuclei. ANOVA: F (d.f. 1) = 92.3468; ***, P < 0.001. (E and F) Rab8 mutants show increased transcriptional activation of the TGF-g signaling
pathway, with increased levels of Dad-driven LacZ expression within the VNC and within Eve-positive nuclei. ANOVA: F (d.f. 1) = 257.76; ***, P < 0.001.
Arb. Units, arbitrary units. Numbers above bars = n. Error bars show SEM. Bars: (A and E) 10 pm; (C) 2 pm.

AP-1, comprised of hetero- and/or homo-dimers of Fos and
Jun (Antoniou and Borsello, 2012). Expression of a dominant-
negative Fos (Fos™™) can be used to inhibit INK/AP-1 signaling
(Eresh et al., 1997; Collins et al., 2006). Neuronal expression of
FosPN, under the control of the panneuronal driver n-Syb—Gal4
or motor neuron driver OK6-Gal4, does not affect NMJ growth
in a wild-type background (Fig. 6, A and B). However, expres-
sion of Fos™" both panneuronally and in motor neurons alone is
sufficient to completely alleviate synaptic overgrowth in Rab8
mutants (Fig. 6, A and B). In addition, although heterozygous
mutants of puc (puckered), a negative regulator of JNK that is
transcriptionally activated by JNK signaling, display no pertur-
bation to NMJ size, heterozygous combinations of puc® and
Rab8’ have an increase in synaptic bouton number comparable
to that seen in Rab§ trans-heterozygote combinations (Fig. 6,
A and B). We then asked whether AP-1 transcriptional activity

was elevated in Rab8 mutant neurons. Puc is a transcriptional
target of AP-1 signaling (Martin-Blanco et al., 1998). Using a
Puc-LacZ enhancer trap as a transcriptional reporter, we con-
firm the JNK—AP-1 signaling pathway to be more active in the
motor neuronal nuclei of Rab8 mutant larvae compared with
wild type (Fig. 6, C and D). Collectively, this genetic evidence
indicates JNK signaling to be essential for the synaptic over-
growth observed in Rab8 mutants.

The endosomal JNK scaffold and E3 ubiquitin ligase POSH
plays a fundamental role in the regulation of JNK activity, me-
diating temporal activation and termination of a JNK signaling
cascade (Xu et al., 2003, 2005; Kukekov et al., 2006) though

POSH/TAK1 regulate synaptic growth in Rab8 mutants
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Figure 6. Rab8 mutants show elevated JNK signaling essential for synaptic overgrowth. (A and B) Inhibition of the JNK signaling pathway by panneu-
ronal (n-Syb-Gal4)- or motor neuronal (OKé-Gal4)-driven expression of a dominantnegative Fos construct, UAS-FOSPY, in a Rab8 mutant background
completely rescues increased synaptic bouton number observed in Rab8 mutants. Expression of Fos® in a wild4type background has no effect upon bouton
number. Suppression of puc-mediated JNK inhibition through the presence of a heterozygous puc loss-offunction mutant (pucf?) combined with hetero-
zygous Rab8' induces synaptic overgrowth comparable to that seen in a Rab8 trans-heterozygote mutant. Neither Rab8'/+ or puc®’/+ alone have any
effect on bouton number. Bar, 10 pm. ANOVA: F(d.f. 8) = 36.4999; P < 0.001 with post-hoc Dunnett’s comparison to wild-type controls: ***, P < 0.001.
Student's ttest comparison between genotypes: ###, P < 0.001. (C and D) Rab8 mutants show significantly elevated levels of pucdriven LacZ expression
in Eve-positive nuclei, indicating increased transcriptional activation of JNK signaling. Bar, 2 pm. ANOVA: F (d.f. 1) = 53.6294; *** P < 0.001. Arb.

Units, arbitrary units. Numbers above bars = n. Error bars show SEM.

function in the nervous system has been relatively unstudied to
date (Zhang et al., 2005, 2006). An interaction between POSH
and ESCRT-III, via ALG2 and AliX (Tsuda et al., 2006; Vot-
teler et al., 2009), has been demonstrated. POSH also degrades
HRS, via an E3 ubiquitin ligase activity (Kim et al., 2006).
Having observed perturbed endosomal dynamics, HRS de-
pletion, and elevated JNK signaling in Rab8 mutants, we asked
whether POSH could provide a nexus linking these phenotypes
with synaptic overgrowth. Here, we demonstrate an essential role
for POSH in the regulation of synaptic growth in Rab8 mutants.
Introducing POSH mutants into a Rab8 mutant background al-
leviates synaptic overgrowth (Fig. 7, A and B). Puncta of POSH,
colocalizing with accumulations of P-MAD and the late endo-
somal marker spin (spinster; Sweeney and Davis, 2002) were
observed in all larval axon bundles in Rab8 mutants, a phenotype
not observed in wild type (Fig. 7, C and D). P-MAD accumula-
tions were reversed by the introduction of POSH-null mutants
into a Rab8 mutant background (Fig. 7, C and D). If POSH is
acting as a scaffold for JNK-AP-1 signaling and regulator of
HRS abundance in the motor neuron, we would predict that the

introduction of POSH-null alleles into a Rab8 mutant would
prevent transcriptional activation of the Puc-LacZ reporter and
HRS down-regulation. Examining Puc-driven LacZ expression
in a POSH/Rab8 mutant reduces transcriptional activation of the
reporter dramatically compared with controls (Fig. 7 E). In addi-
tion, HRS levels are rescued to wild-type levels in a POSH/Rab$8
mutant (Fig. 7 F). HRS is known to regulate TGF-$3 signaling
(Jékely and Rgrth, 2003), so we asked whether Dad-LacZ and
P-MAD abundance are also rescued in POSH/Rab8 and we find
that they are (Fig. 7, G and H). Overexpression of HRS in a Rab8
mutant background rescues synaptic overgrowth (Fig. 8) con-
sistent with HRS regulating synaptic overgrowth via TGF-f3
receptor degradation (Rodal et al., 2011).

POSH scaffolds the JINKKK TAKI to activate JNK signaling
pathways during innate immune and proapoptotic responses in
Drosophila (Tsuda et al., 2005; Lennox and Stronach, 2010).
The E3 ubiquitin ligase activity of POSH has also been shown
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Figure 7. Rab8 mutants reveal a role for the endosomal JNK scaffold POSH in regulation of synaptic overgrowth at the NMJ. (A and B) Increased synap-
tic bouton number in Rab8 mutants can be alleviated through inhibition of POSH, using a homozygous POSH-null allele, POSH™, or trans-heterozygous
POSHEP1206 / POSHEP?248 |oss-of-function mutants in a Rab8 mutant background. ANOVA: F(d.f.5) = 28.149; P < 0.001), with posthoc Dunnett's compari-
son to wild-type control: *** P < 0.001. Student's t fest comparison between genotypes: ###, P < 0.001. (ANOVA: F(d.f.5) = 28.149; P < 0.001).
(C) Immunohistochemical staining reveals POSH accumulations colocalizing with the late endosomal marker spin and P-MAD in axons of trans-heterozygous
Rab8 mutant larvae. Accumulations of spin, POSH, or P-MAD were never observed in wild4ype axons. POSH colocalizes with spin PCC: 0.74 + 0.03;
MCC M1:0.98 = 0.013; M2: 0.91 £ 0.014; n = 12. P-MAD colocalizes with spin PCC: 0.63 + 0.027; MCC M1: 0.93 + 0.020; M2: 0.87 + 0.024.
(D) Loss of POSH in a Rab8 mutant background alleviates axonal aggregates. P-MAD is used as a representative marker of aggregates. (E-H) Loss of
POSH rescues elevated PuclacZ (E), depleted HRS (F), elevated Dad'lacZ (G), and P-MAD (H) levels observed in Rab8 mutants. (E) ANOVA: F(d.f.3) =
105.553; P < 0.001. (F) ANOVA: F(d.f.3) = 9.921; P < 0.001. (G) ANOVA: F(d.f.3) = 33.205; P < 0.001. (H) ANOVA: F(d.f.3) = 93.205; P < 0.001,
with post-hoc Dunnett's comparison to wildtype controls: ***, P < 0.001; **, P < 0.01. Student's f test comparison between genotypes: ###, P < 0.001;
##, P < 0.01. Arb. Units, arbitrary units. Numbers above bars = n. Error bars show SEM. Bars: (A) 10 pm; (C and D) 5 pm.

to be essential for triggering the proteasomal degradation of
TAKI to limit activation of NF-kB and JNK during immune
responses (Tsuda et al., 2005). TAK1 was originally identified
as a TGF-B-activated kinase (Yamaguchi et al., 1995), provid-
ing a possible bridge between TGF-3 and JNK signaling in the
regulation of synaptic growth. We asked whether TAK1 was
essential for synaptic overgrowth observed in Rab8 mutants.
Although heterozygous TAKI loss-of-function mutants and neu-
ronal expression of a dominant-negative TAK1 or TAK1-RNAIi
have no effect upon synaptic bouton number alone they are suf-
ficient to alleviate overgrowth in a Rab8 mutant background

(Fig. 8). Neuronal overexpression of UAS-TAK] also elicited
a significant synaptic overgrowth phenotype, with an expanded
synapse consisting of several very small boutons (Fig. 8).

We have shown Rab8 to be a component of the recycling endo-
some at the synapse, whereas CHMP2B functions at the MVB.
Previously, Rodal et al. (2011) showed that recycling endosome
function repressed synaptic growth, in conjunction with the

POSH/TAK1 regulate synaptic growth in Rab8 mutants
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Figure 8. Rab8 mutants reveal a role for the
INKKK TAK1 in synaptic overgrowth at the
NMJ. (A and B) Loss of TAKT function gener-
ated by Inhibition of TAKT through panneuronal
(n-Syb-Gal4) expression of a dominantnegative
form of TAK1, knockdown by TAKT-RNAI, or
use of a TAKT lossoffunction allele completely
alleviated synaptic overgrowth in a Rab8 mutant
background. Correspondingly panneuronal ex-
pression of UAS-TAKT promotes synaptic over-
growth, characterized by a significant increase
in synaptic bouton number. Reduction of HRS
function, using a heterozygous HRS loss-offunction
allele HRSP?8/+, in combination with Rab8'/+
elicited a significant increase in synaptic bou-
ton number. HRSP?8/+ or Rab8' /+ alone did
not affect bouton number. Bar, 10 pm. ANOVA:
F(d.f. 11) = 24.2733; P < 0.001 with posthoc
Dunnett's comparison to wildtype control: ***,
P < 0.001. Student's t test comparison between
genotypes: ###, P < 0.001; #, P < 0.05. Num-
bers above bars = n. Error bars show SEM.
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MVB. We hypothesized that Rab8/recycling endosome function
could rescue synaptic overgrowth by repressing TGF- func-
tion when MVB function was compromised by CHMP2B™™"
expression. Overexpressing CHMP2B™™" in motor neurons in-
duced a 30% increase in synaptic growth in addition to increases
in P-MAD abundance, Dad-LacZ and Puc-LacZ reporter induc-
tion and accumulations of the ESCRT-III protein, Shrub, colocal-
izing with Wit and the late endosomal marker spin (Fig. 9, A-F).
All of these cellular deficits and synaptic growth parameters were
reversed to wild-type levels when Rab8 was coexpressed with
CHMP2B™™ in motor neurons (Fig. 9, A-E; and Fig. S5). We
then asked whether CHMP2B™™" accumulation in mammalian
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neurons could induce POSH association. Expression of FLAG-
tagged CHMP2B™™™ in mouse primary cortical neurons gen-
erated puncta of colocalizing mPOSH in neurites (Fig. 9 G),
suggesting association between these two proteins can occur in
neurons with dysfunctional ESCRT-III activity.

By regulating the temporal and spatial distribution of cell mem-
brane receptors, endosomal trafficking plays a critical role in
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Figure 9. Synaptic overgrowth and associated up-regulated markers induced by CHMP2B""*"* expression are alleviated by Rab8 expression.
(A and B) Panneuronal (n-Syb-Gal4) expression of the UAS-CHMP2B"""S mutant transgene elicited significant synaptic overgrowth, muscle 4 hemisegment
A3. Overgrowth was rescued by coexpression of UAS-Rab8. ANOVA: F(d.f. 3) = 25.2705; P < 0.001 with posthoc Dunnett's comparison to wild-type
control: **, P < 0.01. Posthoc Student's t test comparison between groups: ###, P < 0.001; #, P < 0.05. (C-E) Panneuronal (n-Syb-Gal4) expression
of the UAS-CHMP2B"™" mutant transgene elicited a significant increase in nuclear P-MAD (C), DadlacZ (D), and PuclacZ (E) within Eve-positive motor
neuron nuclei. In all cases, coexpression of UAS-Rab8 was sufficient to rescue to wild-type levels. (C) ANOVA: F (d.f. 3) = 18.873; P < 0.001. (D)
ANOVA: F (d.f. 3) = 77.984; P < 0.001. (E) ANOVA: F (d.f. 3) = 93.059; P < 0.001 with posthoc Dunnett’s comparison to wild type controls: ***, P <
0.001; **, P < 0.01. Posthoc Student t test comparison between groups: ###, P < 0.001; ##, P < 0.01; #, P < 0.05. (F) Panneuronal (n-Syb-Gal4) ex-
pression of the UAS-CHMP2B""S mutant transgene induced accumulation of the ESCRT-lIl component Shrub in axons. Accumulations colocalized with both
spin and Wit. Aggregates were not observed in wildtype animals. (G) Mouse primary cortical neurons transfected with CHMP2B™""> show CHMP2B"ron3
aggregates colocalizing with POSH within neuronal projections. Arrowheads denote points of colocalization between POSH and CHMP2B™™. Numbers above
bars = n. Error bars show SEM. Bars: (A and G) 10 pm; (F) 5 pm.

modulating signaling within cells (Seto et al., 2002). This process TGF-f receptors endocytosed, in an activity-dependent manner,
is essential for neuronal function and plasticity with endosomal at the NMJ and translocated retrogradely to the motor neuron
perturbation contributing to a range of pathologies, including ly- cell body, to convey the signal (Smith et al., 2012). Rodal et al.
sosomal storage disorders (Sweeney and Davis, 2002; Fukuda (2011) demonstrated that TGF-f3 signaling is particularly sensi-
et al., 2006) and spastic paraplegia (Wang et al., 2007). Why dis- tive to perturbations in endocytic trafficking of receptors either
tinct populations of neurons are sensitive to disruption in endo- through the MVB or recycling endosome. Disruption of both
somal function is not clear. Regulation of TGF-f signaling has endosomal compartments resulted in significant synaptic over-
been shown to play a fundamental role in synapse development growth via up-regulated TGF-$ signaling at the larval NMJ.
and function, centrally and at the NMJ, in both vertebrate and Overgrowth of the larval NMJ is codependent on activation of
invertebrate species (Baines, 2004; Marqués, 2005; Xiao et al., the INK-AP-1 pathway (Berke et al., 2013). Interestingly, mu-
2013). At the Drosophila larval NMJ, a retrograde TGF-(3 signal, tants identified with a doubling of synaptic size (in the range of
secreted by the muscle and synaptic glia, regulates a program of Rab8 mutants), spinster and highwire (Hiw), are both associated
synaptic growth and plasticity within the growing motor neuron with neurodegeneration (Wan et al., 2000; Sweeney and Davis
(Sweeney and Davis, 2002; McCabe et al., 2003; Rawson et al., 2002). Here, we support and expand these findings by identify-
2003; Fuentes-Medel et al., 2012; Berke et al., 2013). This pro- ing Rab8 as a novel regulator of a neurodegenerative phenotype
cess is reliant upon the endocytic machinery with ligand-bound and synaptic growth.

POSH/TAK1 regulate synaptic growth in Rab8 mutants
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The recycling endosome and regulation

of synaptic growth

We identify Rab8 as a dominant modifier of a neurodegenerative
phenotype caused by expression of the FTD-associated CHMP-
2B protein. Rab8 is known to be localized and to regulate
function of the recycling endosome (Ang et al., 2003; Sato et al.,
2007). Rab8 mutants show a synaptic overgrowth of ~100%,
induced by dysregulation of TGF-B and JNK signaling in the
synapse. We show that loss of Rab8 function in Drosophila gen-
erates reduction of Rab4 and Rab11 proteins associated with the
recycling endosome and suppression of TGF-{ signaling at the
Drosophila NMJ (Rodal et al., 2011). In Rab8 mutants, presyn-
aptic membrane structures are seen bearing a strong resemblance
to those observed in mutants with early endosome dysfunction
(Zhang et al., 1998; Shimizu et al., 2003; Kasprowicz et al.,
2008; Kawasaki et al., 2011; Winther et al., 2013), potentially
increasing opportunity for TGF-( signaling before sequestration
and signaling repression by the MVB or recycling endosome.
Loss of Rab8 activates POSH, which reduces abundance of the
ESCRT-0 protein HRS, known to directly regulate the abundance
of TGF-f receptors (Jékely and Rgrth, 2003; Kim et al., 2006)
through its role in promoting MVB formation. We suggest that
the loss of recycling endosome function and degradative traffic
into the MVB in Rab8 mutants results in an abundance of the
TGF-B effector P-SMAD, contributing to synaptic growth. We
support this observation by the rescue of synaptic overgrowth via
the overexpression of HRS in motor neurons in Rab8 mutants
(Fig. 8). We also observe that Rab8 expression, presumably by
increasing recycling endosome function and suppression of
TGF-f activity, reverses all aspects of synaptic growth activa-
tion induced by expression of the CHMP2B™ ™™ protein. Rab8
appears to act upstream of Rabl1. Overexpression of Rabll in a
Rab8 mutant background rescues synaptic overgrowth (Fig. S3,
D and E). These findings point to the critical function of re-
cycling endosome function in allowing appropriate synaptic
growth when MVB activity is compromised by the FTD associ-
ated CHMP2B™™™ protein.

Regulators of synaptic growth, POSH
and TAK1, provide a novel mechanism
for cross talk between TGF-p
and JNK signaling
Previous studies have shown that, in other contexts, TGF-3 and
JNK signaling show direct and mutual interaction (Yamaguchi
et al., 1995; Perlman et al., 2001; Mao et al., 2011). TGF-3
is capable of activating JNK in a SMAD-independent, TAK1-
dependent manner (Sorrentino et al., 2008). Conversely, it has
been shown that JNK signaling can activate TGF-3, with AP-1
components directly interacting with SMADs and JNK regulat-
ing TGF-B (Engel et al., 1999; Derynck and Zhang, 2003). The
observations made here provide evidence of a similar mecha-
nism of cross talk within neurons, with synaptic overgrowth
requiring synergistic TGF-f3 and JNK activity as well as being
TAKI1 dependent.

We have shown that Rab8 mutants show endosomal dys-
function and aberrant accumulations of POSH within axon bun-
dles projecting from the larval VNC. POSH has previously been

JCB

identified as an endosomal JNK scaffold as well as a regulator
of TAK1 abundance and TAK1-mediated JNK signaling (Tsuda
et al., 2005; Lennox and Stronach, 2010). We propose that
POSH accumulates on aberrant endosomes (Tsuda et al., 2006;
Votteler et al., 2009) and is likely to elicit ectopic activation
of the JNK cascade, explaining the elevated JNK signaling ob-
served in Rab8 mutants. It has been shown that the JNK—-AP-1
pathway is involved in regulating synaptic growth and plasticity
at the Drosophila NMJ (Sanyal et al., 2002; Collins et al., 2006;
Milton et al., 2011). For example, larvae with mutations in the
E3 ubiquitin ligase Hiw show synaptic overgrowth associated
with a reduction in Hiw-mediated degradation of the JNKKK
Wnd (Wallenda; Collins et al., 2006). In the Hiw mutant, ab-
sence of the E3 ubiquitin ligase activity of the Hiw protein leads
to failure to degrade the JNKKK Wnd, which then drives synap-
tic overgrowth (Collins et al., 2006). We asked whether POSH
was required to scaffold Wnd to drive synaptic overgrowth in
the Hiw mutant by generating a Hiw/POSH double mutant. We
found that POSH mutations do not suppress the Hiw phenotype,
indicating no requirement for POSH in Hiw-driven overgrowth
(Fig. S4, A and B). In addition previous work in our laboratory
has shown JNK signaling, activated by the JNKKK apoptosis
signal-regulating kinase, elicits synaptic growth in response to
oxidative stress (Milton et al., 2011). In this study, we identify
TAKI, potentially acting through POSH, as a novel JNKKK
regulating synaptic growth processes. It has been previously
observed that reducing POSH or TAKI1 function protects neu-
rons against cell death in ischemia (Zhang et al., 2005, 2006;
Neubert et al., 2011). These findings suggest that the JNK—AP-1
pathway acts as a master regulator of synaptic growth plasticity,
responding to disparate endogenous and external cues through
activation of different INKKKs.

The Hiw protein has been shown to interact with the co-
SMAD medea, but the functional significance of this interaction
in regulating synapse overgrowth is unclear (McCabe et al.,
2004). Our data describing POSH regulation of HRS to regu-
late TGF-f3 at the synapse further support a role for POSH as a
nexus for regulation of both the TGF-3 and JNK growth signals
from the endosome during synaptic overgrowth at the Drosophila
larval NMJ.

We observed only mild deficits in the synaptic release prop-
erties of the overgrown Rab8 mutant synapse. We found that
quantal size is significantly reduced in Rab8 mutant synapses and
that this defect is rescued by expression of Rab8 in the muscle
(Fig. 4). This suggests that Rab8 may be involved in the gluta-
mate receptor delivery at the Drosophila NMJ, a role described
in mammalian dendritic spines where Rab8 is involved in the
delivery of a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic
acid receptor and the control of synaptic function and plasticity
(Gerges et al., 2004). In addition, our data show that Rab8 mutant
synapses can perform homeostatic compensation to decreased
quantal size; mutant synapses and synapses rescued by neu-
ronal Rab8 show increased quantal content (Fig. 4). In previ-
ously identified synaptic overgrowth mutants, synaptic function
is decoupled from growth, and impaired synaptic output is ob-
served (Sweeney and Davis, 2002; Collins et al., 2006; Milton
et al., 2011). Activation of AP-1 (Fos and Jun) signaling in motor
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neurons has been seen to increase synaptic function (Sanyal et al.,
2002), whereas reduction of AP-1 activity in an overgrown syn-
apse can rescue synaptic fatigue upon high frequency stimulation
(Milton et al., 2011). Activity of the TGF-f effector, P-SMAD,
is essential for synaptic growth homeostasis during development
(McCabe et al., 2003), and is required to maintain synaptic out-
put during growth (Goold and Davis, 2007). However, a com-
prehensive analysis of temporal and genetic requirements for
P-SMAD signaling in conjunction with several synaptic growth
signals (Berke et al., 2013) strongly suggests that P-SMAD ac-
tivity is essential for activity-dependent growth plasticity and
may be a major limiting factor for synaptic output during growth.
In our Rab8 mutants, we observed an excess of P-SMAD in
addition to increased JNK—AP-1 activity, suggesting that neither
are limiting for synaptic growth or activity.

Implications for our understanding of FTD
The identification of Rab8 mutants as strong modifiers of the
CHMP2B™™™ eye phenotype led us to examine the role of Rab8
in NMJ growth and function. Both loss of Rab8 and expression of
CHMP2B'™™™ in motor neurons cause enhanced synaptic growth
and an increase of P-SMAD. Coexpression of Rab8 reverses the
increase in P-SMAD and synaptic overgrowth caused by CHMP-
2B™nS, ESCRT-IIT complexes are known to fail to dissociate in
the presence of CHMP2B™™™ (Lee et al., 2007) and have the po-
tential to promote association with POSH through the interaction
of ALiX and Alg-2 (Tsuda et al., 2006; Votteler et al., 2009). We
show that POSH accumulates on CHMP2B™™™™_positive puncta
within neurites in mouse primary cortical neurons expressing
CHMP2B™™ (Fig. 9 G). The presence of CHMP2B™™" muta-
tions in FTD may therefore lead to enhanced signaling via TAK1
and POSH contributing to synapse growth misregulation and
eventual cell death. Indeed, dendritic spine abnormalities and syn-
aptic defects are observed in a mouse model of FTD expressing
CHMP2B"™ (Gascon et al., 2014). It is conceivable that such
events could contribute to cognitive dysfunction and neuronal
death in FTD.

Materials and methods

Fly stocks and maintenance

Drosophila strains were raised on a standard yeast, sugar, and agar medium
at 25°C. Canton-S outcrossed to w'''® flies were used as wild-ype controls.
UAS-CHMP2B"™> flies were described previously (Ahmad et al., 2009).
Stocks were obtained from the following sources: GMR-Gal4 (Freeman,
1996); MHCGal4 (Davis et al., 1997); Df(3L)ED228 (Ryder et al., 2007);
Rab8' (Giagtzoglou et al., 2012); PBac{5HPw*}Rab8%?2”, UAS-mCD8-GFP,
actin(5¢)-Gal4, and P{LacW}Dad"’# (Tsuneizumi et al., 1997); UAS-FOSPN
(@ dominantnegative construct expressing the bZip domain of dFos; Eresh
et al., 1997); P{lacZ}Puc®® (Martin-Blanco et al., 1998); POSH'2% and
POSHEP?248 (Tsuda et al., 2005); TAK1'7? (Delaney et al., 2006); UAS-CA-
Rab8-YFP (a Q471 mutation in the Rab8 open reading frame; Zhang et al.,
2007); UAS-Rab11-EGFP and UAS-Rab4-RFP (Bloomington Drosophila
Stock Center); Rab8?, Rab8°, and Rab87°%% (). Kennison, National Institutes
of Health, Bethesda, MD); UAS-POSH and POSH™ (a null allele of POSH;
Tsuda et al., 2005); UAS-LAMP-EGFP (Pulipparacharuvil et al., 2005); UAS-
TAK1, UAS-TAKT-RNAI, and UAS-TAKT¥R (Mihaly et al., 2001); HRSP?
(Lloyd et al., 2002); OK6-Gal4 (Sanyal 2009); n-Syb-Gal4 (Pauli et al.,
2008); Rab8-Gal4 (Chan et al., 2011); and Hiw"?? (Wan et al., 2000).

Generation of transgenic stocks
UAS-Rab8 stocks were generated through subcloning of the Rab8 cDNA
(LD44762; Berkeley Drosophila Genome Project, Gold Collection) into a

pUASt vector and microinjected into w'’’® wildtype embryos. UASRab8-
RNAi was constructed using the pWIZ vector (Lee and Carthew, 2003)
using the following oligonucleotides: Rab85’, 5-CGCTCTAGACTCG-
AGTGGGCTGTTTTACACTTTTGG-3’, and Rab83’, 5'-CGCTCTAGACT-
GITAGGTTCGAGTACAAGCG-3'.

Genetic interaction studies

Genetic inferaction experiments and quantification of the CHMP2B""3
eye phenotype was performed as described in Ahmad et al. (2009) and
Lu et al. (2013). Flies of the genotype GMR-GAL4, UAS-CHMP2B"/
CyO were to crossed deficiency and mutant stocks described in Fig. 1.
Melanization of eyes from resulting offspring was scored as low, medium,
or high. Eyes were imaged using a camera (AxioCam ERc 5s; Carl Zeiss)
on a dissecting scope (Stemi 2000-C; Carl Zeiss).

Immunohistochemistry

Third instar wandering larvae were dissected in PBS, fixed in 3.7% formal-
dehyde/PBS for 7 min, and stained using the appropriate primary antibod-
ies. Primary antibodies were used at the following concentrations: mouse
anti-Eve (1:50; 3C10; Developmental Studies Hybridoma Bank [DSHB]),
anti-Wit (1:5; 23C7; DSHB), rabbit anti-pMAD (PS1, raised fo a peptide
KKKNPISSVS, containing two C-terminal phosphoserine residues repre-
senting the phosphorylated tail of Smad1; 1:500; Persson et al., 1998),
rabbit antiRab11 (raised to a peptide CSQKQIRDPPEGDVI representing
amino acid residues 177-191 of Rab11; 1:8,000; Tanaka and Nakamura,
2008), guinea pig anti-HRS (raised to an N-terminal domain of HRS
fused to GST; 1:200; Lloyd et al., 2002), guinea pig anti-Spin (raised to
two coinjected peptides encoding the N-terminal 7-kD soluble sequence
before the first transmembrane domain, and a 9-kD sequence encoding
the soluble region between transmembrane domains 11 and 12 of Spin;
1:1,000; Sweeney and Davis, 2002), mouse anti-mitochondrial complex
V (1:1,000; 15H4C4; Abcam), rabbit anti-dPOSH (raised to a GSTPOSH
fusion protein; 1:20; Tsuda et al., 2005), rabbit anti-Shrub (raised to a
shrub-GST fusion protein; 1:500; Sweeney et al., 2006), rabbit anti-B-
galactosidase (1:1,000; Cappel Laboratories), and Cy3-conjugated anti-
HRP (1:200; Stratech Scientific). Rabbit anti-synaptotagmin (1:2,000) was
raised in the following manner: a cDNA encoding dSyt1 was obtained
from I. Robinson (University of Plymouth, Plymouth, England, UK; Robinson
et al., 2002). A Sal1-Xho1 fragment containing the lumenal soluble do-
mains of dSyt1 was subcloned into the Sall site of the expression vector
pGEX-4T-3. The GST-dSyt1 fusion protein was expressed in BL21 Escherichia
coli and purified by standard methods. Fusion protein was injected into
rabbits using a 3-mo immunization protocol by Eurogentec. Larval prepa-
rations were mounted in Vectashield mounting media. Control larvae were
stained in the same solutions as experimental larvae.

Mammalian cell culture, transfection, and immunofluorescence

Primary neuronal cultures were obtained from C57/B6é mice (embryonic
day 18). Corfex was dissected, trypsinized, and dissociated info single cells
and plated in 12-well plates with coverslips in plating medium (DMEM and
10% FBS) for 4 h and then maintenance medium for 1-2 wk (Neurobasal
medium, B27, and Glutamine). Cultures were maintained in a humidified in-
cubator at 37°C and 5% CO,. Plasmid pcDNA3.1-Flag-CHMP2B""" was
transiently transfected into cells with Lipofectamine 2000, as recommended
by the manufacturer. Cells were fixed with 4% paraformaldehyde at room
temperature for 10 min, washed three times with PBS, and blocked for 1 h
at room temperature with 10% normal goat serum (Sigma-Aldrich) diluted
in PBS containing 0.1% Triton X-100 (PBS-T) and 2% BSA (Sigma-Aldrich).
Cells were incubated overnight at 4°C with primary antibodies (mouse anti-
Flag; 1:200; Sigma-Aldrich) and rabbit anti-mPOSH (1:200; Proteintech).
After three washes in PBS (10 min each), cells were incubated for 1 h at
room temperature with secondary antibodies (goat anti-rabbit Alexa Fluor
488 and goat anti-mouse Alexa Fluor 594, both 1:1,000; Invitrogen) di-
luted in PBS. Cells were washed three times in PBS and mounted with Vecta-
shield (Vector Laboratories).

Imaging and quantification

Synaptic bouton numbers at muscles 6/7 and 4, hemisegment A3, were
determined by counting each distinct, spherical, anti-synaptotagmin—positive
varicosity contacting the muscle. As synaptic bouton number has been
shown to increase proportionally with muscle surface area synaptic bouton
numbers were normalized against muscle surface area by dividing the bou-
ton number by the muscle surface area and multiplying by mean wild-type
muscle surface area as described by Milton et al. (2011). Muscles and
synapses were imaged at room temperature using a camera (AxioCam
HRC) on an inverted fluorescence microscope (Axiovert 200; Carl Zeiss)
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using Plan Neofluar 10x/0.3 NA and 40x/0.75 NA lenses, with Axio-
Vision Rel. 4.8 software (Carl Zeiss). Measurements were made from images
using Image) (National Institutes of Health).

Confocal images were obtained using a confocal microscope (LSM
710 Axio Observer Z1; Carl Zeiss). Z-stacked images of single NMJ's
were obtained using a Plan Apochromat 63x/1.4 NA oil objective. Z-stack
projections of muscle 4 NMJ's were analyzed using ImageJ to quantify
bouton diameter, NMJ length, and satellite bouton number. Bouton diam-
efer was measured as the width across a bouton at the widest point (Milton
etal., 2011). NMJ length was measured using the Neuron) Image) plugin.
Satellite boutons were defined as small supernumerary boutons budding
from a central parent bouton (Marie et al., 2004). Larval VNC's were
imaged using a Plan Neofluar 40x/1.3 NA oil objective. Axon bundles
were imaged using a 63x oil objective. Motor neuron cell bodies were
imaged using a 63x oil objective. The same settings were maintained
for wild-type and experimental images. Mean nuclear LacZ fluorescence
and cellular HRS fluorescence was calculated as corrected total fluor-
escence (integrated density — [area of nucleus/cell x mean fluorescence
of background]). Rab4-RFP and Rab11-GFP fluorescence was quantified
at the NMJ and normalized against a control channel (anti-HRP). Mouse
neuronal cultures were examined with a confocal microscope (D-Eclipse;
Nikon) using a 40x oil objective (NA 1.30) and EZC1 acquisition and
analysis software (Nikon). For colocalization analysis, Pearson’s correla-
tion coefficient (PCC) and Manders overlap coefficient (M1 and M2) were
calculated using Coloc2 plugin for Fiji, after background subtraction (roll-
ing ball radius, 50 pixels).

Transmission EM

Third instar wandering larvae were dissected and fixed in 0.1 M NaPOy,
pH 7.4, 1% glutaraldehyde, and 4% formaldehyde, pH 7.3, overnight. Fixed
larval preparations were washed 3x in 0.1 M NaPO, before incubation in
OsOy4 (1% in 0.1 M NaPOy; 2 h). Preparations were washed 3x in distilled
water before incubation in 1% uranyl acetate. Preparations were washed
(3x distilled water) and dehydrated through a graded ethanol series; 20%
increments starting at 30% followed by two 100% changes and then 2x
100% propylene oxide. Preps were incubated in a graded series of epon
araldite resin (in propylene oxide); 25% increments culminating in 3x 100%
changes. Individual muscles and the VNC were then dissected out. These
were then transferred into embedding molds, and the resin was polymer-
ized at 60°C for 48 h. Resin mounted preps were sectioned (60-70 nm)
using glass knives upon a microtome (Ultracut UCT; Leica) and placed onto
grids. Preps were subsequently incubated in uranyl acetate (50% in ethanol),
washed in distilled water, and incubated in lead citrate. Sections were imaged
using a transmission electron microscope (TECNAI 12 G?; FEl) with a camera
(Soft Imaging Solutions MegaView; Olympus) and Tecnai user inferface v2.1.8
and analySIS v3.2 (Soft Imaging Systems).

Electrophysiology

Recordings were performed as described previously (Maldonado et al.,
2013). Specifically, wandering third-instar larvae were selected and were
recorded in HL3 saline (70 mM NaCl, 5 mM KCI, 10 mM NaHCOs3,
115 mM sucrose, 5 mM trehalose, and 5 mM Hepes) with 0.4 mM Ca?*
and 10 mM Mg?*. Muscle recordings were made from muscle 6 in abdominal
segment 3 (A3) and were achieved using sharp electrodes (10-18 MQ)
filled with 3 M potassium chloride. Only the recordings with resting mem-
brane potentials inferior to —60 mV and with input resistances greater
than 5 MQ were selected for the analysis. The mean miniature excitatory
postsynaptic potential (EPSP; mEPSP) amplitude was quantified by measur-
ing the amplitude of 100-200 individual sequential spontaneous mEPSP
events per NMJ, using Mini Analysis software (Synaptosoft). The mean per
NMJ mEPSP amplitudes were then calculated for each genotype. Stimula-
tion threshold was set for each recording such that the maximal EPSP was
achieved, recruiting both motoneurons innervating muscle 6. The mean of
20 suprathreshold evoked EPSP amplitude (stimulation at 0.5 Hz) was cal-
culated for each synapse. Quantal content was calculated by dividing the
mean maximal EPSP amplitude by the mean amplitude of the spontaneous
miniature release events (mEPSP) for each recording and then averaged
across synapses to generate the mean quantal content for each genotype.

Online supplemental material

Fig. S1 shows the mapping of point mutations identified in Rab8 mutants,
the genetic noncomplementation of the Rab8 alleles, and the rescue of the
GMR-GAL4, UAS-CHMP2B"3 eye phenotype by coexpression of UAS-
Rab8. Fig. S2 describes the growth parameters of Rab8 mutant NMJs.
Fig. S3 shows the depletion of recycling endosome markers at Rab8 mutant
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synapses and a rescue of the Rab8 NMJ overgrowth phenotype by the
overexpression of Rab11. Fig. $4 shows that Hiw NMJ overgrowth cannot
be rescued by the introduction of POSH mutants into the Hiw genetic back-
ground and that there are no axonal trafficking defects for TGF-8 receptor,
synaptotagmin, or mitochondria in Rab8 mutants. Fig. S5 shows the synap-
tic growth parameters for NMJs overexpressing UAS-CHMP2B""" and their
rescue by coexpression of UAS-Rab8. Online supplemental material is avail-
able at http://www.jcb.org/cgi/content/full /jcb.201404066/DC1. Ad-
ditional data are available in the JCB DataViewer at http://dx.doi.org/10
.1083/jcb.201404066.dv.
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Figure ST.  Rab8 point mutants affect highly conserved residues within Rab8 and fail fo complement. (A) Sequence alignment of Rab8 reveals high level
of conservation across species. Mapping of Rab8 mutant alleles to aligned amino acid sequences demonstrates that all Rab8 mutants affect highly con-
served residues. Both Rab8' and Rab8? alter residues within the guanine nucleotide-binding region, composed of five G motifs (G1-G5). G1 and G2 are
visible within this section of the alignment. Yellow = 100% conservation; blue = 80% conservation. Accession numbers (NCBI Protein database).: Cae-
norhabditis elegans, BADO7034; Canis lupus, CAB56776; Danio rerio, AAI34060; Drosophila, BADO7038; Homo sapiens, AAM21091; Mus musculus,
NP_075615; Rattus norvegicus, AEJ31940; Xenopus laevis, NP_001087273. (B) All trans-heterozygous Rab8 mutant combinations result in lethality, indi-
cating a failure to complement one another. Pharate lethality was not observed in 100% of Rab8’/Rab8? and Rab8'/Rab8? flies; however, those that were
not pharate lethal died within ~24 h of eclosion. These were recorded as semilethal. (C) Coexpression of UAS-Rab8 in the Drosophila eye alleviates the se-
verity of the CHMP2B""" eye phenotype, resulting in a reduction in the number of melanized puncta seen on the eye. Expression of UAS-Rab8 under the
control of GMR-Gal4 in the absence of CHMP2B"""5 has no affect upon the eye.
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Figure S2.  Rab8 mutants display unregulated growth at the larval NMJ. (A-C) Rab8 mutants display significant unregulated growth at muscle 4 (hemiseg-
ment A3, third instar) characterized by increased NMJ length (A), increased satellite bouton number (B), and reduced bouton size (C). All phenotypes are
rescued globally (actin-GAL4) and presynaptically (nSyb-GAL4) but not postsynaptically (MHC-GAL4). ANOVA: F(d.f. 7) = 5.2069 (A), 2.6923 (B), and
48.1829 (C); P < 0.001 with posthoc Dunnett’s comparison to wild-type controls: ***, P < 0.001; **, P <0.01; *, P < 0.05. Post-hoc Student’s t test com-
parison between groups: ## P <0.001; *#, P <0.01; #, P < 0.05. [D-G) Rab8 mutants display significant unregulated growth at muscle 6/7 (hemisegment
A3, third instar) characterized by increased NMJ length (D), increased satellite bouton number (E), reduced bouton size (F), and increased branch number
(G). All phenotypes are rescued globally (actin-GAL4) and presynaptically (nSyb-GAL4) but not postsynaptically (MHC-GAL4). ANOVA: F(d.f. 7) = 18.025
(D), 17.358 (E), 96.347 (C), and 7.189 (G); P < 0.001 with post-hoc Dunnett’s comparison to wild-type controls: ***, P < 0.001; **, P < 0.01; *, P <
0.05. Post-hoc Student's ttest comparison between groups: ##, P < 0.001; #*, P < 0.01; #, P < 0.05. Numbers above bars = n. Error bars show SEM.
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Figure S3. The recycling endosome is depleted in Rab8 mutants and Rab11 expression rescues synaptic overgrowth. (A) Rab11-GFP fluorescence intensity
is reduced at synapses in Rab8 mutants. ANOVA: F(d.f. 1) = 45.078; ***, P < 0.001. (B) Rab4-RFP fluorescence intensity is reduced at synapses in Rab8
mutants. ANOVA: F(d.f. 1) = 150.422; ***, P < 0.001. (C) Staining intensity for HRS is reduced in motor neuronal cell bodies in Rab8 mutants. ANOVA:
F(d.f. 1) =215.8528; ***, P < 0.001. a.u., arbitrary unit. (D and E) Panneuronal overexpression of UAS-Rab 11 alleviated synaptic overgrowth in Rab8
trans-heterozygous mutants (muscle 6/7, hemisegment A3). Bar, 10 pm. ANOVA: F(d.f. 3) = 41.455; P < 0.001 with posthoc Dunnett’s comparison to
wild4ype control: *** P < 0.001. Posthoc Student's ttest comparison between groups: #*#, P < 0.001; #, P < 0.01. Numbers above bars = n. Error bars
show SEM.
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Figure S4. POSH is not required for Highwire-induced synaptic overgrowth. No general trafficking defect is observed in Rab8 mutants. (A and B) Homo-
zygous POSH“null alleles do not alleviate synaptic overgrowth in a Hiw"P mutant background. ANOVA: F(d.f. 3) = 181.469; P < 0.001 with posthoc
Dunnett's comparison to wild-type control: ***, P < 0.001. Post-hoc Student's t test comparison between groups: ##, P < 0.001. Numbers above bars =
n. Error bars show SEM. (C) Rab8 mutants do not show a general trafficking defect. Trafficking of synaptotagmin, Wit, and mitochondria appear normal
in Rab8 mutants, though levels of Wit appear elevated. Bars, 10 pm.
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Figure S5. Neuronal expression of Rab8 rescues neuronal perturbations associated with expression of the CHMP2B""* transgene. (A) Panneuronal ex-
pression of UAS-CHMP2B™" induced a significant increase in synaptic bouton number at muscle 6/7, hemisegment A3, of third instar larvae. Increased
bouton number could be rescued by coexpression of UAS-Rab8. ANOVA: F(d.f. 3) = 25.2705; P < 0.001 with posthoc Dunnett's comparison to wild-type
control: *** P < 0.001; *, P < 0.05. Posthoc Student's t test comparison between groups: ##, P < 0.001; #, P < 0.01. (B) Panneuronal expression of
UAS-CHMP2B"3 induced a significant increase in NMJ length at muscle 4, hemisegment A3, of third instar larvae. Increased NMJ length could be res-
cued by coexpression of UAS-Rab8. ANOVA: F(d.f. 3) = 5.4519; P < 0.01 with posthoc Dunnett’s comparison to wild-type control: **, P < 0.01. Posthoc
student t test comparison between groups: #, P < 0.01; #, P < 0.05. (C) Panneuronal expression of UAS-CHMP2B"™" induced a significant increase in
NMJ branch number at muscle 4, hemisegment A3, of third instar larvae. Increased branch number could be rescued by coexpression of UAS-Rab8.
ANOVA: F(d.f. 3) = 5.4544; P < 0.01 with posthoc Dunnett's comparison to wild-type control: *, P < 0.05. Posthoc Student’s t test comparison between
groups: ## P < 0.001; # P < 0.05. (D) Panneuronal expression of UAS-CHMP2B"™ induced a significant increase in satellite bouton number at muscle
4, hemisegment A3, of third instar larvae. Satellite bouton number could be rescued by coexpression of UAS-Rab8. ANOVA: F(d.f. 3) = 6.5642; P < 0.001
with posthoc Dunnett's comparison to wildtype control: **, P < 0.01. Posthoc Student's # test comparison between groups: #*#, P < 0.001; #, P < 0.05.
Numbers above bars = n. Error bars show SEM.
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