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ARTICLE INFO ABSTRACT

Recent work shows Fragile X Mental Retardation Protein (FMRP) drives the translation of very large proteins
(> 2000 aa) mediating neurodevelopment. Loss of function results in Fragile X syndrome (FXS), the leading
heritable cause of intellectual disability (ID) and autism spectrum disorder (ASD). Using the Drosophila FXS
disease model, we discover FMRP positively regulates the translation of the very large A-Kinase Anchor Protein
(AKAP) Rugose (> 3000 aa), homolog of ASD-associated human Neurobeachin (NBEA). In the central brain
Mushroom Body (MB) circuit, where Protein Kinase A (PKA) signaling is necessary for learning/memory, FMRP
loss reduces Rugose levels and targeted FMRP overexpression elevates Rugose levels. Using a new in vivo
transgenic PKA activity reporter (PKA-SPARK), we find FMRP loss reduces PKA activity in MB Kenyon cells
whereas FMRP overexpression elevates PKA activity. Consistently, loss of Rugose reduces PKA activity, but
Rugose overexpression has no independent effect. A well-established PKA output is regulation of F-actin cy-
toskeleton dynamics. In the FXS disease model, F-actin is aberrantly accumulated in MB lobes and single MB
Kenyon cells. Consistently, Rugose loss results in similar F-actin accumulation. Moreover, targeted FMRP,
Rugose and PKA overexpression all result in increased F-actin accumulation in the MB circuit. These findings
uncover a FMRP-Rugose-PKA mechanism regulating actin cytoskeleton. This study reveals a novel FMRP me-
chanism controlling neuronal PKA activity, and demonstrates a shared mechanistic connection between FXS and
NBEA associated ASD disease states, with a common link to PKA and F-actin misregulation in brain neural
circuits.

Significance Statement: Autism spectrum disorder (ASD) arises from a wide array of genetic lesions, and it is
therefore critical to identify common underlying molecular mechanisms. Here, we link two ASD states;
Neurobeachin (NBEA) associated ASD and Fragile X syndrome (FXS), the most common inherited ASD. Using
established Drosophila disease models, we find Fragile X Mental Retardation Protein (FMRP) positively regulates
translation of NBEA homolog Rugose, consistent with a recent advance showing FMRP promotes translation of
very large proteins associated with ASD. FXS exhibits reduced cAMP induction, a potent activator of PKA, and
Rugose/NBEA is a PKA anchor. Consistently, we find brain PKA activity strikingly reduced in both ASD models.
We discover this pathway regulation controls actin cytoskeleton dynamics in brain neural circuits.
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1. Introduction 2018). The Drosophila Fragile X syndrome (FXS) model (dfmr1 loss-of-

function) has been instrumental in understanding FMRP functions, with

Fragile X Mental Retardation Protein (FMRP) is an mRNA-binding
translation regulator that restricts synaptogenesis and refines synaptic
connectivity in developing neural circuits (Davis and Broadie, 2017;
Sears and Broadie, 2018). Recent work shows FMRP promotes trans-
lation of very large (> 2000 aa) proteins (Greenblatt and Spradling,
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human FMRP fully restoring disease phenotypes (Coffee et al., 2010).
The Drosophila central brain Mushroom Body (MB) learning/memory
center has been especially useful in linking FMRP translational control
to neural circuit dynamics (Tessier and Broadie, 2011; Vita and
Broadie, 2017), particularly during the early-use critical period
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(0-2 days post-eclosion; dpe) when initial sensory input refines the MB
circuit (Doll and Broadie, 2015, 2016; Doll et al., 2017). MB Kenyon
cells (KCs) project into distinct axonal lobes (o/f3, o’/B’ and y; Davis
and Dauwalder, 1991; Skoulakis et al., 1993; Crittenden et al., 1998),
with dfmrl null mutants exhibiting axon overgrowth and reduced
pruning in the 0-2 dpe critical period (Pan et al., 2004; Tessier and
Broadie, 2008).

The MB v lobe has been a particular focus owing to established roles
in learning and memory dependent on cyclic AMP (cAMP) — Protein
Kinase A (PKA) signaling (Zars et al., 2000; Blum et al., 2009). Im-
portantly, FXS patient cells and Drosophila/mouse disease models dis-
play reduced cAMP levels and cAMP induction (Berry-Kravis and
Huttenlocher, 1992; Berry-Kravis et al., 1995; Kelley et al., 2007). Since
cAMP activates PKA, these findings strongly imply that FMRP regula-
tion on PKA could be a critical component disrupted in the FXS disease
state. To assay PKA in the MB circuit, we employ a recently developed
in vivo PKA activity sensor (PKA-SPARK; Zhang et al., 2018). PKA-
SPARK is an eGFP-tagged chimeric protein reporter that is specifically
phosphorylated by PKA to generate reversible phospho-oligomers vi-
sualized as fluorescent punctae (Zhang et al., 2018). PKA regulates
actin cytoskeleton dynamics critical for neuronal growth and plasticity
(Lin et al., 2005; Cingolani and Goda, 2008; Zhu et al., 2015). We
therefore hypothesized that PKA misregulation in the FXS condition
should result in defective F-actin assembly, which in turn would pro-
vide a mechanism for neuronal growth and plasticity defects.

We identify here the very large (> 3000 aa) Rugose protein as a
target of FMRP positive translation regulation. Rugose is a brain-en-
riched protein that functions as an A-Kinase Anchor Protein (AKAP)
required for normal MB-dependent learning/memory (Wang et al.,
2000; Volders et al., 2012). AKAPs bind PKA to determine enzyme lo-
calization and activity (Smith et al., 2017; Wild and Dell'Acqua, 2017).
Rugose and PKA catalytic subunit (PKA-C) genetically interact, with
combined partial loss-of-function resulting in impaired memory de-
pendent on MB y lobe function (Zhao et al., 2013). Human Rugose
homolog Neurobeachin (NBEA) is a similar, very large, brain-enriched
protein associated with autism spectrum disorder (ASD; Wang et al.,
2000; Castermans et al., 2003, 2010). Mammalian NBEA facilitates
neuronal intracellular trafficking (Niesmann et al., 2011; Gromova
et al., 2018), although AKAP function in this mechanism is uncertain
(Wild and Dell'Acqua, 2017). Importantly, mammalian NBEA has been
shown to be involved in F-actin cytoskeleton regulation (Niesmann
et al.,, 2011). We therefore hypothesized that FMRP-dependent trans-
lation of Rugose/NBEA may be the pathway controlling PKA activity
regulation of F-actin dynamics.

In this study, we show FMRP binds rugose mRNA, with Rugose
protein decreased with FMRP loss and increased with FMRP over-
expression in the MB circuit. Using PKA-SPARK, we find that MB-tar-
geted FMRP loss reduces PKA activity, whereas FMRP overexpression
increases PKA activity. Similarly, Rugose loss decreases PKA activity.
Using phalloidin and LifeAct F-actin reporters, we find actin dynamics
strikingly altered, with F-actin highly enriched in the FXS disease
model. Consistent with a FMRP-Rugose-PKA pathway, FMRP, Rugose
and PKA-C overexpression all result in F-actin accumulation within the
MB vy lobe. Loss of rugose results in highly aberrant F-actin assembly
similar to the FXS disease model. We conclude FMRP positively reg-
ulates translation of the AKAP Rugose/NBEA to modulate PKA signaling
and control F-actin cytoskeleton dynamics in developing learning/
memory circuitry.

2. Materials and methods
2.1. Drosophila genetics
All animals were maintained on a standard cornmeal/agar/molasses

Drosophila food in a 12-h light:dark cycling incubator at 25 °C. All an-
imals were staged as adults at 25°C to 1-day post-eclosion (1 dpe).
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w118 (BDSC 3605) was used as a genetic background control. Mutant
lines used included the dfmr1°°™ null allele (Zhang et al., 2001) and the
rg"™PP null allele (Volders et al., 2012). w18 was outcrossed to control
elav-GAL4 driver for rescue experiments, while Gal4 driver controls
were outcrossed with control stocks P{y[+t7.7] = CaryP}attP2 (BDSC
36303) and P{y[+t7.7] = CaryP}attP40 (BDSC 36304). Transgenic
Gal4 driver lines used: pan-neuronal elav-GAL4 (Coffee et al., 2010), the
MB-selective OK107-Gal4 (BDSC 854; Connolly et al., 1996) and GMR-
51C05-Gal4 (BDSC 47368; Jenett et al., 2012) expressing in two KCs
innervating the MB y lobe. Transgenic UAS responder lines used:
wildtype UAS-dfmr1°°%=3 (Zhang et al., 2001), UAS-dfmr1®>7-3
dfmr1°°™ (Gatto and Broadie, 2009), UAS-dfmrl RNAi (BDSC 35200;
Kashima et al., 2017; Greenblatt and Spradling, 2018), wildtype UAS-
rugose (Volders et al., 2012), wildtype UAS-PKA-C (BDSC 35555; Kiger
et al., 1999), UAS-PKA-C without catalytic activity (PKA-C K75A; BDSC
35559; Kiger and O'Shea, 2001), UAS-BRP-Short::mCherry (Fouquet
et al., 2009), UAS responder line for PKA-separation of phases-based
activity reporter of kinase (UAS-PKA-SPARK; Zhang et al., 2018), and
UAS-LifeAct::GFP (BDSC 58718; Huelsmann et al., 2013). Recombinant
line GMR-51C05-Gal4, dfmr1°°™ was generated using standard genetic
procedures, and female/male numbers were kept consistent between
compared groups.

2.2. RNA immunoprecipitation

Studies were done as previously described (Zhang et al., 2001; Vita
and Broadie, 2017). Briefly: 100 staged 1dpe heads from w’!?® control
and dfmr1°®™ null animals were homogenized in lysis buffer (20 mM
HEPES, 100 mM NaCl, 2.5 mM EDTA, 0.05% Triton X, 5% glycerol, 1 x
SigmaFast Protease inhibitor (Sigma $8820), 120 Units/mL Protector
RNase inhibitor (Roche 03335399001), then incubated overnight at
4°C with Dynabeads (Invitrogen 10003D) pre-conjugated to mouse
anti-FMRP (Abcam 6A15) following the manufacturer's protocols. Bead-
derived supernatant was then separated by TRIzol (Invitrogen
15596018) with Chloroform, and the upper aqueous layer transferred
to a new tube. Glycogen and 2-propanol were added, the supernatant
removed, and the resulting pellet washed with 75% EtOH, followed by
centrifugation and air drying. 20 puL nuclease free water was added and
the isolated RNA was reverse transcribed with the SuperScript Vilo kit
(Invitrogen 11754-050). Similar protocols were used to isolate RNA
from input lysates. cDNA was amplified with HotStart Taq (New Eng-
land Biolabs M0495) using a touchdown PCR protocol, then amplified
cDNA was separated on a 0.8% agarose gel and visualized with SYBR
Safe DNA stain (Invitrogen S33102). Gels were imaged with a BIO-RAD
Gel Doc EZ system. PCR primers used: a-tubulin; CTGTGGTCGATGAG
GTCCG forward, GCGTAGGTCACCAGAGGG reverse. futsch; CAGTTTC
ACCCGCCACCG forward, GCACGTTGCTGTTGTTTAGGC reverse. rg;
CCAGCTACGCCGAATCGC forward, GGTCATCAGGTATTCACCATCGC
reverse.

2.3. Western blots

Studies were done as previously described (Zhang et al., 2001; Vita
and Broadie, 2017). Briefly, staged 1dpe heads were snap frozen on dry
ice and homogenized in RIPA buffer containing 1 X Roche complete
EDTA-free protease inhibitor (Roche 04693123001). Lysates were spun
for 10 min at 4°C, 16,000 X g, and protein amount was quantified by
BCA. LDS (Invitrogen NP0007) and NuPAGE reducing (Invitrogen
NP0009) agent were added to lysates, then samples were heated for 10
mins at 70 °C. Equal volumes of lysates from 2 brains were loaded per
lane onto a 3-8% Tris-Acetate gel (Invitrogen EA0375) with tris-acetate
running buffer (Invitrogen LA0041) and NuPAGE antioxidant (In-
vitrogen NP00O5) in the upper buffer chamber. GE Healthcare Rainbow
molecular weight marker (GE 45001591) and HiMARK pre-stained
protein standard (Invitrogen LC5699) were used as ladders. Gels were
run for 5 mins at 20 mA and then 30 mA for 1h. Separated proteins
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were transferred to nitrocellulose membranes overnight at 33 mA in
10% methanol in NuPAGE transfer buffer (NP0006) with NuPAGE an-
tioxidant. To compare loading, protein was quantified with REVERT
total protein stain (LI-COR 926-11010) on a LICOR Odyssey machine
(Eaton et al., 2013). Membranes were blocked in 2% powdered skim
milk in TBS-T overnight, incubated with primary antibodies in 2%
powdered skim milk in TBS-T overnight, then incubated with fluores-
cently conjugated secondary antibodies in 2% powdered skim milk in
TBS-T for 2h at RT, all with rotation. Membranes were imaged using a
LI-COR Odyssey machine. Protein bands were standardized to the total
protein recording from the lane with the highest total protein levels.
Primary antibodies used were: mouse anti-FMRP (1: 4000; Sigma 6A15;
Wan et al., 2000; Zhang et al., 2001; Gatto and Broadie, 2009; Coffee
et al., 2012; Doll and Broadie, 2015), rabbit anti-Rugose (1:2000;
Volders et al., 2012). Secondary antibodies were Alexa Fluor 680 goat
anti-rabbit (A-21076) and Alexa Fluor 680 goat anti-mouse (A-21048)
and Rockland IRDye 800 anti-mouse (610-132-121), all at 1:10,000.

2.4. PKA assay

PKA activity was measured as separation of phases-based activity
reporter of kinase (PKA-SPARK) fluorescent punctae with live imaging
(Zhang et al., 2018). PKA-SPARK uses 2 homo-oligomeric coiled coil
transgenes: 1) a tetramer with phosphothreonine-binding domains
(FHA1) and 2) a hexamer containing eGFP and a peptide sequence
specifically phosphorylated by PKA (LRRATLVD) (Durocher et al.,
2000; Woolfson et al., 2015). When threonine in the peptide sequence is
phosphorylated by PKA, the domains associate to concentrate eGFP.
Combined with the UAS/Gal4 system, PKA-SPARK can be driven in a
cell-type selective manner (Zhang et al., 2018). UAS-PKA-SPARK is
driven selectively in Kenyon cells with OK107-Gal4 (BDSC 854). Staged
brains at 1 dpe were acutely dissected in 1x PBS and placed in
Fluoromount (EMS 17984) between two #1 coverslips separated by a
layer of tape for immediate imaging. Kenyon cell somata were imaged
as stacks taken at slice widths of 3.5 um at 3.5 um intervals. Each slice
was imaged at 5% 488 strength with a 0.8 us pixel dwell time, line 2
averaging and 1024 x 1024 pixel resolution (0.22pm X 0.22pm Xy
pixel dimensions). Comparisons were made between groups using
identical imaging settings. PKA-SPARK punctae were scored slice by
slice with the Find Maxima feature in ImageJ using the same noise
toleration setting between compared groups.

2.5. Immunocytochemistry imaging

For immunostaining, staged brains at 1 dpe were fixed in 4% PFA
1 X PBS 4% sucrose for 30 min with rotation. Fixed brains were washed
3 times with 1 x PBS then blocked for 1.5 h in blocking buffer (1 x PBS,
1% BSA, 0.5% Goat Serum, 0.2% Triton X-100) with rotation. Brains
were incubated with primary antibody overnight at 4 °C with rotation.
Primary antibodies used were mouse anti-FMRP (6A15; Sigma 1:500;
Abcam 1:62.5; Wan et al., 2000; Zhang et al., 2001; Gatto and Broadie,
2009; Coffee et al., 2012; Doll and Broadie, 2015), rat anti-Rugose
(1:500; Volders et al., 2012), mouse anti-FaslIl (1:10; 1D4; Develop-
mental Studies Hybridoma Bank), rabbit anti-RFP (1:2000; Rockland
600-401-379) and rabbit anti-GFP (1:4000; Abcam ab290). Brains were
incubated with secondary antibodies for 2h at RT with rotation.
Fluorescent secondary antibodies used were Alexa Fluor 488 goat anti-
mouse (A-11001), Alexa Fluor 555 donkey anti-mouse (A-31570),
Alexa Fluor 568 goat anti-rabbit (A-11011), Alexa Fluor 488 goat anti-
rabbit (A-11008) and Alexa Fluor 488 donkey anti-rat (A-21208), all at
1:500. To mark F-actin, Alexa Fluor 488-conjugated phalloidin (1:250;
Invitrogen A12379) and BODIPY 558/568-conjugated phalloidin
(1:500; Invitrogen B3475) were used for 2h at RT with rotation.
Stained brains were mounted in Fluoromount (EMS 17984) between
two #1 coverslips separated by a layer of tape. All microscopy imaging
was done on a Zeiss LSM 510 Meta confocal microscope using a Plan
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Neofluar 40 x oil immersion objective with a numerical aperture of 1.3.
Compared groups were stained simultaneously in the same tube when
possible to control for staining variability and genotyped with antibody
staining.

2.6. Data analyses

All statistical analyses were conducted using GraphPad Prism. All
compared groups were processed in parallel at the same time and under
the same conditions. All compared samples were imaged at identical
settings, with image analysis conducted using ImageJ. FaslI staining
was used to identify the MB y lobe for quantification, and to isolate the
y lobe from other MB lobes for projection analysis. Groups passing
normality tests were compared with unpaired Welch's t-tests and un-
paired ordinary one-way ANOVA with Tukey's multiple comparisons
tests, for single and multiple comparisons respectively. Other groups
were compared with Kruskal-Wallis tests and then Dunn's correction for
multiple comparisons. Statistical significance is presented in figures as
not significant (n.s; p > .05), * p < .05, ** p < .01 and
p < .001.

Lt

3. Results
3.1. FMRP promotes Rugose expression in Mushroom Body Kenyon cells

FMRP has been most widely characterized as a negative translation
regulator (Laggerbauer et al., 2001; Li et al., 2001) and this is also true
in the Drosophila FXS model, with elevated overall brain protein levels
and increased translation of specific targets (Zhang et al., 2001; Tessier
and Broadie, 2008). However, FMRP also has long been known to po-
sitively regulate the translation of other targets (Todd et al., 2003;
Derlig et al., 2013) and FMRP was recently shown to generally promote
translation of very large proteins with critical roles in neurodevelop-
ment (Greenblatt and Spradling, 2018). In a candidate screen for pro-
teins misregulated in the Drosophila FXS model brain (Tessier and
Broadie, 2012), we identified the very large A-Kinase Anchoring Protein
Rugose/NBEA (> 3000 aa; 460 kDa) (Volders et al., 2012) as a can-
didate FMRP target. Here we test this interaction with a combination of
1) RNA immunoprecipitation (RIP) using a well-characterized anti-
FMRP antibody (Wan et al., 2000; Zhang et al., 2001; Vita and Broadie,
2017) to assay for rugose transcript binding, 2) Western blot studies of
Rugose protein levels in the brain using a well-characterized anti-Ru-
gose antibody (Volders et al., 2012), and 3) imaging studies of Rugose
in the brain Mushroom Body (MB) learning/memory center using both
FMRP loss-of-function (LOF) RNAi and MB-targeted gain-of-function
(GOF) overexpression. Representative raw data and quantified results
for these analyses are shown in Fig. 1.

To test FMRP interaction with rugose mRNA, we used RNA im-
munoprecipitation (RIP) to assay for rugose direct transcript binding
(Zhang et al., 2001; Vita and Broadie, 2017). Lysates from newly-
eclosed (1 dpe) w'?*® genetic background control and dfmrl null mu-
tant (dfmr1°°) heads (100 heads/genotype) were incubated with a
characterized anti-FMRP antibody conjugated to magnetic beads
(Zhang et al., 2001; Vita and Broadie, 2017). The mRNA from head
lysates was pulled down with the beads and isolated, reverse tran-
scribed into ¢cDNA, and then amplified with specific primers (see
Methods). As previously, futsch/maplb was used as the positive control
and a-tubulin as the negative control for FMRP binding (Zhang et al.,
2001; Vita and Broadie, 2017). Specific primers for rugose mRNA were
used to test anti-FMRP immunoprecipitation (Fig. 1A). In input lanes,
strong bands representing PCR product amplified from all three mRNAs
are present (Fig. 1A). In w'!?® controls, but not in dfmr1 null animals,
there are strong bands for the futsch positive control (Fig. 1A). Bands for
a-tubulin negative control are only observed in the input lanes, de-
monstrating FMRP-binding specificity (Fig. 1A). Controls also show a
strong band for rugose, while dfmr1 null animals do not, indicating that
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Fig. 1. FMRP promotes AKAP Rugose expression in the MB learning/memory circuit.

(A) RNA immunoprecipitation (RIP) comparing w'!?® genetic background control and dfmrl null brains (dfmr1°°/dfmr1°°™). Amplified cDNA transcribed from
input lysates and RNA pulled down with anti-FMRP-conjugated Dynabeads; futsch is the positive control and a-tubulin is the negative control. Molecular weights are
indicated to the right. (B) Western blots of control (w'?®) vs. dfmr1 null (dfmr1°°™)(top), and driver control (elav-Gal4/ +) vs. UAS-dfmr1 rescue (elav-Gal4/ +; UAS-
dfmr1°>°7-3, dfmr1°°™/dfmr1°°™) (bottom) brains at 1 day post-eclosion (1dpe). Proteins indicated on left, molecular weights on the right. (C-D) Dot plots of the
normalized Rugose band intensities, showing the mean + SEM. (E) Representative confocal images of anti-Rugose labeling in w8 control and dfmr1 null brains.
Dashed lines separate MB Kenyon cell somata from surrounding brain tissue. (F) Dot plots of normalized Rugose intensity, showing mean + SEM. (G) Representative
confocal images of anti-Rugose labeling in MB-specific driver control (OK107-Gal4/+ ) and FMRP overexpression (OE) in MB (UAS-dfmr1 9557-3/ 1. OK107-G4/+).
Dashed lines separate the MB Kenyon cell somata from surrounding brain tissue. (H) Dot plots of normalized Rugose intensity, showing mean + SEM. Statistics were
done with unpaired Welch's t-tests. Statistical significance is indicated as n.s. (not significant) and *** (p < .001).

rugose mRNA is bound by FMRP (Fig. 1A). In dfmr1 null animals, bands two-tailed Welch's t-test; Fig. 1D). Taken together, these data indicate

are not observed in any of the anti-FMRP pulldowns, demonstrating that FMRP is necessary within brain neurons to promote Rugose
assay specificity (Fig. 1A). Similar data from no antibody controls also translation.

confirm assay specificity (data not shown). These results show that Both FMRP and Rugose are specifically required in the Mushroom
FMRP directly binds rugose mRNA. Body (MB) for olfactory learning and memory (Bolduc et al., 2008;

FMRP mRNA-binding has been shown to both suppress and promote Volders et al., 2012), with both proteins localized to the MB Kenyon cell
translation of different specific targets (Zhang et al., 2001; Vita and (KC) somata. The two proteins show a high degree of spatial overlap

Broadie, 2017; Derlig et al., 2013). Given the very large size of Rugose and co-localization throughout the brain in neuron cell bodies (data not
(MW 460 kDa), we hypothesized Rugose would be positively regulated shown). Rugose labeling is punctate and highly enriched in KC somata,
by FMRP, consistent with similar very large proteins promoted by with significantly higher densities in KCs relative to surrounding brain

FMRP (Greenblatt and Spradling, 2018). Using Western blots, we tested tissue (KC 1.447 = 0.065 (n = 18) vs. normalized adjacent brain
total Rugose protein levels in dfmrl null mutants (dfmr15°M) compared 1.0 £ 0.053 (n = 18); t(32.67) = 5.323, p < .0001, two-tailed Wel-

to the genetic background controls (w'?*®) from isolated heads age- ch's t-test; Fig. 1E). In comparing Rugose levels between dfmrl null
matched at 1 dpe (Fig. 1B). Lysates from w’'’® heads show consistent, mutants and age-matched control w’!’® MB at 1 dpe, we find reduced
strong bands at ~460kDa (Fig. 1B), comparable to published data Rugose labeling both in and around the KC somata (Fig. 1E). Quanti-
(Volders et al., 2012). We find that Rugose levels are significantly re- tatively, we find a ~30% decrease in Rugose labeling intensity within
duced by ~70% in dfmrl null mutants compared to matched controls the KC somata in null mutants compared to controls (normalized w'?*®

(normalized w'**® 1.0 £ 0.038 (n = 6) vs. dfmr1®®™ 0.312 + 0.048 1.0 £ 0.045 (n=18) vs. dfmr1®® 0.715 = 0.040 (n=15); t
(n =6); t(9.418) =11.22, p < .0001, two-tailed Welch's t-test; (30.97) = 4.754 p < .0001, two-tailed Welch's t-test; Fig. 1F, left).
Fig. 1C). Reintroduction of wildtype FMRP only in neurons using the Similarly, we observe in dfmrl null animals an approximately ~30%
elav-Gal4 driver in the otherwise dfmrl null background fully restores decrease in staining intensity outside of the Kenyon cells (w''!®
Rugose to the control levels (Fig. 1B). Quantification shows no sig- 1.0 £ 0.053 (n=18) wvs. dfmr150M 0.664 = 0.052 (n=15); t
nificant difference persisting between genetic background control and (30.86) = 4.542, p < .0001, two-tailed Welch's t-test; Fig. 1F, right).
the transgenic rescue (elav-Gal4/+ control 1.0 = 0.029 (n =9) vs. We conclude that loss of FMRP results in reduced Rugose levels in KC
dfmrl rescue 0.879 = 0.062 (n=9); t(11.41) = 1.758, p = .1055, somata and surrounding neuronal cell bodies of the brain.
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We next tested if FMRP overexpression (OE) would cause the op-
posite change. Using MB-specific OK107-Gal4 to drive UAS-FMRP
(Connolly et al., 1996; Zhang et al., 2001), we find strong enrichment of
Rugose specifically in the KC somata (Fig. 1G). Quantitatively, we find a
~25% increase in Rugose levels (normalized control 1.0 + 0.050
(n=13) vs. FMRP® 1.256 * 0.044 (n=18); t(26.62) = 3.876,
p = .0006, two-tailed Welch's t-test; Fig. 1H, left). This increase is
specific to KCs overexpressing FMRP, since Rugose levels in adjacent
brain areas are not significantly different compared with controls
(control 1.0 + 0.048 (n = 13) vs. FMRPF 1.04 = 0.047 (n = 18); t
(27.89) = 0.596, p = .5560, two-tailed Welch's t-test; Fig. 1H, right).
Only OK107-Gal4 > UAS-FMRP animals display significantly elevated
ratios of Rugose in KCs vs. adjacent cells. All other genotypes exhibit
similar KC Rugose enrichment normalized to adjacent brain tissue
w18, 1.463 = 0.038 (n = 18); dfmr1°°¥ 1.597 + 0.057 (n = 15);
and OK107-Gal4/+, 1.50 *= 0.066 (n = 13)). In contrast, MB-targeted
FMRP®E causes a significantly increased ratio (1.813 % 0.039
(n=18), F=11.52, p < .0001, w''?® vs. FMRP°E, p=.0113,
dfmr1°® vs. FMRP®E, p = .0002, control vs. FMRP®%, one-way ANOVA
with Tukey's multiple comparisons test). Taken together, we conclude
that FMRP is necessary for normal Rugose expression in Kenyon cells,
and FMRP overexpression is sufficient to increase Rugose levels speci-
fically in targeted Kenyon cells.

3.2. FMRP and Rugose both promote PKA activity in Mushroom Body
Kenyon cells

Rugose is an A-Kinase Anchor Protein (AKAP) enriched in brain
neurons (Wang et al., 2000; Volders et al., 2012), which genetically
interacts with Protein Kinase A catalytic subunit (PKA-C) (Zhao et al.,
2013). AKAPs have been demonstrated to bind PKA to determine lo-
calization and enzymatic activity (Smith et al., 2017). We therefore
hypothesized that FMRP translational control of Rugose should regulate
PKA dynamics in the MB circuit. To test this hypothesis, we used a
recently developed transgenic PKA activity sensor (PKA-SPARK), an
eGFP chimera that when phosphorylated by PKA forms reversible oli-
gomers visualized in vivo as fluorescent punctae with live imaging
(Zhang et al., 2018). We used MB-specific OK107-Gal4 driver to target
UAS-PKA-SPARK and additional LOF/GOF constructs to KCs. Brains
acutely dissected at 1dpe were immediately imaged for native eGFP
fluorescence. To verify the PKA activity reporter specificity, we used
OK107-Gal4 to target overexpression (OE) of the PKA catalytic subunit
(PKA-C; Kiger et al., 1999) in the MB circuit. Transgenic controls ex-
hibit small PKA-SPARK punctae compared to the much larger/brighter
punctae with PKA overexpression (Fig. 2A). Quantification shows a 2.5-
fold increase (normalized control 1.0 + 0.092 (n = 6) vs. PKA-C°F
2.537 = 0.117 (n = 7); t(10.77) = 10.34, p < .0001, unpaired Wel-
ch's t-test; Fig. 2B), a highly significant elevation compared to controls.
These results confirm the PKA-SPARK activity reporter.

We next tested PKA-SPARK with the MB-specific OK107-Gal4 driver
targeting a characterized UAS-dfmrl RNAi (Kashima et al.,, 2017;
Greenblatt and Spradling, 2018). In transgenic controls, PKA-SPARK
punctae are largely restricted to the KC somata, less frequently in MB
calyx dendritic arbors and rarely in the axonal lobes (Fig. 2C). With
FMRP knockdown, PKA-SPARK punctae in the MB circuit are very ob-
viously reduced in both abundance and fluorescence intensity (Fig. 2C).
Quantification shows a striking ~60% loss of the PKA-SPARK punctae
(normalized control 1.0 = 0.040 (n=18) vs. dfmrl RNAi
0.344 = 0.025 (n = 21); t(28.73) = 13.84, p < .0001, Welch's un-
paired t-test; Fig. 2D). We conclude that FMRP is necessary to promote
PKA enzymatic activity in the MB KCs. To test whether FMRP is also
limiting PKA activity in KCs, we next tested the PKA-SPARK sensor with
the MB-specific OK107-Gal4 driver targeting a characterized UAS-dfmr1
overexpression (OE) line (UAS-dfmrl 9557-3, Zhang et al., 2001). Com-
pared to the transgenic control, we find a 2-fold increase in the number
of PKA-SPARK fluorescent punctae in MBs overexpressing FMRP
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(normalized control 1.0 + 0.024 (n = 24) vs. FMRP®F 2.068 + 0.112
(n=26); t(27.23) =9.31, p < .0001, unpaired Welch's t-test;
Fig. 2E,F), a highly significant elevation. Taken together, these results
demonstrate that FMRP is both necessary and sufficient to promote PKA
activity in the Mushroom Body Kenyon cells.

We hypothesized FMRP regulates PKA activity via positive control
of Rugose, and therefore loss of Rugose should similarly result in re-
duced PKA activity. To test this hypothesis, we used the characterized
null allele rgFD D (Volders et al., 2012), together with the PKA-SPARK
reporter driven with MB-specific OK107-Gal4. The null mutants (rg™>"/
Y) exhibit a clear loss of PKA-SPARK fluorescent punctae in the MB
compared to matched controls (Fig. 2G). Note a small subset of null
brains (~20%) exhibit small KC populations (~15-40 cells) with
aberrantly bright PKA-SPARK punctae. Nonetheless, quantification
shows ~35% loss of PKA-SPARK punctae (normalized control
1.0 = 0.038 (n=15) vs. rg”’/Y 0.654 = 0.043 (n=20); t
(32.97) = 6, p < .0001, Welch's t-test; Fig. 2H). We conclude Rugose
overall promotes PKA enzymatic activity in MB KCs, consistent with
AKAP function. To test whether Rugose is also limiting PKA activity, we
next tested MB-specific OK107-Gal4 driving a characterized UAS-rugose
overexpression (OE) line (UAS-rg; Volders et al., 2012). PKA activity is
normal, consistent with previous reports of Rugose OE (Fig. 2I; Volders
et al., 2012). Quantification shows no significant effect from Rugose
overexpression (normalized control 1.0 = 0.060 (n = 11) vs. RugoseOE
0.894 = 0.047 (n = 8); t(16.92) = 1.398, p = .180, unpaired Welch's t
test; Fig. 2J). Taken together, these results demonstrate for the first
time a direct effect of FMRP on PKA activity in neurons in vivo and
establish a pathway by which FMRP regulates PKA activity through the
large AKAP Rugose in the MB Kenyon cells.

3.3. FMRP regulates F-actin assembly in Mushroom Body Kenyon cells

Established FMRP targets have led to a focus on misregulated actin
cytoskeleton (Michaelsen-Preusse et al., 2018). Importantly, PKA
function is well known to regulate actin polymerization dynamics and
particularly filamentous (F)-actin assembly during developmental
neuronal growth as well as later activity-dependent plasticity (Lin et al.,
2005; Cingolani and Goda, 2008; Zhu et al., 2015). We therefore hy-
pothesized that the above striking defects in PKA activity in dfmr1 null
MB Kenyon cells would cause altered actin cytoskeleton dynamics and
an aberrant F-actin array in the FXS disease model. To test this hy-
pothesis, we first assayed the MB circuit at 1 dpe using fluorescently
conjugated phalloidin as a specific F-actin marker (Melak et al., 2017).
In wildtype animals, the MB exhibits strong F-actin phalloidin labeling
within the MB calyx and a/p axon lobe cores, as reported previously
(Abe et al., 2014; Doll et al., 2017). Moreover, we find that MB vy lobe F-
actin phalloidin labeling is strongly increased relative to the sur-
rounding neuropils (Fig. 3A). Given this accessible y lobe labeling, we
focused particularly on this location to assess changes in the F-actin
cytoskeleton in the FXS disease model. For single cell resolution, we
also employed the highly selective R51C05-Gal4 that expresses in just a
couple MB vy lobe KCs (Jenett et al., 2012) to drive expression of the
specific F-actin marker UAS-LifeACT (Melak et al., 2017). Re-
presentative images and quantified results are shown in Fig. 3.

In w'?8 genetic background controls, phalloidin weakly labels MB
KC somata, mostly around the periphery of the cell bodies. In contrast,
MB neuropils have much stronger phalloidin labeling, demonstrating
increased relative F-actin levels (Fig. 3A). In particular, the MB vy lobe
displays especially strong phalloidin labeling, most prominently in the
distal half of the lobe (Fig. 3A). Null dfmrl mutants (dfmr1°°™) display
higher phalloidin labeling, with a striking increase in F-actin in the MB
lobes relative to w'??® genetic background controls, particularly in the y
lobe (Fig. 3A, middle). This increase allows the y lobe to be clearly
delineated from surrounding brain tissue. Quantification shows ~40%
increase in phalloidin fluorescence intensity in null animals compared
with matched controls (normalized w!’*® 1.0 + 0.025 (n = 68) vs.
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Fig. 2. FMRP and Rugose promote PKA activity in the MB learning/memory circuit. (A) Representative confocal images of MB Kenyon cells at 1 dpe in animals with
OK107-Gal4 driving PKA activity sensor PKA-SPARK in the MB in the control genetic background (control, left) and with MB overexpression of the PKA catalytic
subunit (UAS-PKA-C, right). (B) Dot plots of normalized PKA-SPARK punctae, with mean = SEM. (C) Representative images of OK107-Gal4 driving PKA-SPARK
alone (control, left) and driving PKA-SPARK and UAS-dfmrl RNAI (right). (D) Dot plots of normalized PKA-SPARK punctae, with mean = SEM. (E) Representative
images of OK107-Gal4 driving PKA-SPARK alone (control, left) and driving PKA-SPARK and FMRP overexpression (UAS-dfmr1°°>7~3, right). (F) Dot plots of nor-
malized PKA-SPARK punctae, with mean + SEM. (G) Representative images of OK107-Gal4 driving PKA-SPARK in the control genetic background (control, left) and
driving PKA-SPARK in the rugose null background (rgF DDy, right). (H) Dot plots of normalized PKA-SPARK punctae, with mean *= SEM (I) Representative images of
OK107-Gal4 driving PKA-SPARK alone (control, left) and driving PKA-SPARK and Rugose overexpression (UAS-rg, right). (J) Dot plots of normalized PKA-SPARK
punctae with mean + SEM. Statistics were done with unpaired Welch's t-tests. Statistical significance is indicated as n.s. (not significant) and *** (p < .001).
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Fig. 3. FMRP limits F-actin cytoskeleton assembly in the MB learning/memory circuit. (A) Representative brain confocal images at 1 dpe of MB y lobes (dashed
outline) labeled with F-actin marker fluorescently-conjugated phalloidin. Right panels show higher magnification. Genotypes shown: genetic background control
w8, top), dfmr1 null mutant (dfmr1°°/dfmr1°°™, middle) and neuronal expression of wildtype FMRP in dfmr1 null background (elav-Gal4/ +; UAS-dfmr1°>7=3,
dfmr1” oM dfmrlsaM)(rescue, bottom). (B) Dot plots of normalized phalloidin intensity in the MB y lobes, with mean * SEM. (C) Representative brain confocal images
of MB v lobe projections expressing F-actin marker LifeAct driven by the selective KC driver R51C05-Gal4 in a transgenic control (UAS-LifeAct::GFP/+; R51C05-
Gal4/+, top) and the dfmrl null mutants (UAS-LifeAct::GFP/+; R51C05-Gal4, dﬁnrlSOM/dﬁanS"M, bottom). (D) Quantification of LifeAct::GFP punctae, with
mean + SEM. Statistics were done with Kruskal-Wallis test with Dunn's correction for multiple comparisons (B) and unpaired Welch's t-test (D). Statistical sig-
nificance is indicated as n.s. (not significant) and *** (p < .001).

dfmrl S0M 1 372 + 0.037 (n = 28)), a highly significant elevation of F- drive the LifeAct::GFP F-actin marker (Huelsmann et al., 2013; Melak
actin assembly (p < .0001, Kruskal-Wallis test with Dunn's multiple et al., 2017; Fig. 3C). In transgenic controls, LifeAct shows F-actin ac-

comparisons test; Fig. 3B). Phalloidin intensities of MB y lobe projec- cumulated in varicosities along KC axons resembling synaptic boutons
tions isolated from the surrounding tissue exhibit a consistent ~35% (Fig. 3C, top). We confirmed presynaptic Brp-short (Fouquet et al.,
increase in phalloidin intensity in dfmrl nulls compared to controls, 2009; Vasmer, 2016) mimics the LifeAct pattern (data not shown). Null

likewise demonstrating a highly significant elevation (normalized w’!!® dfmrl KCs display clearly increased LifeAct::GFP punctae compared to

1.0 = 0.023 (n=68) vs. dfmrlsoM 1.352 + 0.037 (n = 28); matched transgenic controls (Fig. 3C, bottom). Quantification shows

p < .0001, Kruskal-Wallis test with Dunn's multiple comparisons test). increased LifeACT labeling, ~40% elevated in dfmrl nulls (control,
These findings show highly elevated F-actin assembly in the FXS disease 95.27 + 3.32 punctae (n = 22) vs. dfmr1°®™, 135.6 + 4.602 punctae
model within the Mushroom Body Kenyon cells. (n=17)), a highly significant elevation of F-actin assembly (t

To confirm the actin defect specificity, wildtype FMRP was re-in- (30.66) = 7.115, p < .0001, unpaired Welch's t-test; Fig. 3D). We
troduced into neurons in a dfmrl null background (Doll and Broadie, conclude that MB neurons in the FXS model exhibit increased F-actin.

2015; Vita and Broadie, 2017). Neuronal elav-Gal4 driving UAS- Given the role of Rugose and PKA downstream of FMRP, we next tested
dfmr1°>°7-3 fully suppresses elevated phalloidin labeling in the MB y the FMRP-Rg-PKA pathway control of F-actin dynamics in the MB y
lobe (Fig. 3A, bottom). Quantification shows no significant difference to lobe.

the matched control (normalized rescue intensity 1.035 = 0.057

(n = 31) and isolated lobes 0.990 = 0.044 (n = 32); p > .9 vs. e

and p < .0001 vs. dfmr1°°™; Fig. 3B). To confirm increased phalloidin

labeling is due to F-actin assembly in KCs, we used R51C05-Gal4 to
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Fig. 4. PKA-C, FMRP and Rugose overexpression drive F-actin assembly in the MB, and Rugose reduction phenocopies the F-actin assembly defect in the FXS disease
model. (A) Representative brain confocal images at 1 dpe of MB y lobes (dashed outline) labeled with F-actin marker fluorescently-conjugated phalloidin for MB
transgenic driver alone (OK107-Gal4/ + control, top left), targeted PKA-C overexpression (UAS-PKA-C/ +; OK107-Gal4/ +, top right), targeted FMRP overexpression
(UAS-dfmr1 95573/ 4. OK107-Gal4/+, bottom left) and targeted Rugose overexpression (UAS-rg/+; OK107-Gal4/+, bottom right). (B) Dot plots of normalized
phalloidin intensity in the MB y lobe, with mean = SEM. (C) Representative images of genetic background control (w'**%, top left), dfmr1 null mutant (dfmr1°°"/
dfmr1°°M, top right), rugose null (rg®°/Y, bottom left) and rugose null in dfmrl null background (rg™”’/Y;; dfmr1°°/dfmr1°°™, bottom right). (D) Dot plots of
normalized phalloidin intensity in the MB y lobe, with mean = SEM. Statistics done with unpaired Welch's t-tests. Statistical significance is indicated as either **

(p < .01) or *** (p < .001).

3.4. Gain of FMRP, Rugose and PKA all drive F-actin assembly in the
Mushroom Body

Our working hypothesis is that FMRP regulation of Rugose controls
PKA activity to modulate F-actin dynamics. We reasoned that elevated
PKA function should enhance F-actin assembly, consistent with a si-
milar effect of FMRP overexpression. To test this hypothesis, we first
used MB-specific OK107-Gal4 to drive UAS-PKA-C (Kiger et al., 1999)
with phalloidin to label F-actin (Melak et al., 2017). With elevated PKA-
C, F-actin becomes highly enriched in MB lobes, including the y lobe
(Fig. 4A, top). Indeed, the F-actin accumulation is so striking that the
genotype can be easily identified with widefield microscopy. Quanti-
fication shows that driving PKA-C in the MB results in ~30% increase in
MB vy lobe phalloidin labeling (normalized control 1.0 = 0.030
(n = 24) vs. PKA-C°F 1.308 + 0.074 (n = 22)), a highly significant
elevation of F-actin assembly (t(27.65) = 3.88, p = .0006, unpaired
Welch's t-test; Fig. 4B). Similarly, isolated y lobe projections show a
significant ~25% increase in F-actin (control 1.0 = 0.022 (n = 24) vs.
PKA-C°E 1.241 + 0.071 (n = 22); t(25.15) = 3.258, p = .0032). The
effect is specific to increased PKA catalytic activity, since driving PKA-C
with a mutated catalytic subunit (PKA-CX”>%; Kiger and O'Shea, 2001)
has no effect on F-actin phalloidin labeling in the MB y lobe (normal-
ized control intensity 1.0 = 0.040 (n = 12) and isolated projection
1.0 + 0.031 (n = 12) vs. PKA-C*">* OE 0.931 * 0.040 (n = 14) and
0.985 = 0.026 (n =14); t(23.79) =1.217 and t(22.79) = 0.374,
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p = .2355 and 0.712, unpaired Welch's t-tests). We conclude that PKA
activity positively regulates F-actin assembly in the MB axonal lobes.
Since driving FMRP in the MB results in enhanced PKA activity, we
hypothesized F-actin would also be increased with FMRP over-
expression. We tested this hypothesis using OK107-Gal4 to drive UAS-
dfmr1°>°7-3, Elevated FMRP results in ~40% increase in phalloidin la-
beling in the MB y lobe (control 1.0 *+ 0.033 (n = 16) vs. FMRP®®
1.37 = 0.064 (n=19); t(26.77) =5.188, p < .0001, unpaired
Welch's t-test, Fig. 4A,B). Likewise, isolated y lobe projections increase
~35% with elevated FMRP (control 1.0 + 0.028 (n = 16) vs. FMRP°®
1.354 = 0.064 (n =19); t(24.55) = 5.057, p < .0001, unpaired
Welch's t-test). We conclude excess FMRP enhances F-actin assembly,
consistent with PKA phenotypes. The hypothesized link is FMRP up-
regulation of Rugose translation, predicting Rugose overexpression
should also increase F-actin assembly. We tested this hypothesis using
OK107-Gal4 to drive UAS-rugose. Consistent with the prediction, Ru-
gose elevation increases F-actin labeling in the MB vy lobe (Fig. 4A,
bottom). Quantification shows Rugose OE results in ~30% increase in
phalloidin intensity (control 1.0 + 0.053 (n = 22) vs. Rugose®®
1.286 = 0.065 (n = 16)), indicating a highly significant elevation in F-
actin (t(31.64) = 3.408, p = .0018, unpaired Welch's t-test; Fig. 4B).
Consistently, isolated MB vy lobe projections show a significant increase
in F-actin accumulation (normalized control 1.0 + 0.039 (n = 22) vs.
Rugose®® 1.143 = 0.051 (n = 16); t(30.35) = 2.231, p = .033, un-
paired Welch's t-test). These results show that elevation in the level of
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FMRP, Rugose and PKA all similarly increase F-actin assembly within
the MB circuit.

3.5. Rugose reduction phenocopies F-actin assembly observed in FXS disease
model

The above studies have established a consistent pathway of FMRP
promoting Rugose translation to enhance PKA enzymatic activity in the
MB learning/memory circuit, and thus upregulating F-actin assembly
dynamics in the MB Kenyon cells. Importantly, note that both FMRP
gain and loss result in increased F-actin assembly in this brain circuit.
Consistently, it has been suggested that a “Goldilocks zone” can exist in
mechanoaccumulation of F-actin, dependent on an appropriate level of
binding affinity to both grant access to actin cross-linkers, and to enable
actin binding efficacy (Schiffhauer et al., 2016). In the case of FMRP,
our results show that too little or too much protein function affects F-
actin assembly in the MB circuit. Since we propose FMRP regulates
Rugose translation to control neuronal F-actin dynamics, we hypothe-
size that loss of Rugose should result in increased F-actin accumulation.
Moreover, we predict that loss of both FMRP and Rugose would also
result in increased F-actin accumulation. To test these hypotheses, we
implemented a rugose null allele (rg"™"), with and without the dfmr1°*
allele (Zhang et al., 2001; Volders et al., 2012).

As established above (Fig. 3), we found again F-actin highly accu-
mulated in the FXS model compared with the control background
(Fig. 4C). Quantitatively, we observe ~45% increase in MB y lobe
phalloidin intensity in dfmrl nulls (normalized w'?’® 1.0 + 0.072
(n=18) vs. dfmr1®®™ 1.464 + 0.099 (n = 16)), showing a highly
significant F-actin elevation (t(28.264) = 3.795, p = .0007, unpaired
Welch's t-test; Fig. 4C,D). Consistently, isolated MB y lobe projections
show a significant increase in F-actin accumulation (normalized control
1.0 £ 0.048 (n=18) vs. dfmr1°°™ 1.398 + 0.091 (n=16); t
(22.845) = 3.867, p = .0008, unpaired Welch's t-test). The rg”’/Y
hemizgous null animals also exhibit higher phalloidin intensities com-
pared with controls, indicating that loss of rugose results in increased F-
actin accumulation (Fig. 4C). In quantified comparisons, rg nulls show
significantly increased intensity (normalized w''’® 1.0 + 0.050
(n=14) vs. rg®?/Y 1.357 + 0.082 (n=12); t(18.548) = 3.693,
p = .0016, unpaired Welch's t-test; Fig. 4C,D). Isolated MB vy lobe pro-
jections show a similar result (normalized wll81.0 + 0.052 (n = 14)
vs. rgPP/Y 1.223 + 0.063 (n = 12); t(22.34) = 2.725, p = .0123,
unpaired Welch's t-test). We next tested if animals lacking rugose (rg">"/
Y) in an otherwise dfmr1 null background (dfmr1°°™/dfmr1°°™) display
alterations in F-actin assembly in the MB circuit. Similar to the single
mutant allele backgrounds, we find that double mutants (rg"™"/Y;;
dfmr1°°™/dfmr1°°™) display elevated phalloidin labeling distribution
and intensity compared with controls (Fig. 4C). Quantitatively, the
double mutants show significantly increased MB y lobe phalloidin
(normalized w'?’® 1.0 + 0.0642 (n=12) vs. rgPP/Y;dfmr1°*M/
dfmr1°° 1.806 + 0.106 (n = 8); t(12.025) = 6.498, p < .0001, un-
paired Welch's t-test, Fig. 4C,D). Similarly, isolated MB vy lobe projec-
tions display elevated phalloidin intensities (normalized w'!’®
1.0 + 0.0641 (n=12) VS. rgPP/Y;dfmr1°°M/dfmr1°°M
1.853 = 0.095 (n = 8); t(13.066) = 7.43, p < .0001, unpaired Wel-
ch's t-test). These data support the conclusion that loss of Rugose
mediates the F-actin assembly defect characterizing the FXS disease
model.

4. Discussion

Fragile X syndrome (FXS) is a very common intellectual disorder
with high ASD comorbidity characterized by neuronal overelaboration
linked to cytoskeletal dysfunction (Verkerk et al., 1991; Comery et al.,
1997; Tessier and Broadie, 2008; Hunter et al., 2014; Michaelsen-
Preusse et al., 2018). Fragile X Mental Retardation Protein (FMRP) is a
mRNA-binding translation regulator of proteins including trafficking
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and cytoskeletal regulators (Davis and Broadie, 2017; Sears and
Broadie, 2018). Using the Drosophila FXS model to search for novel
FMRP targets, we found Rugose (Wang et al., 2000), the Drosophila
homolog of ASD-linked Neurobeachin (NBEA; Castermans et al., 2003).
Similar to the FXS condition, NBEA haploinsufficiency causes ASD-like
features in mice and Rugose loss causes learning/memory deficits in
Drosophila (Volders et al., 2012; Nuytens et al., 2013). Thus, this dis-
covery connects these two ASD/ID disease states. We demonstrate here
that FMRP binds rugose mRNA to positively regulate translation of the
very large Rugose protein (460 kDa), with reduced expression in the
FXS model brain. This discovery agrees with recent work showing
FMRP promotes the translation of very large ASD-linked proteins
(Greenblatt and Spradling, 2018).

In FXS patients and mouse/Drosophila disease models, loss of FMRP
is mostly associated with elevated translation and increased protein
levels (Zhang et al., 2001; Zalfa et al., 2003; Darnell et al., 2011;
Jacquemont et al., 2018). However, FMRP has also been demonstrated
to promote the translation of certain proteins involved in actin reg-
ulation and synaptic organization (Todd et al., 2003; Derlig et al., 2013,
2014). Recent ribosome profiling work shows FMRP enhances transla-
tion of very large (> 2000 aa) proteins (Greenblatt and Spradling,
2018). Consistently, the current study shows that the very large
(> 3000 aa) Rugose protein is likewise positively regulated by FMRP.
Moreover, mRNA-binding screens demonstrate mammalian FMRP
likewise directly binds the Rugose homolog Neurobeachin (Wang et al.,
2000; Darnell et al., 2011). Rugose/NBEA localize in the neuronal soma
near the trans-Golgi network to regulate neuronal intracellular traf-
ficking (Niesmann et al., 2011; Volders et al., 2012), based on ectopic F-
actin accumulations near the Golgi and synaptic trafficking defects in
mutants (Castermans et al., 2010; Nair et al., 2013). Consistently, the
current study shows FMRP co-localized with Rugose in the neuronal
soma drives Rugose translation to modulate F-actin accumulation in
distal axons and synapses.

Consistent with FMRP positive regulation of Rugose, loss of either
FMRP or Rugose similarly reduces PKA activity in the Drosophila
Mushroom Body (MB) circuit, which mediates PKA-dependent
learning/memory (Zars et al., 2000; Blum et al., 2009). This discovery
was enabled with the just developed transgenic in vivo PKA activity
sensor PKA-SPARK (Zhang et al., 2018). Reduced PKA enzymatic ac-
tivity downstream of Rugose is consistent with functions as an A-Kinase
Anchor Protein (AKAP; Wang et al., 2000; Volders et al., 2012), acting
to regulate PKA localization and kinase activity (Smith et al., 2017).
Consistently, Rugose and PKA catalytic subunit (PKA-C) interact in MB-
dependent learning/memory (Zhao et al., 2013). Altering the FMRP-
Rugose regulative mechanism in either direction drives F-actin as-
sembly in the MB circuit, indicating a “Goldilocks zone” of optimal
cytoskeleton control, consistent with known actin regulative dynamics
(Niesmann et al., 2011). Increasing FMRP, Rugose or PKA-C function
heightens F-actin assembly within the MB circuit. These findings reveal
a new FMRP-Rugose-PKA mechanism regulating the neuronal actin
cytoskeleton.

Conserved Rugose and Neurobeachin are both very large, brain-
enriched AKAPs (Wang et al., 2000), although the AKAP function is
unclear (Wild and Dell'Acqua, 2017). In general, AKAPs bind PKA to
determine where, when and under what circumstances the kinase is
activated (Smith et al., 2017; Wild and Dell'Acqua, 2017). In Drosophila,
AKAP function is critical for aversive, but not appetitive, MB-dependent
learning/memory (Schwaerzel et al., 2007). Consistently, PKA signaling
is necessary for short-term memory formation mediated by the MB y
lobe (Zars et al., 2000; Blum et al., 2009; Qin et al., 2012), and the
Rugose requirement in aversive learning/memory can be rescued by
Rugose and Neurobeachin specifically targeted to the MB (Volders
et al., 2012). Consistent with the focus of the current study, PKA sig-
naling in the MB v lobe has been argued to be particularly crucial for
aversive short-term memory, and partial loss of Rugose and PKA-C in-
teractively causes deficits in this memory performance (Zhao et al.,
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2013). This mechanism is consistent with MB y lobe actin cytoskeleton
defects characterized in the current study. Taken together, the findings
suggest Rugose AKAP misregulation of PKA activity in the FXS disease
state impairs F-actin assembly dynamics in the MB vy lobe.

It is long-established that PKA signaling is necessary for MB-de-
pendent learning (Davis and Dauwalder, 1991; Skoulakis et al., 1993;
Lee and O'Dowd, 2000), with PKA signaling promoting activity-de-
pendent plasticity in excitatory and inhibitory neurons (Wright and
Zhong, 1995; Delgado et al., 1998; Ganguly and Lee, 2013; Lee, 2015).
Moreover, in the FXS condition an excitatory/inhibitory imbalance has
been reported at the circuit level, with both cell-autonomous reduced
excitability and increased inhibition (Dahlhaus and El-Husseini, 2010;
Olmos-Serrano et al., 2010; Doll and Broadie, 2014, 2016; Dahlhaus,
2018). Based on the current study, we find that MB Kenyon cells in the
FXS condition exhibit a strongly reduced capacity for PKA signaling. We
hypothesize that restoring PKA signaling capacity could correct actin
cytoskeletal defects to enable Kenyon cell plasticity and MB circuit
excitation/inhibition balance in the FXS model. Consequently, phar-
macological interventions with phosphodiesterase (PDE) inhibitors,
such as rolipram and Ro-20-1724 to increase cAMP signaling and PKA
enzymatic activity (Kelley et al., 2007; Kanellopoulos et al., 2012; Choi
et al., 2015), could prove effective in treating these FXS impairments.

It is reported that PDE inhibitors (e.g. rolipram) are insufficient to
restore some FXS model MB behavioral defects (Androschuk et al.,
2018), but can correct circuit-level defects. Thus, combinatorial stra-
tegies may be necessary to tackle the FXS/NBEA conditions. For ex-
ample, in addition to correcting PKA signaling and F-actin dynamics, it
may be required to also rectify trans-synaptic signaling and downstream
signal transduction mechanisms (e.g. using minocycline and/or li-
thium) to restore the overall plastic responsivity of disease state neural
circuits (Bilousova et al., 2008; Mines and Jope, 2011; Dear et al.,
2017). In the future, we will also use optogenetic/odor activation of the
MB circuitry (Doll et al., 2017) to test activity-dependent PKA signaling
and F-actin cytoskeleton dynamics in both FXS and NBEA disease states,
with and without PDE inhibitor pharmacological intervention. Fur-
thermore, we will also aim to test PKA activity in neuron types
throughout the MB circuit demonstrated to have altered activation
states in the FXS model (Doll and Broadie, 2016; Doll et al., 2017). We
hypothesize that differential PKA hyper- and hypo-activation in discrete
neuron classes may be causative for excitation/inhibition circuit im-
balance in FXS/NBEA conditions.

PKA-dependent effects on F-actin assembly dynamics is a likely
mechanism for the well-characterized Kenyon cell overgrowth and lack
of activity-dependent plasticity in the FXS model MB circuit (Pan et al.,
2004; Tessier and Broadie, 2008; Doll and Broadie, 2015). Consistently,
Racl activation with increased F- to G-actin is likewise reported in the
FXS condition, with Racl changes driving neuronal morphology defects
(Lee et al., 2003; Bongmba et al., 2011; Pyronneau et al., 2017). Al-
though PKA effects on Racl are difficult to predict in vivo (Goto et al.,
2014), our PKA-C gain-of-function results showing PKA activation
promotes F-actin polymerization fit with Racl activation. We hy-
pothesize that changes in Racl activation could account for increased F-
actin assembly with both FMRP loss- and gain-of-function. However,
several cytoskeletal regulators are disrupted in FXS models (Tessier and
Broadie, 2012; Michaelsen-Preusse et al., 2018), for both microtubules
(e.g. MAP1B/Futsch; Zhang et al., 2001; Wang et al., 2015) and F-actin
(e.g. Profilin/Chickadee; Reeve et al., 2005). Thus, the mechanism re-
vealed here is just part of a greater cytoskeleton dysfunction.

In conclusion, we report here defective FMRP-Rugose-PKA regula-
tion of the neuronal actin cytoskeleton, consistent with neuronal
structural defects characterizing FXS patients and disease models. Prior
to this study, FXS patients and disease models were known to manifest
striking cAMP signaling defects (Berry-Kravis and Huttenlocher, 1992;
Berry-Kravis et al., 1995; Kelley et al., 2007), strongly suggesting al-
tered PKA activity, but functional PKA enzymatic assays were lacking
(Androschuk et al., 2018). To our knowledge, we are the first to confirm
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the hypothesis that PKA signaling is impaired in the FXS state, owing to
the recent development of a beautiful PKA-SPARK transgenic in vivo
activity sensor (Zhang et al., 2018). We discover here that FMRP pro-
motes translation of Rugose/NBEA, a PKA-anchor specifically expressed
in brain neurons (Wang et al., 2000; Volders et al., 2012), which in turn
drives PKA activity regulating the neuronal actin cytoskeleton. Future
experiments will explore the mechanistic link between PKA activation
and F-actin dynamic regulation by using pharmacological and optoge-
netic manipulation of Racl function (Wu et al., 2009; Wang et al.,
2010). This study links Drosophila FXS and NBEA disease models, pro-
viding a common pathway as a platform moving towards developing
therapeutic treatments for related intellectual disability and autism
spectrum disorders.
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