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FoxO limits microtubule stability

Article l

and is itself

negatively regulated by microtubule disruption

Inna V. Nechipurenko and Heather T. Broihier

Department of Neurosciences, Case Western Reserve University, Cleveland, OH 44106

ranscription factors are essential for regulating

neuronal microtubules (MTs) during development

and after axon damage. In this paper, we identify
a novel neuronal function for Drosophila melanogas-
ter FoxO in limiting MT stability at the neuromuscular
junction (NMJ). foxO loss-of-function NMJs displayed
augmented MT stability. In contrast, motor neuronal over-
expression of wild-type FoxO moderately destabilized
MTs, whereas overexpression of constitutively nuclear
FoxO severely destabilized MTs. Thus, FoxO negatively
regulates synaptic MT stability. FoxO family members are
well-established components of stress-activated feedback

Introduction

Microtubules (MTs) are key mediators of cellular processes,
including mitosis, motility, intracellular transport, and secre-
tion. MT functions in neurons are particularly diverse. They
range from establishment of initial cell polarity, to trafficking
of pre- and postsynaptic components and signaling effectors,
to synaptic remodeling and plasticity (Janke and Kneussel,
2010; Dent et al., 2011b). Correct orchestration of these phe-
nomena is essential for assembly and function of neural cir-
cuits. A fundamental property of MTs is their ability to undergo
cycles of polymerization and depolymerization defined as dy-
namic instability. Tight regulation of this behavior is required
for functional versatility of MTs and is achieved by posttrans-
lational modifications of tubulin and interactions with MT-
associated proteins (MAPs; Akhmanova and Steinmetz, 2008;
Conde and Caceres, 2009).

Considerable progress has been made in identifying regu-
lators of MT organization during neurite specification. Less is
known about proteins modulating MT dynamics at the synapse.
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loops. We hypothesized that FoxO might also be regu-
lated by cytoske|eto| stress because it was well situated to
shape neuronal MT organization after cytoskeletal dam-
age. Indeed, levels of neuronal FoxO were strongly re-
duced after acute pharmacological MT disruption as well
as sustained genetic disruption of the neuronal cytoskel-
eton. This decrease was independent of the dual leucine
zipper kinase-Wallenda pathway and required function
of Akt kinase. We present a model wherein FoxO deg-
radation is a component of a stabilizing, protective re-
sponse to cytoske|etc1| insult.

Much current knowledge comes from the Drosophila melano-
gaster neuromuscular junction (NMJ), in which cytoskeletal
proteins controlling aspects of synaptogenesis have been char-
acterized (Pennetta et al., 2002; Sherwood et al., 2004; Pielage
et al., 2005, 2006, 2008; Pawson et al., 2008; Jin et al., 2009).
Drosophila Futsch, a homologue of vertebrate MAP1B, re-
mains the best-understood regulator of MT stability at the NMJ.
Loss-of-function (LOF) futsch mutations impair MT organiza-
tion (Roos et al., 2000), and multiple pathways controlling MT
stability converge on Futsch (Zhang et al., 2001; Franco et al.,
2004; Ruiz-Canada et al., 2004; Viquez et al., 2006; Miech et al.,
2008; Lee et al., 2010).

FoxO (Forkhead box, class O) proteins belong to a con-
served family of transcription factors with roles in metabolism,
longevity, apoptosis, cell cycle regulation, and tumor suppres-
sion (Huang and Tindall, 2007; van der Horst and Burgering,
2007). In addition, they mediate stress signaling in response to
diverse cellular insults, including reactive oxygen species, cyto-
kines, nutrient deficiency, and DNA damage (Nemoto and Finkel,
2002; Gomis et al., 2006; Bakker et al., 2007; Greer et al., 2007;
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Huang and Tindall, 2007). The outcomes of stress-induced FoxO
activation are context dependent and range from apoptosis to in-
creased stress resistance. Although FoxO-dependent pathways
in stress paradigms have been identified, the mechanisms under-
lying context-specific differences in FoxO-mediated responses
remain poorly understood. FoxO proteins are inhibited by Akt
phosphorylation, which leads to FoxO nuclear exclusion and
ubiquitin-mediated degradation (Greer and Brunet, 2005; Huang
et al., 2005; Fu et al., 2009).

Drosophila has one foxO gene. In mammals, there are
four—three of which (FoxOl1, FoxO3, and FoxO6) are widely
expressed in the brain (Hoekman et al., 2006; de la Torre-Ubieta
et al., 2010). Strikingly, FoxOs mediate both neuroprotection
and neurodegeneration. Overexpression studies in mammalian
neurons demonstrate the ability of FoxO family members to
promote cell death via up-regulation of proapoptotic targets
(Gilley et al., 2003; Barthélémy et al., 2004; Srinivasan et al.,
2005; Yuan et al., 2009). Similarly, Drosophila FoxO facili-
tates apoptosis of dopaminergic neurons in a Parkinson’s dis-
ease model and contributes to elimination of neural stem cells
in development (Kanao et al., 2010; Siegrist et al., 2010). On
the other hand, nuclear-targeted FoxO3a protects mammalian
motor neurons from cell death triggered by excitotoxic and
proteotoxic insults and prevents cell loss in invertebrate mod-
els of neurodegenerative diseases (Mojsilovic-Petrovic et al.,
2009). The ability of FoxO proteins to mediate opposite out-
comes on neuronal survival likely stems from differences in
the degree of activation and the complement of available co-
factors (Birkenkamp and Coffer, 2003; Mojsilovic-Petrovic
et al., 2009). Expression of FoxOs in distinct neuronal popula-
tions during development suggests regulation of cellular prop-
erties beyond survival. Indeed, Drosophila FoxO positively
regulates motor neuron excitability (Howlett et al., 2008), and
mammalian FoxOs promote polarization of hippocampal and
cerebellar granule neurons (de la Torre-Ubieta et al., 2010).
FoxO proteins also play evolutionarily conserved roles in pro-
moting axon outgrowth in Caenorhabditis elegans and mam-
malian neurons (Christensen et al., 2011).

Similar to FoxO, the transcription factor Fos is implicated
in both neuroprotective and degenerative pathways (Hafezi
et al., 1997; Massaro et al., 2009; Meade et al., 2010; Xiong
et al., 2010). In multiple paradigms, Fos is activated after injury
as part of a signaling cascade involving the conserved MAPK
kinase kinase, dual leucine zipper kinase (DLK) or Wallenda
(Wnd) in Drosophila, and JNK (Wang and Jin, 2011). The
DLK-JNK-Fos pathway is rapidly activated after both acute
and chronic neuronal damage (Massaro et al., 2009; Xiong et al.,
2010), arguing that this cascade is triggered in response to diverse
neuronal insults. Here, we demonstrate that FoxO promotes
synaptic MT destabilization through an analysis of both foxO
LOF and gain-of-function (GOF) mutants. We further show that
levels of neuronal FoxO are reduced after either pharmacologi-
cal or developmental MT disruption. Reduction in FoxO levels
after cytoskeletal perturbation requires Akt but is independent of
DLK-JNK-Fos signaling. We present a model in which FoxO
degradation in neurons after cytoskeletal disruption serves a
stabilizing, protective function.

JCB « VOLUME 196 « NUMBER 3 « 2012

Results

Fox0O is broadly expressed in the central
nervous system (CNS) with high levels in
motor neuron nuclei

JfoxO was identified in a misexpression screen for genes in-
volved in motor neuron differentiation. An upstream activation
sequence (UAS)—containing P element, GS1664, inserted up-
stream of the foxO gene, disrupts the embryonic axonal scaffold
when crossed to the panneuronal driver ElavGal4 (Fig. 1 C and
not depicted). The phenotype is attributable to elevated FoxO
levels, as ElavGal4-driven overexpression of a UAS-foxO""
transgene yields an equivalent phenotype (Fig. 1, A and B).

To permit an analysis of foxO in neuronal development,
we generated anti-FoxO polyclonal antibodies (Fig. 1 D). On
immunoblots of whole-body extracts from wild-type L2 (sec-
ond instar larvae), anti-FoxO recognizes a prominent band of
~90 kD (Fig. 1 E and Fig. S1). To evaluate antibody specific-
ity, we obtained three presumptive protein-null alleles of foxO.
foxO?" and foxO* code for nonsense mutations in the forkhead
domain (Jiinger et al., 2003), whereas fox0*** is a newly gener-
ated deletion allele removing >20 kb of the foxO locus (Slack
et al., 2011). Anti-FoxO fails to detect protein on immunoblots
of whole-body extracts from foxO** or foxO*' L2 animals
(Fig. 1 E), confirming antibody specificity and, at a minimum,
indicating that both alleles are strong hypomorphs. In con-
trast, a band corresponding to full-length FoxO is recognized
on immunoblots of extracts from foxO* L2 animals (Fig. 1 E),
suggesting read through of the nonsense mutation. Thus, the
foxO® allele is not protein null and is excluded from most
assays presented here. To further control for contribution of ge-
netic background, we generated an additional foxO allele. The
foxO*? allele is a ~2-kb deletion in the 5’ region of the foxO
gene and was created by imprecise excision of the GS1664
P element transposon (Fig. 1 C). foxO*? animals express mark-
edly reduced levels of FoxO protein (Fig. 1 E), indicating that
the foxO*? allele is a strong hypomorph.

We characterized the FoxO expression pattern in the em-
bryonic and larval CNS. In the late stage embryonic ventral
nerve cord (VNCQ), strong nuclear FoxO staining is observed in
a subset of cells (Fig. 1 F), referred to here as nuclear FoxO*
cells. Nuclear FoxO* cells remain prominent in the L3 (third
instar larval) VNC (Fig. 1 G). Additionally, widespread lower
level predominantly cytoplasmic expression is observed in the
L3 VNC (Fig. 1, G and H, arrows). FoxO expression is abro-
gated in foxO?, establishing the specificity of the anti-FoxO an-
tibody on tissue (Fig. 1 I). All nuclear FoxO™ cells appear to be
neurons, as we find no colocalization between FoxO and the
glial marker Repo (unpublished data; Hosoya et al., 1995; Jones
et al., 1995). Costaining wild-type embryos and larvae with
FoxO and pMad, a motor neuron marker in Drosophila (Marqués
et al., 2002), reveals that nuclear FoxO* cells are primarily motor
neurons (Fig. 1, J and K), though not all motor neurons display
enriched nuclear FoxO. To confirm the motor neuron identity of
nuclear FoxO* cells, we expressed a foxO RNAI construct via
the D42Gal4 driver. Nuclear FoxO* cells are largely lost in
D42>foxO™"# larvae (Fig. 1 L and Fig. S3), consistent with
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Figure 1. FoxO is enriched in a subset of motor neuron nuclei. (A and B) Late-stage wild-type (WT; A) and FoxO GOF (B) embryos stained for Fasciclin 2.
(C) Gene structure of Drosophila foxO. Closed rectangles represent exons. The P element (GS1664) used to generate the foxO*? allele and the extent of
deletion in the foxO*? mutant are indicated. (D) FoxO protein diagram depicting its major motifs. The positions of the foxO?' and foxO? mutations are
marked above, and the epitope for anti-FoxO is indicated below the diagram. (E) Immunoblot showing FoxO expression in wild-type and foxO alleles.
Molecular masses are given in kilodaltons. (F and G) Representative confocal images showing three abdominal segments of the late-stage embryonic (F)
and L3 (G) VNC stained for FoxO. (H and |) Higher magnification of partial z stacks through the VNCs of the indicated genotypes. Arrows mark cyto-
plasmic FoxO. () and K) Same samples as in F and G, respectively, colabeled with anti-FoxO and anti-pMad. (L) VNC of L3 larva labeled with anti-FoxO
showing FoxO knockdown in motor neurons via RNAi. Anterior is up. Bars, 20 pm. OR, Oregon R.

the identification of nuclear FoxO" cells as motor neurons. High-
level nuclear expression of FoxO in a subset of motor neurons
suggests a role for FoxO in motor neuron differentiation.

foxO mutants display aberrant
MT organization
To uncover the function of FoxO in neural development, we
characterized motor neuron differentiation in foxO mutants.
foxO embryos do not exhibit aberrant cell fate specification or
axon guidance (unpublished data). To test whether FoxO con-
trols later aspects of the motor neuron differentiation program,
we examined foxO L3 animals for gross defects in synaptic
morphology, focusing on the NMJ in muscle cleft 6/7. foxO
mutants are indistinguishable from wild type with respect to
overall body size and muscle area and display no appreciable
change in bouton number (unpublished data). However, the
area of individual type 1b boutons is significantly increased in
all foxO mutants examined (Fig. S2).

Alterations in bouton morphology are often coupled to
MT defects (Roos et al., 2000; Zhang et al., 2001; Viquez et al.,
2006). We used an antibody against Futsch to assess synaptic

MT organization. Futsch is a neuron-specific protein that binds
a-tubulin and is an excellent marker of stable and dynamic
MTs (Roos et al., 2000; Packard et al., 2002). We noted an in-
crease in the number of closed, tightly bundled Futsch-positive
loops in all foxO mutant backgrounds (Fig. 2, A-B’ and C; and
Table S1). For simplicity, we will refer to these as MT loops.
Because of variability in the number of MT loops in wild-type
backgrounds, we used background controls related to each
foxO mutant examined when possible. For example, foxO*?
mutants display increased number of MT loops at NMJ 6/7
(GS1664 [background], 11.0 = 0.6 loops/NMJ;foxOAZ, 18.8 =
1.2 loops/NMJ; Fig. 2 C). To evaluate whether this MT pheno-
type reflects a cell-autonomous function for FoxO, we analyzed
Futsch distribution in larvae with knockdown of FoxO in motor
neurons. D42>foxO"*#* larvae exhibit significantly elevated
numbers of MT loops at the NMJ (D42Gal4/CS, 9.2 + 0.9
loops/NMIJ; D42>foxO®*#2 16.7 + 0.7 loops/NMIJ; Fig. 2 C).
Thus, FoxO acts cell autonomously to inhibit the formation of
MT loops. Loops represent a normal feature of M T subsynaptic
architecture and are typically present at wild-type Drosophila
NMIJs, albeit in low numbers, and primarily at branch points

Fox0O is regulated by cytoskeletal disruption ¢ Nechipurenko and Broihier

347

920z Atenige 20 uo 1senb Aq Jpd ySL50L1L0Z A9l/L1 2L LG LISYE/E/96 1 Apd-alonue/qol/Bio ssaidnyy/:dny wol pspeojumoq


http://www.jcb.org/cgi/content/full/jcb.201105154/DC1
http://www.jcb.org/cgi/content/full/jcb.201105154/DC1

348

C Average number of microtubule loops per NMJ F

25+

20-

15+

P QY oFF o of
S L
y SO FO FEE P S
& W WO S0
& %\66 O‘Vs@ ,,‘\ .g ov.q}o
© g o 9'\:Q\ a;é'
ds‘
Figure 2.

wild type + Taxol

wild type + Taxol

Average number of microtubule
loops per NMJ

foxO mutants exhibit defects in MT organization. (A and B) Representative confocal images of muscle 6/7 NMIs in A3 of the indicated geno-

types stained for Futsch. Bar, 20 pm. (C) Quantification of Futsch loops at NMJs 6/7 in A3 of the listed genotypes. (D and E) Confocal images of NMJs 6/7
in A2 of wildtype larvae stained for Futsch after the indicated drug treatments. (A’, B’, D’, and E’) Higher magnification images of boxes in A, B, D, and
E highlighting Futsch loops (arrows). Bar, 40 pm. (F) Quantification of Futsch loops at wild-type and foxO NMIJs 6/7 after the indicated drug treatments.
n is the number of NMJs. Wild type is ElavGal4/CS in A and F and foxO25/CS in D and E; foxO is foxO?" in B and foxO?' /foxO? in F. Error bars show

means + SEM. *** P <0.001.

and within terminal boutons (Roos et al., 2000; Miech et al.,
2008). An increase in looped MTs in the presynaptic terminal
suggests MT abnormalities.

Tubulin loops have been described in other systems, in
which they are proposed to highlight stable MTs (Fritsche et al.,
1999; Bergstrom et al., 2007; Hendricks and Jesuthasan, 2009).
To define MT loops in our system, we treated wild-type L3

animals with the MT-stabilizing drug taxol. We used an estab-
lished taxol treatment protocol that has been successfully used
to modulate MT dynamics at the NMJ (Trotta et al., 2004; Wang
et al., 2007). We hypothesized that if MT loops denote stable
MTs, taxol treatment should increase their number in wild type.
Application of DMSO did not noticeably alter synaptic mor-
phology (Fig. 2, A and D). In contrast, taxol treatment caused
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foxO genetically interacts with futsch. (A-C) Confocal images of distal synaptic branches comprised of type 1b boutons (arrows in B) of NMJs

6/7 of the indicated genotypes colabeled with anti-DVGLUT and anti-Dlg. (D) Quantification of suppression of the foxO bouton size phenotype (in microm-
efers squared) at NMJ 6/7 by futsch. (E-G) Representative confocal images of NMJs 6/7 of A3 of the listed genotypes stained for Futsch. (E'~G’) Higher
magnification images of boxes in E-G highlighting Futsch loops (arrows). (H) Quantification of suppression of the foxO MT looping phenotype at NMJ
6/7 by futsch. n is the number of type 1b boutons in D and NMJs in H. Error bars show means + SEM. **, P < 0.01; ***, P < 0.001. Bars: (A-C and

E'-G’) 40 pm; (E-G) 20 pm.

an almost twofold increase in the number of MT loops at wild-
type NMJ 6/7 (DMSO, 8.6 + 0.70 loops/NMJ; taxol, 15.1 £ 0.9
loops/NMJ; Fig. 2, D-E’ and F). These data suggest that MT
loops represent stabilized MTs and that foxO NMIJs display ele-
vated MT stability.

Futsch is a structural MAP with MT-stabilizing activity
(Halpain and Dehmelt, 2006). To assess whether inappropri-
ate stability of synaptic MTs accounts for morphological de-
fects at foxO NMlJs, we tested whether they are suppressed by
LOF mutations in futsch. Indeed, loss of one wild-type copy of

futsch suppresses the increase in type 1b bouton area observed
in foxO homozygotes (ElavGal4/CS, 3.9 + 0.1 um? foxO?,
5.09 £ 0.2 um?; futsch®®/+,;; fox0*, 3.8 = 0.1 ym?% Fig. 3,
A-D). Furthermore, futsch dominantly suppresses the elevated
number of MT loops present in foxO mutants (futsch**/+, 8.8 +
0.8 loops/NMI; foxO*, 11.8 + 0.7 loops/NMIJ; futsch®%/+,;
foxO?, 7.3 + 0.8 loops/NMIJ; Fig. 3, E-H). This interaction is
not allele specific, as it is observed with a second futsch allele
(futsch™**; Fig. 3 H). Thus, foxO and futsch have antagonistic
functions, arguing that foxO negatively regulates MT stability.

FoxO is regulated by cytoskeletal disruption
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Figure 4. foxO NMJs have expanded distribution of
Ac-Tub staining. (A and C) Representative confocal
images of NMJs 6/7 of the indicated genotypes co-
labeled with anti-Ac-Tub and anti-HRP. Bar, 20 pm.
(B and D) Same NMIs as in A and C, respectively,
stained for Ac-Tub only. (A" and B’) Magnified views
of boxes in A and B, respectively. At wildtype NMIs,
anti-Ac-Tub infensity gradually declines toward terminal
boutons (arrowheads). Bar, 40 pm. (C" and D’) Mag-
nified views of boxes in C and D, respectively. At
foxO NMs, the Ac-Tub signal is prominent in termi-
nal boutons (arrowheads). (E) Quantification of anti—
Ac-Tub staining at NMJs 6/7 in listed control and foxO
backgrounds. At foxO?' /foxO?, foxO?!, and foxO*%*
NMIs, the mean fraction of terminal boutons/NMJ with
undetectable Ac-Tub signal is significantly decreased
(Kruskal-Wallis, P < 0.0001) and that with strong
Ac-Tub signal is significantly increased (Kruskal-Wallis,
P < 0.0001) relative to ElavGal4/CS. The mean
fractions of terminal boutons/NMJ with undetectable
and strong Ac-Tub signal in the above alleles are also
statistically different from those in futsch¢®/+;; foxO?!
animals (Kruskal-Wallis, P < 0.05 for undetectable;
P < 0.01 for strong). foxO represents foxO?' /foxO?. E
n is the number of NMJs. Error bars show means *

SEM. *, P < 0.05; **,P < 0.01; ***, P <0.001.

fox02/CS ™

fox0?'/CS

Acetylation of a-tubulin at lysine 40 is a hallmark of stable neu-
ronal MTs (Fukushima et al., 2009). foxO mutants were stained
for acetylated a-tubulin (Ac-Tub) as a direct measure of synap-
tic MT stability. At a wild-type NMJ, the Ac-Tub signal is in-
tense within the synaptic core and is much fainter or absent
within terminal boutons, which contain a more dynamic MT
pool (Fig. 4, A-B’; Viquez et al., 2006). Terminal boutons in

SfoxO mutants display prominent anti-Ac-Tub staining (Fig. 4,

C-D’). To enable quantification, we scored the proportion of
terminal boutons at each NMJ with strong, weak, or undetect-
able Ac-Tub signals (Fig. 4 E). In foxO* mutants, the mean
fraction of terminal boutons/NMJ with strong anti-Ac-Tub
staining is 0.53 = 0.05 compared with 0.14 + 0.03 in control
(Fig. 4 E). foxO*** and foxO0*? homozygotes display similarly
expanded Ac-Tub distributions, demonstrating that the pheno-
type is not allele specific (Fig. 4 E and Table S2). Neuronal
knockdown of FoxO likewise increased the proportion of termi-
nal boutons/NMJ with strong Ac-Tub signal—the mean frac-
tion of terminal boutons/NMJ with strong anti—Ac-Tub staining

Mean fraction of terminal boutons/NMJ with
undetectable, weak, or strong acetylated o -tubulin signal

[J undetectable
TF 3 weak
E strong

is 0.35 = 0.05 in controls compared with 0.56 + 0.03 in
Elav>foxO™*#! mutants (Fig. 4 E). These findings support a
neuronal role of FoxO in regulating synaptic MT stability. We
next tested whether the phenotype is dominantly suppressed by
Futsch. Indeed, the mean fraction of terminal boutons/NMJ
with strong anti—Ac-Tub staining is reduced from 0.53 = 0.05 in

foxO*' homozygotes to 0.27 + 0.05 in futsch*%/+,; foxO*" ani-

mals (Fig. 4 E). In concert with the MT looping data, these find-
ings demonstrate that foxO attenuates MT stability.

To test whether the cytoskeletal defects at foxO NMIJs are asso-
ciated with alterations in subcellular localization of synaptic
proteins, we analyzed a panel of presynaptic markers in foxO
mutants: Bruchpilot, Synapsin, Cysteine String Protein, and
Nervous Wreck. We did not detect alterations to the levels or
localization of these proteins in foxO mutants (unpublished
data). However, proper distribution of these proteins in fixed prep-
arations does not imply normal dynamics of the presynaptic
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terminal. Furthermore, foxO NMIJs have been reported to ex-
hibit impaired electrophysiological function manifested in a
slower rate of onset of long-term facilitation and diminished
basal neurotransmitter release (Howlett et al., 2008).

To expand upon the role of FoxO in synaptic function, we
performed live imaging of NMJs with fluorescent FM 1-43 dye.
Upon stimulation, FM 1-43 dye is taken up by synaptic vesicles
and labels newly endocytosed vesicles within the nerve terminal.
Thus, defects in synaptic labeling with FM 1-43 dye are indica-
tive of compromised vesicle cycling (Kuromi and Kidokoro,
2005; Verstreken et al., 2008). Stimulation with 90 mM KCI
caused robust labeling of synaptic boutons in wild-type larvae
(Fig. 5, A and D). In contrast, synaptic terminals in foxO*!
animals were labeled ~50% less efficiently than in controls
(Fig. 5, B and D), indicating impaired synaptic vesicle dynamics.
We next asked whether the defects in FM 1-43 uptake observed
in foxO mutants are directly linked to the activity of foxO in regu-
lating MT dynamics or whether they are incident to its function in
a different cellular context. If elevated synaptic MT stability is
behind the aberrant vesicle cycling in foxO animals, the FM 1-43
loading defects should be suppressed by futsch. Remarkably, the
FM 1-43 loading defects in foxO*' homozygotes are fully sup-
pressed in futsch/+;; foxO?' animals (Fig. 5, C and D). We inter-
pret this result to indicate that the MT defects at foxO NMIJs are
primarily responsible for dysfunction in synaptic vesicle cycling.

We next analyzed the consequences of FoxO overexpression.
Motor neuronal overexpression of FoxO drives pronounced
NMIJ overgrowth without altering body size (OK6>foxO""™*,
227.5 £ 10.0 boutons; OK6Gal4, 119.8 + 8.3 boutons; Fig. 6,
A, B, and I). To investigate whether FoxO levels are also in-
structive for NMJ growth regulation, we took advantage of
the temperature-dependent activity of the Gal4 transcription
factor (Wilder, 2000). OK6>foxO"™ animals raised at 25°C
display a more pronounced synaptic overgrowth than those
raised at 18°C (227.5 £ 10.0 boutons to 169.4 + 6.9 boutons,
respectively; Fig. 6 I). Therefore, presynaptic arbor expansion
is sensitive to FoxO levels. Moreover, motor neuronal over-
expression of a wild-type foxO transgene elicits an approxi-
mately twofold reduction in type 1b bouton size compared
with wild type (OK6Gal4/CS, 3.7 + 0.11 pym?* OK6>foxO""™*
2.1 +0.08 pmz; Fig. 6, C, D, and J).

We examined MT stability in animals overexpressing
FoxO in motor neurons. The overgrowth of OK6>foxO"™!
NMIJs complicated the MT looping analysis, as the dramati-
cally enlarged NMIJs in this background made comparing the
looping counts difficult. Thus, we identified a weakly express-
ing UAS-FoxO transgene (UAS-foxO"" f19-5, referred to as
UAS-foxO""™) that drives lower levels of FoxO overexpression
than UAS-foxO"™' (Fig. 6 K). Importantly, OK6>fox0""*
animals do not display NMJ overgrowth (unpublished data), en-
abling us to compare looping values without correcting for growth
differences. OK6>fox0""* larvae display a modest reduction
in the number of M T loops compared with wild type (OK6Gal4,
16.1 = 1.0 loops/NMJ; OK6>fox0""*,12.7 + 0.7 loops/NMI;
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Figure 5. foxO is required for synaptic vesicle cycling. (A-C) Representa-
tive images of FM 1-43 dye uptake by NMJs 6/7 of the indicated geno-
types after 90 mM K* stimulation. Bar, 20 pm. (D) Quantification of FM
1-43 labeling intensity at NMJs 6/7 of listed genotypes after 90 mM K*
stimulation. Anterior is up. Data represent means + SEM normalized to wild
type; n =9 for ElavGal4/CS, n = 6 for foxO21, and n = 7 for futsch®¢/+;;
foxO?!, in which n is the number of animals (>15 NMJs/genotype).
* P<0.05; **, P<0.01.

Fig. 6 L), suggesting that FoxO overexpression inhibits MT
stability. As an independent metric of MT organization, we
analyzed Ac-Tub distribution in FoxO GOF animals. Here, we
analyzed both OK6>fox0"™* and OK6>foxO"'™ genotypes,
as the fraction of terminal boutons/NMJ displaying altered
Ac-Tub distribution is not predicted to depend on the overall NMJ
size. Ac-Tub staining in distal boutons is reduced in larvae with
motor neuronal overexpression of FoxO (Fig. 6, E-H'’ and M).
Furthermore, OK6>foxO""* larvae exhibit more strongly de-
stabilized synaptic MTs than do OK6>foxO"'* larvae. The
mean fraction of terminal boutons/NMJ with strong Ac-Tub
signal decreases with increasing FoxO levels (OK6Gal4, 0.33 +
0.04; OK6>fox0""#,0.15 + 0.02; OK6>fox0""0.10 £ 0.02;
Fig. 6 M and Table S3). Thus, the level of FoxO overexpres-
sion drives the degree of synaptic MT destabilization.
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FoxO overexpression drives NMJ overgrowth and MT destabilization. (A and B) Representative confocal images of NMJs 6/7 in A3 of indicated

genotypes labeled with anti-Bruchpilot and anti-HRP. (C and D) Confocal images of distal synaptic branches of NMJs 6/7 of listed genotypes stained with
anti-DVGLUT and anti-Dlg highlighting type 1b boutons (brackets). (E and F) Representative confocal images of NMJs 6/7 probed for Ac-Tub and HRP.
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Figure 7. Overexpression of constitutively nuclear FoxO severely disrupts MTs and bouton morphology. (A and B) Representative confocal images of
muscle 6/7 NMJs in A2 colabeled with anti-Futsch and anti-HRP. Bars, 20 pm. (C and D) Same NMJs as in A and B, respectively, stained for Futsch only.
(A’-D’) Enlarged views of boxes in A-D highlighting reduced anti-Futsch staining in distal synaptic branches at OKé>foxO* NMJs. Bars, 20 pm.
(E-G) Quantification of bouton number (E) and bouton area (F), both normalized to muscle size, and Futsch intensity within distal 5, 10, and 20 pm (G).
Open and yellow arrows and arrowheads mark distal boutons. n is the number of NMJs in E, type 1b boutons in F, and synaptic branches in G. Error bars
show means + SEM. *** P < 0.001.

pronounced reduction in presynaptic Futsch in OK6>foxO**
animals, precluding the identification of MT loops. Thus, we

Activity of FoxO transcription factors can be controlled via
nucleocytoplasmic shuttling. Reversible Akt-mediated phos-
phorylation of FoxO at three conserved serine/threonine resi-
dues is the best-studied regulatory mechanism of intracellular
trafficking of FoxO proteins (Huang and Tindall, 2007). We
took advantage of a constitutively nuclear foxO transgene,
here called UAS-foxO’*, with mutated Akt phosphorylation
sites (Hwangbo et al., 2004). Motor neuronal overexpression
of UAS-foxO** produced L3 larvae reduced in size. Normal-
ized to muscle area, bouton number in this background does
not differ from wild type (Fig. 7, A, B, and E). However, the
area of individual synaptic boutons (normalized to muscle
size) in OK6>foxO** animals is increased (Fig. 7 F). To assess
MT stability in OK6>foxO™ mutants, we evaluated Futsch
staining at the NMJ. Upon initial examination, we noted

quantified MT stability in OK6>foxO’* mutants by measuring
Futsch intensity. At OK6>foxO?* NMIs, Futsch fluorescence
intensity is dramatically reduced; within the distal 20 um of
wild-type NMJs, the mean Futsch intensity is 79.6 + 4.9 U
compared with 23.0 = 3.0 U in OK6>foxO’* NMIs (Fig. 8,
C-D’ and G), indicating that overexpression of constitutively
nuclear FoxO severely destabilizes MTs.

Analysis of MT architecture in foxO mutants indicates that
FoxO regulates MT stability, prompting us to ask whether FoxO
activity might in turn be regulated by MT disruption. This hy-
pothesis is based on established functions of FoxO as a stress

(G and H) Same NMJs as in E and F, respectively, stained for Ac-Tub only. (E'-H"’) Magnified views of boxes in E-H highlighting reduced anti-Ac-Tub
staining in distal synaptic branches of FoxO GOF NMJs 6/7 (arrowheads) compared with wild type (arrows). (F'-=H’’) Dashed lines mark distal boundary
of anti-Ac-Tub signal. (I and J) Quantification of bouton number per NMJ 6/7 of A3 () and type 1b bouton size (in micrometers squared; J) in larvae of
listed genotypes. (K) Immunoblot showing FoxO protein levels in lysates from whole L1 larvae of the indicated genotypes. Molecular masses are given in
kilodaltons. (L) Quantification of MT looping at NMJs 6/7 of two abdominal segments in OK6>foxO"2 larvae. (M) Quantification of anti-Ac-Tub staining
in terminal boutons of wildtype and foxO GOF NMJs 6/7. n is the number of NMJs in |, L, and M and type-1b boutons in J. Error bars show means +
SEM. *, P <0.05; **, P <0.01; ***, P < 0.001. Bars: (B and F) 20 pm; (D and E’) 40 pm.
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Figure 8. Genetic disruption of neuronal MTs drives sustained reduction in FoxO levels. (A, B, D, E, G and H) Representative confocal images of four
abdominal segments of L3 larval VNCs of the indicated genotypes stained for FoxO. Bar, 20 pm. (C, F, |, and J) Representative immunoblots showing FoxO
protein levels in L3 larval CNS lysates from animals of the listed genotypes. n > 2 blots per genotype (five CNS/genotype/lane). Anterior is up. Molecular

masses are given in kilodaltons. WT, wild type.

sensor. As a well-studied example, FoxO promotes expression
of antioxidant defense enzymes in response to increased levels
of reactive oxygen species (Myatt et al., 2011). Because the
neuronal MT network is sensitive to damage, and neurons re-
spond to cytoskeletal stress (Ben-Yaakov and Fainzilber, 2009),
we asked whether neuronal FoxO levels are modulated in re-
sponse to MT perturbation.

We first tested whether FoxO is regulated by chronic cyto-
skeletal perturbation. Loss of a-Spectrin disrupts the synaptic
cytoskeleton, leading to MT disorganization and NMJ dis-
assembly (Pielage et al., 2005, 2008; Koch et al., 2008). Addi-
tionally, NMJ defects in a-spectrin mutants are accompanied
by activation of a Puckered-LacZ transgene, which is down-
stream of the DLK—JNK—-Fos pathway (Massaro et al., 2009).
Thus, we asked whether FoxO localization or levels were also
modulated with loss of neuronal a-spectrin. We first confirmed
tissue-specific knockdown of a-Spectrin protein via RNAi
(Fig. S3). We find an overall reduction in intensity of FoxO

staining in the CNS in animals with panneuronal a-Spectrin
knockdown (Fig. 8, A and B). To determine whether the reduc-
tion in staining intensity reflects a change in FoxO subcellular
localization or rather an overall decrease in FoxO protein
levels, we assayed total levels of FoxO in the CNS by immuno-
blotting. Relative to controls, FoxO protein levels are decreased
in animals with presynaptic a-Spectrin knockdown (Fig. 8 C),
indicating that loss of nuclear FoxO in this background does not
simply reflect altered subcellular localization.

To investigate whether this regulation is unique to
a-spectrin, we analyzed neuronal FoxO expression in two other
mutant backgrounds with compromised cytoskeletal organiza-
tion at the NMJ. Both ankyrin2 LOF and dFXR (Drosophila

fragile X related) GOF mutants exhibit highly disorganized

synaptic MT networks (Zhang et al., 2001; Koch et al., 2008;
Pielage et al., 2008). Neuronal FoxO levels are reduced in these
backgrounds as well (Fig. 8, D-I), suggesting that it is a com-
mon response to cytoskeletal damage. Importantly, FoxO levels
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Figure 9. Acute MT disruption negatively regulates FoxO protein levels. (A) Representative immunoblots showing protein levels of Fasciclin 2 (Fas 2),
DVGLUT, and Nkx6 after 30-min Noc treatment. n > 2 blots/treatment/marker. (B, C, F, and G) Representative confocal images of four abdominal segments
of L3 larval VNCs stained for FoxO after the indicated drug treatments. Bars, 20 pm. (D and H) Representative immunoblots showing FoxO protein levels
in L3 larval CNS lysates after the listed DMSO and Noc application paradigms. (E and |) Quantification of changes in FoxO protein levels expressed as
FoxO/GAPDH ratio normalized to DMSO controls after indicated Noc treatments. n > 3 blots (six CNS/treatment/lane). Anterior is up. Error bars show

means = SEM. *, P < 0.05. Molecular masses are given in kilodaltons.

remain unchanged in several mutants affecting aspects of neu-
ronal differentiation other than cytoskeletal organization. FoxO
levels are unaffected in ckn, cmpy, and rab3 mutants, which
disrupt Lar signaling, neuronal bone morphogenetic protein
signal transduction, and active zone composition, respectively
(Graf et al., 2009; James and Broihier, 2011; Weng et al., 2011),
suggesting specificity of the FoxO response for MT disruption.
Together, these studies indicate that levels of neuronal FoxO
decrease after sustained cytoskeletal perturbation.

We next investigated whether neuronal FoxO levels are also
modulated by acute disruption of the MT cytoskeleton. We
destabilized MTs via application of 100 uM nocodazole (Noc)
using a published protocol (Massaro et al., 2009). 30-min Noc
incubation disrupts dynamic MTs without visibly altering
Futsch-positive MT organization (not depicted: Massaro et al.,
2009) or levels of the adhesion molecule Fasciclin 2 at the
NMJ (Fig. S4). Additionally, we find no changes in levels of
the transcription factors Even skipped and Nkx6, Fasciclin 2,
and the vesicular glutamate transporter (DVGLUT) after acute
Noc treatment (Fig. 9 A and not depicted), arguing that short-
term Noc incubation does not globally compromise neuronal
differentiation. However, this drug treatment is sufficient to
induce the Fos transcription factor (Massaro et al., 2009),

suggesting activation of the JNK stress response pathway
(Collins et al., 2006; Miller et al., 2009; Xiong et al., 2010).
To ask whether FoxO levels are also modulated in this para-
digm, we fixed tissue immediately after Noc incubation and
analyzed FoxO expression. The intensity of nuclear FoxO in
the CNS is reduced after Noc incubation (Fig. 9, B and C).
This decrease is mirrored on Western blots (Fig. 9 D), indi-
cating that it does not reflect altered subcellular localization.
Quantification of FoxO protein levels demonstrates a twofold
reduction after Noc incubation (Fig. 9 E). It is conceivable
that the decrease in FoxO protein reflects regulation at the
transcriptional level. However, the stability of FoxO proteins
(Huang and Tindall, 2011) coupled with the rapid time course
of the down-regulation argues that FoxO is actively degraded
after cytoskeletal disruption.

We next assessed the time course of FoxO regulation. Al-
though Fos levels are elevated after 30-min Noc incubation,
they return to baseline by 2 h (Massaro et al., 2009), which is
proposed to result from delayed negative regulation of Fos by
the MAPK phosphatase Puckered. To determine whether FoxO
regulation adheres to a similar time course, we assayed FoxO
levels in response to 30-min Noc treatment followed by 1.5-h
buffer incubation. FoxO levels are decreased in this treatment
paradigm, both on tissue (Fig. 9, F and G) and on Western blots
(Fig. 9, H and I), indicating that FoxO inactivation is a rela-
tively sustained response to acute cytoskeletal disruption.

FoxO is regulated by cytoskeletal disruption
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FoxO regulation after cytoskeletal stress

is independent of DLK and requires Akt

The disparate responses of FoxO and Fos to pharmacological
destabilization of MTs led us to investigate the relationship be-
tween FoxO and the DLK-JNK-Fos pathway. JNK signaling
regulates FoxO in other contexts (Lee et al., 2009a; Xu et al.,
2011) and plays an essential role in controlling neuronal re-
sponses to MT disruption and axon injury (Hammarlund et al.,
2009; Itoh et al., 2009; Xiong et al., 2010). Thus, the relation-
ship between the Wnd signaling axis and FoxO was of interest.
We first tested whether modulation of FoxO levels requires
Wnd. We analyzed FoxO protein levels in wnd'/wnd® mutants
after Noc-driven MT destabilization and found that FoxO pro-
tein levels are still reduced after Noc incubation in wnd mutants
(Fig. 10 A), indicating that FoxO regulation does not require
Wnd. We next evaluated whether FoxO is down-regulated after
acute MT disruption in animals expressing dominant-negative
JNK and Fos transgenes. These transgenes abrogate Wnd sig-
naling in an axon crush paradigm (Xiong et al., 2010) establish-
ing their efficacy. FoxO levels are decreased in Jnk”" and Fos™"
backgrounds after 30-min Noc treatment (Fig. 10 A), providing
further support that FoxO is regulated independently of the
Wnd-JNK-Fos pathway.

Finally, we explored the relationship between Akt and
FoxO after cytoskeletal perturbation, as Akt restrains FoxO
activity in multiple contexts (Huang and Tindall, 2007). We
first confirmed Akt knockdown with two akt RNAi constructs
targeting nonoverlapping regions of the gene (Fig. S3). Akt
knockdown has no appreciable effect on neuronal FoxO levels
in untreated cells (Fig. S3). We then evaluated whether akt is
necessary for the decrease in FoxO levels after MT disruption.
Consistent with a requirement for Akt in FoxO regulation,
FoxO levels do not decrease in neurons with RNAi-mediated
akt knockdown after Noc incubation (Fig. 10 B). In strong
support of this conclusion, FoxO levels are likewise unaltered
in akt”*?? homozygotes after Noc treatment (Fig. 10 B). Thus,
Akt kinase is necessary for the decrease in neuronal FoxO ob-
served after MT perturbation. The dependence on Akt strongly
predicts that this kinase is activated upon acute cytoskeletal
perturbation. Akt is activated via phosphorylation (Alessi
et al., 1996; Scheid et al., 2002), which can be tracked with a
phosphospecific Akt antibody. We first confirmed specificity
of the antiphospho-Akt antibody on tissue (p-Akt; Fig. S3).
We then tested whether neuronal p-Akt levels are modulated
in response to MT disruption. Consistent with our hypothesis,
p-Akt levels are elevated after Noc incubation on both im-
munoblot and tissue (Fig. 10, C, D, and F). Quantification of
p-Akt puncta density in nerves showed a more than threefold
increase after Noc treatment (Fig. 10 E).

Collectively, these data argue that FoxO is degraded in an
Akt-dependent manner in response to MT disruption. Our re-
sults demonstrate that this neuronal response exhibits specificity
for cytoskeletal damage and is activated in parallel to the DLK
cascade. The phenotypic analysis presented in this study demon-
strates that neuronal FoxO has MT-destabilizing activity. Thus,
we propose that neuronal FoxO is degraded after MT disruption
as part of a protective, cytoskeletal-stabilizing program.
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Discussion

Here, we demonstrate that FoxO negatively regulates MT sta-
bility in vivo. Axonal MTs are sensitive to diverse forms of
damage, and MT dynamics are modulated as part of the neu-
ronal response to injury. The established functions of FoxO as
a stress sensor, coupled with its identification as a regulator of
the neuronal MT network, position it ideally to modulate MT
behavior after damage. Consistent with this hypothesis, FoxO
levels are reduced in response to acute pharmacological desta-
bilization of MTs, as well as in multiple genetic backgrounds
characterized by disorganized MTs. This regulation depends on
Akt and is independent of the DLK pathway. These data argue
that FoxO is a novel component of the neuronal response to
damage. Here, we discuss emerging roles of FoxO as a devel-
opmental regulator of neuronal morphology and potential roles
for FoxO after MT perturbation.

FoxO family members regulate

neuronal morphogenesis

Until recently, cell survival constituted the best-defined neu-
ronal function for FoxOs (Gilley et al., 2003; Barthélémy
et al., 2004; Srinivasan et al., 2005; Yuan et al., 2009). FoxO1,
FoxO3, and FoxO6 are widely expressed in the developing and
adult rodent brain (Hoekman et al., 2006; de la Torre-Ubieta
et al., 2010). They have been implicated in establishment of po-
larity as RNAi-mediated knockdown of FoxO in central neurons
promotes aberrant distribution of MAPs (de la Torre-Ubieta
et al., 2010). Remarkably, all neuronal processes express both
axonal and dendritic MAPs after FoxO knockdown. Further-
more, recent evidence demonstrates that the foxO homologue
daf-16 regulates neuronal morphology in C. elegans. Daf-18/
PTEN modulates the phosphoinositide 3-kinase signaling path-
way to activate Daf-16/FoxO and promote developmental axon
outgrowth in the AIY sensory interneuron (Christensen et al.,
2011). Together, these studies strongly suggest that FoxO fam-
ily members are conserved regulators of neuronal morphology.

What are the relevant FoxO transcriptional targets that
mediate its effect on MT organization? Because Futsch distribu-
tion is sensitive to FoxO levels, and futsch mutations suppress
JoxO LOF phenotypes at the NMJ, FoxO could transcriptionally
repress Futsch. However, we do not favor this hypothesis, as
total Futsch protein levels remain unchanged in foxO LOF and
GOF animals (unpublished data). A reasonable model to ex-
plain the observed NMJ phenotypes is that FoxO up-regulates
transcription of MT-destabilizing proteins or, alternatively, re-
presses expression of MT-stabilizing molecules. It will be criti-
cal to identify the downstream effectors of foxO in this context.
Bearing on this issue, mammalian FoxO1 has recently been re-
ported to act in a complex with SnoN1 to repress expression of
MAP Doublecortin in the brain (Huynh et al., 2011).

Notably, a link between FoxO and MT stability has also
been alluded to in the context of endothelial cell differentiation.
FoxO1-deficient endothelial cells display thickening of MT
bundles accompanied by expansion of the MT network into the
cell periphery—a set of phenotypes in agreement with those
presented here (Park et al., 2009).
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Figure 10. FoxO decrease after acute MT damage is independent of Wnd and requires Akt. (A and B) Representative immunoblots showing FoxO levels
in L3 larval CNS lysates from animals of the indicated genotypes after 30-min DMSO or Noc incubation. n > 2 blots (five CNS/treatment/lane).
(C and D) Representative confocal images of nerves and L3 larval VNCs stained for p-Akt (Ser505) after the indicated drug treatments. Bars, 20 pm.
Anterior is up for VNCs. (E) Quantification of p-Akt puncta density in wild-type nerves after 30-min DMSO or Noc treatment. n is the number of nerves.
(F) Immunoblot showing p-Akt levels in wild-type L3 larval CNS after indicated treatments. Error bars show means £ SEM. ***, P < 0.001. Molecular
masses are given in kilodaltons.
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In our case, the prediction is that FoxO-regulated tar-
gets promote MT dynamics at the NMJ. Proper maintenance
of dynamic MTs is crucial for axon outgrowth, guidance, and
branching (Dent et al., 2011a). Disruption of pre- or postsynap-
tic MT networks using genetic or pharmacological approaches
also interferes with synaptic differentiation (Franco et al., 2004,
Pielage et al., 2006; Viquez et al., 2006; Pawson et al., 2008;
Lee et al., 2009b, 2010). The FoxO-dependent phenotypes de-
scribed here underscore the significance of properly regulated
MT behavior for synaptogenesis. However, the relationship be-
tween NMJ growth and MT stability is complex. Ample prec-
edent exists for a positive correlation between MT stability and
NMJ growth (Roos et al., 2000; Zhang et al., 2001; Pennetta
et al., 2002; Ruiz-Canada et al., 2004; Viquez et al., 2006; Lee
et al., 2010). Yet, there are also examples of increased MT sta-
bility associated with decreased NMJ growth (Sherwood et al.,
2004; Jin et al., 2009). Supporting the importance of a dynamic
MT population in neurite growth, the Knot transcription factor
drives expansive dendritic elaboration in a class of sensory neu-
rons by promoting expression of the MT-destabilizing protein
Spastin (Jinushi-Nakao et al., 2007). The differential effects of
overexpression of wild-type and constitutively nuclear forms of
FoxO on NMJ growth argue that although moderately destabi-
lized MTs promote inappropriate growth, severely destabilized
MTs compromise NMJ organization.

Levels of neuronal FoxO decrease

after neuronal damage

We demonstrate that FoxO is subject to regulation by MT desta-
bilization. Because foxO NMIJs display elevated MT stability, a
reduction in neuronal FoxO in response to cytoskeletal stress
is predicted to promote MT stabilization. Although FoxO is
often tied to stress signaling, stress typically drives an increase,
not a decrease, in nuclear FoxO levels (Brunet et al., 2004;
Nakamura and Sakamoto, 2008; Wang et al., 2011). The down-
regulation of FoxO we observe is unexpected and supports an
intimate and reciprocal relationship between FoxO and MTs.
Notably, FoxO3a levels are reduced in rat dorsal root ganglia
neurons after sciatic nerve crush (Wang et al., 2009). In addi-
tion, FoxO1, FoxO3, and FoxO4 emerged from a microarray
analysis of genes regulated by retrograde signaling after sciatic
nerve lesion (Michaelevski et al., 2010). Consistent with our
data, all three FoxO family members were found to be rapidly
down-regulated after injury. These findings argue that FoxO
family members represent conserved components of the neuro-
nal injury response.

Subcellular localization of FoxO proteins is a primary
mechanism for regulating their activity and is controlled via
extensive posttranslational modifications (Calnan and Brunet,
2008; Yamagata et al., 2008). FoxOs are also known to be
subject to ubiquitin-mediated degradation (Huang and Tindall,
2011). The E3 ubiquitin ligases Skp2 and MDM?2 are required
for ubiquitination of mammalian FoxO1 and FoxO3, respectively
(Huang et al., 2005; Fu et al., 2009). E3 ligase—dependent ubiq-
uitination and degradation of FoxO proteins depend on FoxO
phosphorylation by several kinases, including Akt in human
primary tumors and cancer cell lines. Here, we demonstrate
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rapid attenuation of FoxO levels in response to cytoskeletal
stress. These data strongly argue that FoxO is subject to active
degradation in this context. To define the upstream regulatory
events driving FoxO degradation, it will be essential to identify
the relevant ubiquitin ligase.

We demonstrate that FoxO regulation after MT destabi-
lization requires the Akt kinase. Furthermore, levels of the ac-
tive phosphorylated form of Akt are elevated after acute MT
disruption, raising the issue of whether Akt activity is regu-
lated by diverse forms of cytoskeletal damage. In fact, Akt is
activated in mammalian neurons after both physical damage
and treatment with chemotherapeutic drugs (Murashov et al.,
2001; VanderWeele et al., 2004; Shi et al., 2009; Michaelevski
et al., 2010). It will be crucial to identify signaling events up-
stream of Akt activation to define the signaling cascade con-
trolling FoxO activity.

This work establishes that FoxO controls MT stability at
the NMJ and is itself regulated by MT disruption. Neuronal MT
organization is shaped by intra- and extracellular cues that mod-
ify both its structural and mechanical attributes. Several path-
ways modulate MT behavior by acting locally—for example,
through modification of MAPs or tubulin (Etienne-Manneville,
2010). Here, we present in vivo evidence that synaptic MT
dynamics are also controlled at the transcriptional level. Such
regulatory mechanisms would allow for precise coordinated
control of MT behavior in response to diverse cues. Proper MT
regulation is essential for neuronal morphogenesis, synaptic
maturation, and plasticity—and MT dysfunction is tied to
motor neuron and neurodegenerative diseases (El-Kadi et al.,
2007; Lev et al., 2008; Perlson et al., 2010). Given a single
FoxO orthologue in the fly and extensive evolutionary conser-
vation, Drosophila represents an ideal system for mapping FoxO-
dependent regulatory circuits responsible for modulating MT
stability in response to developmental and environmental stimuli.

Materials and methods

Fly stocks

The following stocks were used: foxO?" and foxO?® (Jiinger et al., 2003),
foxO*?* (gift from L. Partridge [University College London, London, Eng-
land, UK] and S. Pletcher [Baylor College of Medicine, Houston, TX];
Slack et al., 2011), UAS-foxO" (referred in the text as UAS-foxO"™!;
gift from R. Tjian, University of California, Berkeley, Berkeley, CA),
UAS-foxOYTF19-5 (referred in the text as UAS-foxOW™#; gift from
M. Tatar, Brown University, Providence, Rl), OK6Gal4 (Aberle etal., 2002),
D42Gal4 (Sanyal, 2009), ElavGal4 (gift from A. DiAntonio, Washington
University, St. Louis, MO), Elavc'*3Gal4, UAS-dicer-2 (referred in the text
as Elav©'%3>dcr-2; gift from K. O’Connor-Giles, University of Wisconsin—
Madison, Madison, WI), Elav“'**Gal4 (referred in the text as Elav<’®3;
Lin and Goodman, 1994), futsch®® and futschN?* (gifts from C. Klambt,
University of Muenster, Muenster, Germany; Hummel et al., 2000), and
wnd', wnd?, and wnd® (Collins et al., 2006). The foxO*? allele was
generated by imprecise excision of the GS1664 transposable element
located upstream of the foxO gene and mapped using standard genetic
techniques. foxO (Vienna Drosophila RNAi Center [VDRC] 107786),
a-spectrin (VDRC 25387), and akt (VDRC 2902) RNAi lines were ob-
tained from the VDRC; foxO RNAI lines Bloomington Drosophila Stock
Center [BDSC] 32427 and BDSC 32993 were obtained from Drosophila
RNAI Screening Center (Harvard Medical School, Boston, MA). foxO
RNA.i lines VDRC 107786, BDSC 32427, and BDSC 32993 target non-
overlapping foxO gene regions and, for simplicity, are referred to in the
text as foxO RNAi*!, foxO RNAi*2, and foxO RNAi*, respectively. akt
RNA: lines VDRC 2902 and BSC 31701 (Bloomington Stock Center) target
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nonoverlapping akt] gene regions and are referred to throughout the
paper as akt RNAi*" and akt RNAi*?, respectively. All other stocks were
acquired from the Bloomington Stock Center. Canton-S, w'’'é, and
Oregon R are wild-ype strains.

Antibody production and immunofluorescence

FoxO cDNA corresponding to amino acids 1-233 was cloned info the
pET29a* vector for protein expression. After purification, this peptide was
used as an antigen for production of polyclonal anti-FoxO antibodies in
guinea pigs and rabbits (Pocono Rabbit Farm and Laboratory). The anti-
body was affinity purified against the peptide using Aminolink Plus kit
(Thermo Fisher Scientific).

Embryos were fixed and processed for immunofluorescence and
immunohistochemistry as previously described (Miller et al., 2008). In
brief, embryos were dechorionated in 50% bleach solution for 4 min
and subsequently fixed in 2 ml heptane with 2 ml of 37% formaldehyde
for 2 min with gentle rocking. The fixing step was followed by 30 s of
vigorous shaking in 6 ml methanol to devitellinize the embryos. To obtain
wandering L3 larvae, five adult males and five females were crossed
in a vial and transferred every other day to a new vial to control for
overcrowding. Wandering L3 larvae were dissected in PBS and fixed
either in fresh 4% PFA or Bouin’s fixative for 10 min followed by three
brief washes in PTX (PBS and 0.1% Triton X-100). Dissected larvae were
blocked in PBT (PBS, 0.1% Triton X-100, and 1% BSA) on a nutator and
incubated in primary antibodies for either 2 h at room temperature or
at 4°C overnight, without agitation. The following primary antibodies
were used: affinity-purified guinea pig anti-FoxO serum at 1:20, mouse
anti-Fasciclin 2 (1D4; Developmental Studies Hybridoma Bank) at 1:10,
rabbit anti-pSmad1 (gift from P. ten Dijke, Leiden University, Leiden,
Netherlands) at 1:500, rabbit anti-HRP (Jackson ImmunoResearch Labo-
ratories, Inc.) at 1:300, mouse anti-Futsch (22C10; Developmental Stud-
ies Hybridoma Bank) at 1:10 and 1:100 depending on the supernatant
aliquot, mouse anti-Bruchpilot (Developmental Studies Hybridoma Bank;
Kittel et al., 2006; Wagh et al., 2006) at 1:100, mouse anti-Synapsin
(Developmental Studies Hybridoma Bank; Klagges et al., 1996) at 1:20,
mouse anti-Cysteine String Protein (Developmental Studies Hybridoma
Bank; Zinsmaier et al., 1990) at 1:500, mouse anti-Dlg (Developmen-
tal Studies Hybridoma Bank) at 1:1,000, rabbit anti-DVGLUT (gift from
A. DiAntonio; Daniels et al., 2004) at 1:10,000, rabbit anti-Nervous
Wreck (gift from K. O’Connor-Giles; Coyle et al., 2004) at 1:250, mouse
anti-Ac-Tub (Sigma-Aldrich) at 1:250, rabbit antiphospho-Drosophila
Akt (Ser505; Cell Signaling Technology) at 1:200, and mouse anti-
a-Spectrin (Developmental Studies Hybridoma Bank) at 1:20. The follow-
ing species-specific secondary antibodies were used: Alexa Fluor 488
and Alexa Fluor 568 (Invitrogen) at 1:300.

Drosophila protein extracts and immunoblots

24 whole L2 larvae or 60 early L1 larvae were homogenized on ice in
30 pl of 2x Laemmli sample buffer for 3 min and subsequently heated
for 5 min at 95°C. For CNS lysates, five to six brains and VNCs from
L3 larvae were extracted and immediately homogenized in 15 pl of
2x Laemmli sample buffer for 1.5 min and heated for 5 min at 95°C.
Approximately 16 L2, 40 L1 larvae equivalents, or 5-6 L3 CNS equiva-
lents were loaded per well onto 12% SDS-PAGE gels (Bio-Rad Laborato-
ries). The offinity-purified guinea pig anti-FoxO serum was used at 1:100
or 1:200 depending on the aliquot, goat anti-glyceraldehyde 3-phosphate
dehydrogenase (GAPDH; IMGENEX) was used at 1:10,000, rabbit
antiphospho-Drosophila Akt (Ser505) was used at 1:1,000, mouse anti-
Fasciclin 2 was used at 1:250, rabbit anti-DVGLUT was used at 1:10,000,
rat anti-Nkxé (Broihier et al., 2004) was used at 1:2,000, and rabbit
anti-Even skipped (gift from J. Skeath, Washington University, St. Louis,
MO; Broihier and Skeath, 2002) was used at 1:2,000. Species-specific
HRP-conjugated secondary antibodies (MP Biomedicals) were used at
1:10,000. All immunoblots were probed with GAPDH as a loading con-
trol depicted in the bottom of all Western blot images. Molecular masses
(in kilodaltons) are listed to the right of the blots.

Microscopy and image analysis

Dissected and stained embryos and larvae were mounted in Vectashield
(Vector Laboratories) before imaging or quantification. Bouton number
and MT looping phenotypes were quantified on an upright microscope
(Axioplan 2; Carl Zeiss) using a Plan Apochromat 63x, NA 1.4 oil immer-
sion objective (Carl Zeiss). All counts were performed at room temperature
using imaging oil (Immersol; Carl Zeiss) as the immersion medium. Lar-
vae were colabeled with anti-HRP and anti-Bruchpilot for bouton number

quantification and with anti-Futsch and anti-HRP for MT looping analysis.
Only closed, tightly bundled Futsch-positive loops were counted in the MT
looping assay.

To measure type 1b bouton area, complete z stacks of NMJs 6/7
in A2 and A3 segments were acquired for wildtype and mutant larvae cola-
beled with anti-DVGLUT and anti-Dlg. All NMJ z stacks were captured with
the laser-scanning system (LSM 510 Meta; Carl Zeiss) using a C-Apochromat
40x, NA 1.2 water immersion lens (Carl Zeiss). All images were ac-
quired af room temperature with distilled water as immersion medium.
After z-stack rendering info maximum intensity projections, the area of 230
type 1b boutons (identified by anti-Dlg staining) per NMJ was measured
in the Image) software (National Institutes of Health), which was used for
quantitative analysis of all images.

For evaluation of anti~Ac-Tub staining, wildtype and mutant sam-
ples were processed in the same tube and imaged at identical acquisi-
tion settings in the Ac-Tub channel using a microscope (LSM 510 Meta)
as described in the previous paragraph. Anti-Ac-Tub staining intensity in
terminal boutons was quantified as described in the Results section. No
modifications were made to any images before quantification.

To quantify the MT stability phenotype in OK6>foxO** larvae, wild-
type and mutant animals were costained with anti-Futsch and anti-HRP in
the same tube and imaged using identical acquisition seftings on a micro-
scope (LSM 510 Meta) with C-Apochromat 63x, NA 1.2 water immersion
lens (Carl Zeiss). The samples were imaged at room temperature with dis-
tilled water as an immersion medium. Complete z stacks of NMJs 6/7 in
the A3 segment were subsequently used to determine the mean Futsch fluor-
escence in the distal 5, 10, and 20 pm of synaptic branches.

To quantify changes in p-Akt puncta density after 30-min Noc incu-
bation, w'’"® DMSO- and Noc-reated L3 larvae were processed in the
same tube. The tissue was fixed in fresh 4% PFA immediately after drug ap-
plication and stained using the same procedure as described under Anti-
body production and immunofluorescence in Materials and methods.
Complete z stacks of nerves and VNCs were acquired on a microscope
(LSM 510 Meta) with a C-Apochromat 40x, NA 1.2 water immersion lens
using identical settings. In DMSO- and Noc-reated larvae, the number of
p-Akt puncta per 250-ym nerve segment was counted using ImagelJ; no
more than three nerves per animal were scored.

Photoshop (Adobe) was used for all further image manipulations to
generate figures. In all figures, images are oriented with anterior to the left,
unless stated otherwise.

FM 1-43 dye uptake assay and live imaging

For the FM 1-43 dye loading experiment, previously published protocols
were used (Daniels et al., 2006; Verstreken et al., 2008). In brief, wander-
ing L3 larvae were dissected in HL-3 solution without calcium (110 mM
NaCl, 5 mM KCl, 10 mM NaHCO3, 5 mM Hepes, 30 mM sucrose, 5 mM
trehalose, and 10 mM MgCl,; Verstreken et al., 2008). Synaptic vesicles
were labeled by incubating the dissected larvae for 5 min in 4 pM FM
1-43 dye (Invitrogen) dissolved in 90 mM K* Jan's saline (45 mM NaCl,
90 mM KCI, 2 mM MgCly, 36 mM sucrose, 5 mM Hepes, and 2 mM
CaCl,, pH 7.3; Jan and Jan, 1976). After stimulation, the larvae were
washed with ~50 ml of calcium-free HL-3 over a period of 12 min. Labeled
vesicles at NMJs 6/7 in A2 and A3 segments were imaged on an upright
microscope (Axioplan 2) with an Achroplan 40x, NA 0.8 water immersion
objective (Carl Zeiss) using calcium-free HL-3 as an immersion medium.
Images were acquired af room temperature with a camera (AxioCam
MRc; Carl Zeiss) and AxioVision software (Carl Zeiss) using identical set-
tings for all analyzed samples. Labeling intensity was subsequently quanti-
fied in Image) and normalized to wild-type levels.

Pharmacology

The protocol for taxol treatment was previously described elsewhere (Trotfta
et al., 2004; Wang et al., 2007). In brief, dissected L3 larvae were incu-
bated in HL-3 containing either 0.2% DMSO (control) or 50 pM taxol
(Sigma-Aldrich) for 1 h at room temperature. Affer DMSO or taxol treat-
ment, larvae were quickly washed with HL-3 saline and fixed in Bouin’s fix-
ative for 10 min. For Noc treatment experiments, L3 animals were dissected
at room temperature in HL-3 solution with 0.5 mM calcium and 10 mM
magnesium such that the CNS and peripheral nerves remained intact. The
dissected preparations were subsequently incubated in either DMSO or
100 pM Noc (Sigma-Aldrich) in HL-3 saline for 30 min or 30 min followed
by three brief washes in HL-3 solution and subsequent incubation in HL-3
for an additional 1.5 h. After incubation, animals were either fixed in 4%
PFA, and the tissue was processed for immunofluorescence, or brains and
VNCs were extracted and prepared for Western blotting.
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Statistical analysis

Statistical analysis was performed, and all bar graphs were generated in
Prism 5 (GraphPad Software). In all bar graphs, data are presented as
means = SEM, unless stated otherwise. All pairwise sample comparisons
were performed using Mann-Whitney test. For comparing each sample
with other samples in a group of three or more, Kruskal-Wallis test was
used. n values for each experiment are described in the corresponding
figures. In all figures, p-values for statistical tests are as follows: *, P <
0.05; **,P <0.01; and ***, P < 0.001.

Online supplemental material

Fig. S1 shows the full anti-FoxO blot with marked nonspecific bands.
Fig. S2 shows gross morphological defects at the NMJ in foxO mu-
tants. Fig. S3 shows tissue-specific a-Spectrin, FoxO, and Akt knock-
down using RNAI. Fig. S4 shows NM!Js stained for Fasciclin 2 and HRP
after Noc treatment. Table S1 lists mean + SEM numbers of MT loops per
NMJ 6/7 in foxO backgrounds. Table S2 presents a complete list of
mean = SEM fractions of terminal boutons/NMJ with strong, weak, or un-
defectable Ac-Tub signal for all foxO mutant backgrounds examined. Table
S3 provides a complete list of mean + SEM fractions of terminal boutons/
NMI with strong, weak, or undetectable Ac-Tub signal for all foxO GOF
mutants. Online supplemental material is available at http://www.jcb
.org/cgi/content/full/jcb.201105154/DC1.
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