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ABSTRACT

Amyloid precursor protein (APP), the precursor of amyloid beta peptide, plays a central role
in Alzheimer’s disease (AD), a pathology characterized by memory decline and synaptic loss
upon aging. Understanding the physiological role of APP is fundamental in deciphering the
progression of AD, and several studies suggest a synaptic function via protein-protein
interactions. Nevertheless, it remains unclear whether and how these interactions contribute
to memory. In Drosophila, we previously showed that APP-like (APPL), the fly APP
homolog, is required for aversive associative memory in the olfactory memory center, the
mushroom body (MB). In the present study, we show that APPL is required for appetitive
long-term memory (LTM), another form of associative memory, in a specific neuronal
subpopulation of the MB, the a’/f” Kenyon cells. Using a biochemical approach, we identify
the synaptic MAGUK (membrane-associated guanylate kinase) proteins X11, CASK, DIgh2
and DIgh4 as interactants of the APP intracellular domain (AICD). Next, we show that the
Drosophila homologs CASK and Dlg are also required for appetitive LTM in the o’/p’
neurons. Finally, using a double RNAi approach, we demonstrate that genetic interactions
between APPL and CASK, as well as between APPL and Dlg, are critical for appetitive LTM.
In summary, our results suggest that APPL contributes to associative long-term memory
through its interactions with the main synaptic scaffolding proteins CASK and Dlg. This

function should be conserved across species.



INTRODUCTION

AD is the principal neurodegenerative disorder affecting the elderly, and it is characterized
by amyloid B (AP) deposition derived from proteolytic processing of amyloid precursor
protein (APP) (Zheng and Koo, 2011). A pathological hallmark of AD is a progressive
memory decline that correlates intimately with synaptic loss (Mucke and Selkoe, 2012). One
of the main hypotheses for the cognitive deficits observed in AD is thus a dysfunction of
synapses leading ultimately to synaptic loss and alteration of neural network activity (Styr
and Slutsky, 2018). Therefore, it is essential to understand the physiological role of APP at
the synapse. APP is a transmembrane protein expressed on both sides of the synapse (Wang
et al., 2009). The APP extracellular domain can mediate dimerization across the synapse or
interact with extracellular matrix components, growth factors and receptor-like proteins
(Beher et al., 1996; Williamson et al., 1996; Rice et al., 2013). These interactions are involved
in synapse stabilization during development and also in regulating synapse plasticity in
mature neuronal networks (Montagna et al., 2017). APP can undergo two types of proteolytic
processing, including the non-amyloidogenic pathway, which is initiated by a-secretase and
produces a secreted form of APP (sAPPa), and the amyloidogenic pathway, which
successively involves - and then y-secretase to release AP peptide and an APP intracellular
C-terminal domain (AICD) (Zheng and Koo, 2011). Although the manner in which
proteolytic processing of APP and its derivatives interferes with neuronal physiology has
been extensively studied (Palop and Mucke, 2010), little is known about the function of APP

intra-cellular domain at the synapse or its synaptic partners.

Studies in mammals suggest that APP can interact via its intracellular domain with synaptic

MAGUK proteins such as X11, CASK, or PSD-95 (Wang et al., 2009; Hoe et al., 2009).



MAGUK proteins are involved in the assembly, maintenance and remodeling of the
scaffolding in synaptic compartments (Kim and Sheng, 2004) mainly via regulation of the
targeting of receptors and ion channels to the synapse (Tejedor et al., 1997; Ehrlich and
Malinow, 2004). Therefore, understanding the interactions between APP and MAGUKSs

should help decipher the synaptic function of APP.

The three mammalian orthologs APP, APLP1 and APLP2 are partially functionally
redundant (Shariati and De Strooper, 2013), whereas Drosophila expresses a single APP
homolog named APP-like (APPL) (Luo et al., 1990) that has been implicated in olfactory
memory (Goguel et al., 2011; Bourdet et al., 2015) and visual memory (Rieche et al., 2018).
APPL is strongly expressed in the adult mushroom body (MB) (Torroja et al., 1996), the
main olfactory memory center in insects (Heisenberg, 2003). We previously investigated the
function of APPL in Drosophila aversive olfactory memory (Goguel et al., 2011; Bourdet et
al., 2015; Preat and Goguel, 2016). However, whether the APP synaptic partners and their
interactions might contribute to memory is still unexplored. Several MAGUK homologs in
Drosophila have been identified such as dX11, CASK/Caki, and Discs-large (DIg) (Oliva et
al., 2012). Similar to its mammalian counterpart, dX11 binds APPL, and both are necessary
for synaptic remodeling at the Drosophila neuromuscular junction (Ashley et al., 2005).
Drosophila CASK regulates CaMKII activity (Hodge et al., 2006), interacts with dX11 (Butz
et al., 1998) and is required in the MB for aversive memory (Malik et al., 2013). Mammalian
Dlg1/SAP97, DIlg2/PSD-93, DIg3/SAP102 and DIg4/PSD-95 share similarities with the fly
Dlg proteins DIgA and DIgS97 (Thomas et al., 2010), which are encoded by a single dlg gene
(Woods and Bryant, 1991). Both CASK and Dlg play key roles in neurotransmission,

synaptogenesis and plasticity (Oliva et al., 2012).



Here, we have aimed to decipher the role of APPL and its synaptic partners in appetitive
olfactory memory. Additionally, to investigate the AICD interactome, we used a proteo-
liposome recruitment method (Pocha et al., 2011) and found that AICD interacts with the
MAGUK synaptic proteins X11, CASK and Dlg. We then found in flies that APPL, CASK
and Dlg are required specifically in the same neuronal subpopulation (the a’/f> KCs) for
appetitive LTM. Finally, we used a double RNAIi strategy to demonstrate that genetic
interaction between APPL and MAGUKSs is critical for appetitive LTM. To determine
whether this memory deficit could be due to a major disorganization of the synaptic structure,
we investigated both the pre-synaptic and the post-synaptic sites of MB o’/B’ neurons using

confocal immuno-labelling of synaptic proteins.

MATERIALS AND METHODS

Drosophila stocks. Two fly stocks containing an RNAi construct against APPL were
obtained from the Vienna Drosophila RNAi Center: APPLR¥i! (KK102543, VDRC
v108312) and APPLEMi2 (GD3170, VDRC v42673). RNAI lines for Dlg, DigfN4i! (JF02287,
BDSC 36771) and DIgf¥i2 (JF01365, BDSC 25780), as well as for CASK, CASK®Mil
(HMC03260 BDSC 51721) and CASK®42 (HMS00644, BDSC 32857), were obtained from
the Bloomington Drosophila Stock Center (Indiana University, USA). The two RNAIi
constructs used to knockdown dlg expression target both long and short isoform messages.
The APPL;CASK ®¥ double RNAI line was constructed using the APPL*V4il and CASKRNi!
lines, whereas APPL,;DIg®™ was constructed with the APPLEMil and DIg®*i! lines. All
mutants were outcrossed for at least five generations to flies carrying a Canton-S background.
To restrict GAL4/UAS-mediated expression to the adult stage, we used the TARGET system
(McGuire et al.,, 2003). We used the general MB driver tub-Gal80%;238Y-Gal4 (tub-

Gal80%,238Y) (Yang et al., 1995), the o/f neurons drivers tub-Gal80%;c739-Gal4 (tub-
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Gal80%;c739) (Yang et al., 1995) and tub-Gal80";R44E04-Gal4 (tub-Gal80";R44E04)
(Jenett et al, 2012), the o'/’ neurons driver tub-Gal80%;VT30604-Gal4d (tub-
Gal80%;VT30604) (Yang et al., 2016), and the y neurons driver tub-Gal80%; NP21-Gal4 (tub-
Gal80%;NP21) (Ito et al., 1997). GAL4 activity was released by transferring adult flies to a
30.5°C incubator for 1 or 2 days, depending on the experiments. The non-induced control
flies, in which RNAi expression is inhibited, were kept at 18°C (permissive temperature).
After induction of a specific RNAI, the flies were kept at either 25°C (during the training
period and memory test) or 18°C (24-hour storage period for the LTM experiment).

Behavioral training for appetitive memory. Briefly, groups of 40-60 2- to 4-day old male and
female flies were food-deprived for either 16 h at 30.5°C (for induced flies) or 21 h at 25°C
(for non-induced control flies) before conditioning in bottles containing filter paper soaked
with water. Conditioning was performed by exposing the flies to one odor paired with a
sucrose reward, with a subsequent exposure to a second odor in the absence of sucrose
(Colomb et al., 2009). Odors used for conditioning were 3-octanol (95% purity, Sigma-
Aldrich) and 4-methylcyclohexanol (99% purity, Sigma-Aldrich) at 0.360 mM and 0.325
mM, respectively and were diluted in paraffin oil (VWR International). After 2 h for STM or
24 h for LTM, the associative memory between the odor and the sugar was tested. For this,
flies were exposed simultaneously to both odorants in a T-maze for 1 min under darkness.
The performance index (PI) was calculated as the number of flies attracted to the conditioned
stimulus (CS™) minus the number of flies attracted to the (CS"), divided by the total number
of flies in the experiment. This PI is multiplied by 100 to have a range between 100 and -
100. A single memory performance index value is the average of the scores from two groups
of flies of the same genotype trained with either octanol or methylcyclohexanol as the

conditioning stimulus.



Sugar response and olfactory acuity. To test for the sugar response or olfactory acuity, flies
were kept at 30.5°C for 2 days and were then food-deprived for 16 h. The sugar response was
tested during 1 min in a T-maze. Briefly, the flies were exposed for 1 min under darkness in
a T-maze to a tube completely covered with diluted sucrose (0.2M) on one side and an empty
tube on the other side. For olfaction tests, flies were exposed simultaneously to both the odor
and the paraffin oil alone for 1 min under darkness in a T-maze. Sugar and olfaction scores
were calculated as for the memory scores (Colomb et al., 2009).

Proteo-liposome experiments. Protein recruitments and mass spectrometry were performed
as established in Pocha et al. (2011) with the following modifications: 0.5 ml of mouse brain
cytosol (final concentration: 3 mg/ml) was supplemented with 0.21 mM GTPyS and 28 uM
latrunculin B. The xcalibur.raw files were processed with MaxQuant, and the Perseus
software from this package was used for analysis as previously described (Hubner et al.,
2010). Briefly, LFQ intensities were logarithmized, and only proteins identified in every
replicate of at least one of the samples were retained. Missing values were imputed by a
normal distribution around the detection limit, and a modified t-test (SAM) was performed
with a threshold value of 0.05 and a slope value of 1. A detailed description of the method is
presented in Niehage et al. (2014).

Quantitative PCR measurements. Flies were reared at 25°C throughout their development.
Male flies carrying an RNAi construct were crossed with elav-Gal4 females (Brand and
Perrimon, 1993) to assess their efficiency. Then, after eclosion, total RNA from 50 female
heads was extracted using the RNeasy Plant Mini Kit (Qiagen). Whenever pan-neuronal
expression of the RNAi1 during development was found to be lethal, elav-Gal4; tub-Gal80*
females were used instead of elav-Gal4 females for the cross and adults were placed at

30.5°C after eclosion for 3 days before being processed as the other flies. SuperScript III



First-Strand kit (Life Technologies) and oligo(dT)20 were both used for retrotranscription.
The tubulin gene alpha-Tub84B was used as referential cDNA as previously described
(Turrel et al., 2016). Amplification was performed using the SYBR Green I Master mix
(Roche) and a LightCycler 480 apparatus (Roche). All reactions were performed in triplicate
using two different dilutions. A melting curve analysis was performed to assess the
specificity of the amplified product, and expression relative to the reference was expressed
as a ratio (22, where Cp is the crossing point). The forward primer
AGTACCAGGACATGCGCCTA and the reverse primer TCGAGTGCCTGAACAGAAG-
TC were used for APPL. The forward primer ACGCCTATCCCATACCACAT and the
reverse primer TTCATCGTGCGAGACAAAGT were used for CASK. The forward primer
AGGGATCCAAATCGAGGAG and the reverse primer CAATGGAAAAGCCCAATCC
were used for Dlg.

Immunohistochemistry and confocal microscopy on whole mount Drosophila brains. Adult
4-5 days old male Drosophila brains, following 2 days RNAI induction, were dissected in
ice-cold HL3 solution, fixed for 30 min in 4% paraformaldehyde (PFA) in 1x phosphate-
buffered saline (PBS), pH 7.2, at room temperature (RT), washed with 0.5 % Triton X-100
in 1x PBS (PBT) and blocked in 10% normal goat serum (NGS) in 0.5% PBT for 2 h at RT.
The brains were incubated with primary antibodies together with 5% NGS in 0.5% PBT for
48 h at 4°C. The following primary antibodies were used: Dlg (1:100, mouse, catalog
number: 4F3 anti- discs large, RRID: AB 528203, Developmental studies hybridoma bank
(DSHB), University of lowa, lowa, USA), Drep2 (1:500, Rabbit, self-raised, Andlauer et al.,
2014), BRPN82 (1:50 confocal, catalog number: nc82, RRID: AB 2314866, DSHB),
Synaptotagmin 1 (1:500, Rabbit, a kind gift of Dr. N. E. Reist, Mackler et al., 2002). Brains

were then washed in 0.5% PBT for 4 h (8 x 30min washing), followed by overnight



incubation with secondary antibodies at 4°C. The following secondary antibodies were used:
Goat anti-Mouse Atto 647N (1:250 confocal, catalog number 15048, Active Motif, La Hulpe,
Belgium) and Goat anti-Rabbit AF594 (1:250 confocal, Invitrogen, Carlsbad, USA). The
brains were then washed for 3 h (6x 30min washing) with 0.5% PBT and mounted in
VectaShield (Vector Laboratories, Burlingame, USA) on glass slides with high precision
coverslips No. 1.5H (Carl Roth GmbH & Co. KG, Karlsruhe, Germany) for confocal
microscopy.

Conventional confocal images were acquired at constant 21°C with TCS SP8 confocal
microscopes (Leica Microsystems, Wetzlar, Germany) equipped with the Leica LAS-X
software, using either a 63x, 1.4 NA oil or a 20x, 0.7 NA oil objective. The lateral pixel size
was set to values around 180 nm. 1024 x 1024 pixel resolution images were scanned at 400
Hz using 4x line averaging for stacks. Images were acquired with the same microscope/laser
settings within the same scan session, alternating between different genotype groups to keep
the conditions comparable. If a genotype comparison consisted of more than one dataset,
values were normalized to the respective control group.

Image analysis. Confocal images were analyzed for mean pixel intensities using Amira 6.3.0
(FEL Hillsboro, USA). The regions of interest (ROIs) were manually selected within the
three-dimensional image stack using the Amira tool Segmentation Editor by interpolating
manual selections between slices. Mean intensity values within the 3D mask for all channels
were calculated separately using the Material Statistics tool. Values for both hemispheres
were averaged per animal. To validate the specificity of knock down effects on BRPN32 and
Sytl intensities in the tip of alpha prime lobes, values retrieved in the alpha prime regions
per each brain were normalized to values retrieved in the alpha lobes, as control region.

Values were then normalized to controls.
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Experimental design and statistical analyses. Memory scores are displayed as mean = SEM.
Statistical analyses were performed by one-way ANOVA followed by the Newman-Keuls
pairwise comparisons test (significance was set at p < 0.05). ANOVA results are given as the

value of the Fisher distribution F{y ), where x is number of degrees of freedom numerator

and y is the total number of degrees of freedom denominator. In addition, a two-tailed
unpaired t-test was used to compare two conditions. Results from the unpaired #-test are given
as the value . of the ¢ distribution, where x is number of degrees of freedom. Asterisks in
each figure refer to post hoc comparison between the genotype of interest and the genotypic
controls. All statistical studies were performed using GraphPad Prism 6.0 software
(GraphPad Software; La Jolla, CA, USA). Data regarding confocal experiments were
analyzed in GraphPad Prism (version 7.03, GraphPad, La Jolla, CA, USA) and statistics were
done with a similar strategy as in Gupta et al. (Gupta et al., 2016). Differences between two
groups were tested with the Mann Whitney U-test, differences between three groups were
tested with the Kruskal-Wallis test. Significance threshold a was set to 0.05. Only two-tailed
p values less than 0.05 were considered significant. Sample size estimation was performed
based on previous experience. Experiments were performed three times on different
biological replicates, unless otherwise stated, n indicates the number of animals analyzed.
Values are expressed as mean = SEM. All the data that were generated for this study are

available and presented in the Supplementary Table 2.

RESULTS
APPL expression in the MB is required for appetitive LTM
To assess the potential contribution of APPL to appetitive memory, we used a previously

described paradigm in which starved flies are first exposed to an odorant paired with a
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sucrose reward, followed by a second odorant in the absence of any sucrose presentation
(Tempel et al., 1983; Colomb et al., 2009). Following this protocol, which consists of a single
training cycle, STM and LTM are both formed (Colomb et al., 2009; Krashes and Waddell,
2008). To assess the role of APPL specifically in the adult MB, we drove the expression of
a specific RNAI that targets APPL (using either APPLEV4il or APPLRN4i2) under the control
of the MB 238Y-Gal4 driver, in combination with the ubiquitously expressed thermosensitive
GAL4 inhibitor Gal80 (tub-Gal80%). We first confirmed that pan-neuronal expression of
APPLRNA yging the elav driver reduced significantly the expression of APPL mRNA
(Supplementary Figure 1A-B) (Goguel et al., 2011; Bourdet et al., 2015). Downregulation
of APPL expression in the adult MB using APPL®¥4i! induced a strong LTM impairment
(Figure 1A), whereas LTM was normal in the absence of RNAi induction (Figure 1B).
Inhibition of APPL expression in the adult MB did not affect STM (Figure 1C). Finally, the
sugar response and olfactory acuity controls were normal (Supplementary Figure 1C-E).

To further confirm the specific role of APPL in appetitive LTM, we used a second non-
overlapping RNAI construct (4PPL*V42) (Goguel et al., 2011). As observed with APPLRNAI,
flies expressing APPL®42 only in the adult MB presented a strong LTM impairment (Figure
1D), whereas flies exhibited normal LTM in the absence of thermal induction (Figure 1E).
Similar to APPLEV4i! downregulation of APPL in the adult MB with APPL®42 did not affect
STM (Figure 1F). Neither the sugar response nor the olfactory acuity was affected by
APPLEN42 expression in the adult MB (Supplementary Figure 1F-H). Therefore, our data

show that APPL expression in the adult MB is required specifically for appetitive LTM.

APP interacts with the mammalian synaptic proteins X11, CASK, Dlgh2 and Digh4
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In a previous study, we identified several elements of the mammalian PIKfyve complex as
new interactants of the intracellular domain of APP, using an in vitro reconstitution system
(Balklava et al., 2015). In this system, AICD is coupled to the surface of liposomes to mimic
the organization of its intracellular domain in the native APP configuration together with a
membrane context (Baust et al., 2006). These so-called ‘proteo-liposomes’ are then used to
recruit interaction partners, which are then isolated and identified by mass spectrometry
(Balklava et al., 2015; Baust et al., 2006; Pocha et al. 2011; Hubner et al., 2010). The
interaction of AICD and the PIKfyve complex has been confirmed by other biochemical
approaches, which validates the proteo-liposome system as a means to identify new AICD
interactants (Balklava et al., 2015; Currinn et al., 2016). In addition to the PIKfyve complex
and other proteins with various functions listed in Supplemental Table 1, the AICD
interactome includes the MAGUKSs Dlgh2 (NCBI: NM_016695) (Kim et al., 1996), Digh4
(NCBI: NM_007864) (Cho et al., 1992) and CASK (NCBI: NM_001284503) (Hata et al.,
1996), in addition to the well-known AICD interacting proteins X11a (NCBI: NM_177034)
and X118 (NCBI: NM 001291166) (Okamoto and Siidhof, 1997) (Figure 2 and
Supplemental Table 1).

The existence of the APP/X11a/CASK (Wang et al., 2009) and the CASK/X11a/Dlg
(SAP97) protein complexes (Leonoudakis et al., 2004) have been described previously. Here,
our results suggest the existence of a complex between APP and MAGUKSs, which could be
mediated by XI1la interaction. Given that X11, CASK, DIgh2, and DIgh4 are major
components of the synapse and are involved in synaptic plasticity, and that the role of APP
at the synapse is still elusive, we decided to focus on these identified APP interactants among
all the others (Supplemental Table 1) and try to address the significance of these interactions
using Drosophila. In Drosophila, the X11a and X11 homologs (dX11La and dX11LJ,
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respectively) are involved in the cellular localization of axonal proteins such as APPL or
Fasll in the MB, and regulate APPL expression in different synaptic compartments; however,
both proteins are functionally redundant in neurons (Gross et al., 2013). Thus, due to the
potential functional redundancy of the X11 family proteins in Drosophila neurons, we
decided to focus our behavioral dissection on the Drosophila homologs of the other identified

synaptic MAGUK proteins.

Expression of MAGUKS in the adult MB is required for appetitive memory

CASK and Dlg, the Drosophila homologs of the identified mammalian interactants of APP,
are expressed at the synapse and involved in synaptic plasticity, just like their mammalian
counterparts (Hodge et al., 2006; Astorga et al., 2016; Oliva et al., 2012). However, their role
in appetitive olfactory memory has never been determined. Therefore, before addressing the
function of the APPL/MAGUKSs interaction, it was necessary to evaluate their respective
roles in appetitive long-term memory. We followed the same strategy as we used for APPL
by downregulating the expression of each MAGUK gene specifically in the adult MB.
Restricting the downregulation of CASK in the MB to the adult stage using the tub-
Gal80%,238Y-Gal4 driver induced a strong LTM impairment (Figure 3A), whereas LTM
was normal in non-induced flies (Figure 3B). Sugar responses and olfactory acuity were not
affected by CASK®Ni! expression in the adult MB (Supplementary Figure 2A-C). To
further confirm our results, we used a second non-overlapping RNAi, CASK®N2, Expression
of CASK™42 in the adult MB resulted in a strong LTM impairment (Figure 3C), whereas
LTM was normal in the absence of thermal induction (Figure 3D). Sugar responses and
olfactory acuity were not affected by CASK®"42 expression in the adult MB (Supplementary

Figure 2D-F). To assess that both CASK RNAI constructs efficiently reduced the CASK
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mRNA level, we used the pan-neuronal driver elav (Supplementary Figure 2G-H). We
found that the efficiency of both RNAi constructs was similar in magnitude, with a reduction
of 72% for CASK®™i! and 70% for CASK®"2| as compared to the controls. Altogether, the
data indicate that CASK is required in the adult MB for appetitive LTM.

The other MAGUKSs identified in the biochemical assay were DIgh2/SAP97 and Dlgh4/PSD-
95, which have a unique ortholog in Drosophila DIg (Thomas et al., 2010). Downregulation
of DIg in the adult MB resulted in a strong LTM impairment (Figure 4A), whereas LTM was
normal in the absence of thermal induction (Figure 4B). In addition, neither the sugar
response nor the olfactory acuity was affected by the downregulation of DIg in the adult MB
(Supplementary Figure 3A-C). These results were confirmed using a second Dlg RNAi
(DIg®N4i2) " Similarly, downregulation of Dlg in the adult MB using DI/g*¥?2 ]ed to a strong
LTM defect (Figure 4C), whereas LTM was normal in the absence of any induction (Figure
4D). The sugar responses and olfactory acuity were not affected by downregulation of Dlg
using DIg®¥i2 in the adult MB (Supplementary Figure 3D-F). Although we aimed to assess
the efficiency of both RNAI constructs using qPCR, when we used the elav driver, DIgtN4i!

expression resulted in lethality at the pupal stage. Thus, we restricted DIg?i!

expression to
adulthood using the tub-Gal80%,elav-Gal4 driver. After three days of induction, these flies
displayed a 24% reduction in DlIg mRNA expression as compared to the controls
(Supplementary Figure 3G). Flies expressing DIg®"? under the control of the elav driver
were viable and displayed a 77% reduction in the level of DIg mRNA as compared to the

controls (Supplementary Figure 3H). Taken together, our results demonstrate that DIg is

required in the adult MB for appetitive LTM.

Expression of either APPL or MAGUK:S in the a’f> KCs is required for appetitive LTM
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The MB is a symmetrical structure composed of approximately 4,000 Kenyon Cells (KCs)
with three distinct neuronal subpopulations: the a/B, a’/p’, and y KCs (Crittenden et al.,
1998). Appetitive STM and LTM arise from parallel and independent memory traces located
in two distinct subsets of MB neurons, respectively the y and o/f neurons (Trannoy et al.,
2011). The third group of KCs, the o’/p’ neurons, have been shown to be critical for
consolidation of appetitive LTM (Krashes and Waddell, 2008). We hypothesized that if
APPL, CASK and Dlg interactions are essential for appetitive memory, then they should be
required in the same KC neuronal population for appetitive LTM. Therefore, we first sought
to determine in which KC subpopulations APPL is required for appetitive LTM using specific
Gal4 drivers combined with tub-Gal80“. Since the o/f KCs are the site of appetitive LTM
storage, we first investigated the effect of APPL downregulation in adult o/ KCs on LTM.
After two days of induction, inhibition of APPL in adult o/f KCs using the tub-
Gal80%;,R44E04-Gal4 driver did not impair LTM (Figure SA). To confirm our results, we
used a second specific o/f driver, tub-Gal80%;c739-Gal4. Similarly, after two days of
induction the rub-Gal80",;c739-Gal4>APPL®!! flies displayed normal LTM (Figure 5B).
It should be noted that both drivers have been successfully used in previous reports to drive
the expression of transgenes in o/ KCs, resulting in memory defects (Bouzaiane et al., 2015;
Turrel et al., 2017). Thus, our data surprisingly reveal that the o/ KCs cannot be the neuronal
subpopulation in which APPL expression is required for appetitive LTM. We next examined
whether APPL is required in the adult o’/B’ KCs for appetitive LTM, since this neuronal
subpopulation has been shown to be critical for appetitive LTM consolidation (Krashes and
Waddell, 2008). Downregulation of APPL in the adult o’/f° KCs using the tub-
Gal80%;VT30604-Gal4 driver induced a strong LTM impairment (Figure 5C), whereas LTM

was normal in the absence of thermal induction (Figure 5D). Sugar responses and olfactory
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acuity were not affected by downregulation of APPL in the adult ’/p’ KCs (Supplementary
Figure 4A-C). Finally, LTM scores were normal when APPL was knocked down in the y
KCs (Figure 5E), as expected since the y KCs have not been implicated in appetitive LTM
so far. Our data demonstrate that APPL is required specifically in the adult a’/f’ KCs for
appetitive LTM, while it is dispensable in the o/f and y KCs. Since the a’/f’ KCs are required
in appetitive LTM consolidation rather than retrieval, this suggests that APPL is likely to be
required for consolidation of appetitive LTM.

We next sought to determine whether CASK and Dlg were also specifically required in the
same KCs for LTM. Using the same tub-Gal80*;VT30604-Gal4 driver to control the
expression of CASK®Mil in the adult a’/B’ KCs, we observed a strong LTM impairment
(Figure 5F), whereas LTM was normal in the absence of thermal induction (Figure 5G).
Sugar responses and olfactory acuity were normal in flies expressing CASK*"4i! in the adult
a’/p’ KCs (Supplementary Figure 4D-F). Similarly, we observed a LTM impairment when
using the tub-Gal80", VT30604-Gal4 driver to control the expression of DIgf¥i! in the adult
a’/p> KCs (Figure SH), whereas LTM was normal in the absence of thermal induction

(Figure 5I). Sugar responses and olfactory acuity were unaffected by DIgfN4i!

expression in
the a’/B’ KCs (Supplementary Figure 4G-I). Thus, these data demonstrate that APPL,

CASK and Dlg are all specifically required in the adult a’/f’ KCs for appetitive LTM.

Genetic interaction between APPL and MAGUK proteins in the a’/B’ neurons is critical
for appetitive LTM

To address the question of the physiological importance of the genetic interactions between
APPL and either CASK or Dlg, we produced two Drosophila lines carrying two RNAI

constructs that included APPLRNi! and either CASK®Mi! or DIg®*il, Since the insertion of
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two UAS transgenes can reduce their expression efficiency, we first assessed whether the
presence of two UAS-RNAI constructs had any effect on the efficiency of each RNAi. Using
the elav driver to control the expression of the double RNAi APPLRNAI CASKENI | e
observed a strong reduction in the mRNA levels of APPL (91%) and CASK (64%) as
compared to the controls (Supplemental Figure SA and 5B respectively). Moreover, this
reduction was similar in magnitude to that of the single constructs for APPLEN! and
CASK®N4iT (Supplemental Figure SA-B). Since DIgfNi! expression with the elav driver
resulted in lethality at the pupal stage, we used the tub-Gal80%;elav-Gal4 driver to control
the expression of the double RNAi APPLRNAL, D]g”NAl T induced flies we observed a
significant reduction in the mRNA levels of APPL (33%) and Dlg (16%) as compared to the
controls (Supplemental Figure SC and 5D respectively). These effects are similar in
magnitude to the single RNAi conditions or even stronger in the case of APPL mRNA level
(Supplemental Figure 5C-D). Thus, in the two double RNAI lines, the presence of the two
UAS-RNAI constructs did not negatively affect the efficiency of downregulating either target
mRNA.

To test for a possible genetic interaction between APPL and each of the MAGUK proteins,
we assumed that the behavioral phenotype would be aggravated when APPL is
downregulated in combination with either CASK or Dlg downregulation. In order to foster a
condition where the expression of a single APPL, CASK or Dlg RNAIi construct does not
affect LTM, we modified our regular induction protocol by reducing the induction time from
two days to one day. Under these conditions, we found that the single RNAi expression of
APPLRNATL or CASK®Ni! jn the adult a’/B” KCs did not affect LTM (Figure 6A). Strikingly,
the expression of APPLENI;CASK®Vi! in the adult a’/B’ KCs resulted in a strong LTM

impairment (Figure 6A). As expected, LTM was normal when RNAi expression was not
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induced (Figure 6B). The sugar responses and olfactory acuity were normal in these flies
expressing APPLINAL, CASKRNi! in the adult o’/B” KCs (Supplemental Figure SE-G ). This
genetic interaction data demonstrates the combined requirement of APPL and CASK in the
a’/B’ KCs specifically for appetitive LTM.

To assess the potential contribution of the interaction between APPL and Dlg, we followed
a similar approach. After one day of induction, the expression of a single RNAi construct
targeted against either APPL or DIg did not affect LTM (Figure 6C), whereas expression of
APPLRNiI D]gRNAil i the adult o’/B> KCs induced a strong LTM defect (Figure 6C). LTM
was normal in the absence of any thermal induction (Figure 6D). The sugar response and
olfactory acuity (Supplemental Figure 5H-J) were normal in these flies expressing
APPLRNAL D]gRNAIL iy the adult /B’ KCs. Thus, our genetic interaction experiments show
that APPL and Dlg are synergistically required to specifically sustain appetitive LTM in the
adult a’/p’ KCs.

Since the AICD was previously described to possess some gene regulation properties
(Slomnicki and Lesniak, 2008), we sought to assess whether or not the genetic interaction
could be due to a transcriptional effect of APPL on CASK or Dlg. As presented in
Supplemental Figure 6A-D, the reduction in APPL expression by either APPLEN! or
APPLEV42 did not affect the mRNA levels of CASK or Dlg. Similarly, reduction of CASK
or Dlg expression by RNAi-mediated silencing did not reduce the APPL mRNA level
(Supplemental Figure 6E-G). Altogether, these results demonstrate that the genetic
interactions between APP and the MAGUK proteins CASK and Dlg are not due to a
transcriptional effect of AICD on DIg and CASK genes but likely rely on protein-protein

interactions as suggested by the AICD interactome experiment (Figure 2).
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Downregulation of APPL and its synaptic MAGUKSs partners in the adult o’/f> KC do
not induce major synaptic disorganization.

It is widely accepted that synapses are the basic units for memory storage through
modification of synaptic strength (Poo et al., 2016). Alterations of the synaptic structure
could be a molecular explanation to memory defect. To test this hypothesis, we investigated,
in our two double knockdown contexts examined here, both the pre-synaptic and the post-
synaptic sites of MB a’/B’ neurons using confocal imaging of immuno-labelled synaptic
proteins known to be master structural organizers of each compartment. At the pre-synaptic
site, Bruchpilot (Brp) and Synaptotagmin 1 are key proteins of the active zone, the site of
synaptic vesicle recruitment, docking, priming and calcium-triggering fusion (Kittel et al.
2006, Walter et al., 2018). Synaptotagmin 1 is a synaptic vesicle associated Calcium-binding
protein which acts as a calcium sensor for calcium-triggered synaptic vesicle exocytosis
(Siidhof, 2004) whereas Bruchpilot is an orthogonal scaffold protein of the active zone that
keeps synaptic vesicles and voltage-gated calcium channels, the fusion trigger, in close
proximity (Kittel et al. 2006, Fulterer et al. 2018). Expression of either the double
APPLRNiL, CASKENAIT construct or the double APPLRNi!; DgrN4il ¢construct in the o’/B’
neurons during 2-days did not affect the Bruchpilot (BRPN®2) or the Synaptotagmin 1(Syt1)
labeling intensity in the tip of the o’ lobes normalized to o lobes as compared to the tub-
Gal80%;VT30604/+ control (Fig 7. A-C). Thus, down-regulation of either of these genes does
not significantly alter the overall Bruchpilot and Synaptotagmin 1 levels over the KC
synapses, even if all the three proteins have been described as present in the axonal
compartment of neurons (Torroja et al., 1996, Astorga et al., 2016, Chen and Featherstone,
2011). Thus, the memory defect observed previously cannot be directly linked to gross deficit

in the synaptic vesicle or active zone organization but likely rely on more subtle mechanisms,
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as for example decreased plasticity of only a confined subset of synapses after knockdown
of APPL/CASK. To also investigate the post-synaptic compartment of the a’/f’ neurons, we
performed confocal imaging of the calyx region of the MB using the post-synaptic proteins
Dlg, the well-known scaffold protein previously described, and Drep2 which is required for
metabotropic receptor coupling with regulation of local translation and highly expressed at
the post-synaptic densities of KC calyx (Andlauer et al. 2014; Fig7, D-I). However, since the
dendrites of the a’/p’, a/P and y neurons are intermingled in the calyx and that there is no
specific marker of a’/f’ dendrites available, we could not specifically quantify the molecular

status of the o’/f’ neurons post-synapses. As expected, expression of the double
APPLRNiL D]gRNAil construct in the a’/B” neurons during 2-days reduced significantly Dlg
intensity in the calyx region (Fig 7, G-H) as compared to the tub-Gal80";V130604/+ control
confirming again that our RNAI strategy for DIg knock-down is efficient. Notably, we found
that Drep2 was not affected by down-regulation of both APPL and Dlg in the adult o’/p’
neurons (Fig 7, I). These results suggest that despite the reduction of Dlg presence at the
synapse, other post-synaptic scaffold proteins are not affected. Expression of the double
APPLRMil, CASK®NAil construct in the o’/B’ neurons during 2-days affected neither Dlg
intensity nor Drep2 intensity in the calyx region (Fig 7, D-F) when compared to the tub-
Gal80%,VT30604/+ controls. These results suggest that the main organization of the post-
synaptic sites of a’/B’ neurons are not affected by down-regulation of either CASK or APPL.
Altogether, these experiments suggest that down-regulation of APPL and MAGUKSs in the
adult o’/B’ neurons do not induce major disorganization of either the pre or post-synaptic
compartment despite of the efficient reduction of protein level upon knock-down, at least for

Dlg.
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DISCUSSION

We previously showed that APPL is required in the o/p and y KCs for aversive LTM (Goguel
et al., 2011). More recently, we demonstrated that APPL is required for aversive LTM and
MTM in the DPM neurons (Turrel et al., 2017), a pair of serotonergic and GABAergic
neurons that project to each of the MB lobes, where they connect both pre- and post-
synaptically to the KCs (Lee et al., 2011; Haynes et al., 2015). Here, we have reported that
APPL is also required in another form of long-lasting protein synthesis-dependent memory,
appetitive LTM, albeit surprisingly in a different subpopulation of KCs, the o’/B’ neurons.
The requirement of APPL in o’/ but not in the other KCs for appetitive LTM suggests that
it has a specific role in appetitive LTM consolidation, as consolidation of appetitive LTM
requires synaptic neurotransmission from o’/B’ (Krashes and Waddell, 2008; Trannoy et al.,
2011). Interestingly, recurrent activity of the a’/f’-DPM loop has been described as
necessary to consolidate appetitive memories (Krashes et al., 2007; Krashes and Waddell,
2008), with LTM eventually being stored in the o/f neurons (Krashes and Waddell 2008;
Trannoy et al., 2011). An involvement of APPL in memory consolidation may rely on
transsynaptic APPL interactions and may also contribute to the molecular support of the
o’/B’-DPM loop. Eventually such a role of APPL in memory consolidation through
transsynaptic interaction would be consistent with published research in mammals. Indeed,
at the cellular level APP is expressed in pre- and postsynaptic compartments and can form
trans-dimers that have been suggested as necessary for synaptic function (Wang et al., 2009).
In addition, perturbation of APP function by intraventricular infusion of an antibody against
APP induced memory impairments only when it was performed during the memory
consolidation phase of a passive avoidance task (Doyle et al., 1990). As shown for other

synaptic cell adhesion molecules, the regulation of APP expression at the neuronal membrane
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is critical for hippocampal-dependent memory consolidation in the dentate gyrus, suggesting
a potential involvement of APP in synaptic remodeling (Conboy et al., 2005). Altogether, the
present findings combined with research on mammalian models suggest that APP might have
a conserved function across species in memory consolidation processes via transsynaptic
interactions.

Here, we have shown that in addition to the previously known X11 proteins, the intracellular
domain of APP interacts with other scaffolding proteins (CASK, DIlg2/PSD-93 and
Dlg4/PSD-95). However, it is not clear whether these proteins interact directly with APP or
if their interactions are mediated by the X11 adaptor proteins, as it has been described for
CASK (Wang et al., 2009). Our study demonstrates that the Drosophila homologs of these
proteins, i.e. CASK and Dlg, are required in the same neuronal subpopulation as APPL for
proper long-term memory. Several arguments in favor of an APPL/X11/CASK/Dlg
macromolecular complex can be found in previous studies on mammals or Drosophila. In
the Drosophila visual system, the MAGUK complex Lin-7/Dlg/CASK is involved in
synaptic stabilization and the interaction between CASK and Dlg proteins has been described
as direct (Soukup et al., 2013). The role of CASK in the recruitment of Dlg1 to the membrane
in various cell types has been confirmed in a recent study showing that the N-terminal domain
of Dlgl is critical for its interaction with CASK (Porter et al., 2019). In mammals, the
existence of the APP/X11/CASK ternary complex has also been documented (Wang et al.,
2009), and the regulation of neuronal excitability through potassium Kir2 channels involves
a macromolecular complex consisting of Lin-7/SAP97/CASK/X11 (Leonoudakis et al.,
2004). Altogether these studies demonstrate that the interaction between the Dlg, CASK and
X11 proteins is both possible and functionally relevant for neuronal physiology. Finally,

CASK binds to the Dlg protein SAP97 in mammalian hippocampal neurons to regulate its
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conformation state and thus its role in glutamate receptor trafficking and insertion at the
synapse (Lin et al., 2013). Thus, the existence of the APPL/X11/CASK/Dlg macromolecular
complex is consistent with previously published reports, and even if here we only
demonstrate the genetic interaction between APPL, CASK and Dlg for appetitive LTM, it is
likely that such a complex exists in Drosophila o’/B’ MB neurons. Complementary studies
using genetic tools to impair the interactions between these proteins such as overexpression
of an interfering peptide corresponding to the N-terminus of Dlg as in Porter et al. 2019,
could bring the confirmation that protein-protein interactions between APPL/X11/CASK/
Dlg are required for appetitive LTM via synaptic stabilization of the o’/p’ neurons. In the
present study, we looked at synaptic organization using confocal microscopy and immuno-
labeling of either pre-synaptic proteins of the active zone or post-synaptic scaffold proteins.
The levels of the analyzed pre- or post-synaptic proteins were not affected by the concomitant
knock down of APPL and MAGUKSs in the adult o’/B’ neurons, indicating no obvious
alterations in MB synaptic structure. We note that as expected we observed a significant
decrease in DIg levels in the MB calyx upon knock down of APPL;Dlg in o’/p’ neurons,
demonstrating the efficacy of the knock down. To determine the requirement of these
proteins for pre- or post-synaptic subtle organization, higher-resolution imaging studies
would be required. However, such modification might be difficult to observe if, as suggested
by the role of CASK and DIg proteins, the APPL/X11/CASK/Dlg macromolecular complex
is involved in synaptic stabilization specifically when synapses are modified during plastic
event, and not as a basal mechanism for synaptic organization and formation as described for
APPL and FaslI interactions at the NJM (Torroja et al., 1999, Rieche et al., 2018).

Interestingly, the DIg protein SAP97 is involved in trafficking the a-secretase ADAMIO0 to

the synapse through direct interaction, consequently regulating APP processing and the
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production of the neurotrophic and neuroprotective secreted-APPa fragment (Marcello et al.,
2007). We have previously shown in Drosophila that a secreted fragment of APPL is
involved in aversive memory, as well as kuzbanian, the Drosophila homolog of ADAM10
(Bourdet et al., 2015). Therefore, an APPL/X11/CASK/DIlg supramolecular complex could
also be involved in recruiting a-secretase at the synaptic site as well as generating sAPPa.
The subcellular localization of APP and MAGUK interactions in the KCs is still an open
question. In Drosophila, Dlg and CASK are known to be present at both the pre- and
postsynaptic compartments (Thomas et al., 2010; Chen and Featherstone, 2011; Astorga et
al., 2016). However, APPL has been described mainly in the neuropil of KCs (Torroja et al.,
1996). Furthermore, the APPL binding protein X11 targets APPL to the axonal compartments
and excludes it from MB dendrites via endocytosis (Gross et al., 2013). These data suggest
that the APPL-MAGUKSs complexes would be localized in the a’/f” KC axonal compartment
(i.e. the a’/B’ lobes), which is importantly also the site of the DPM/KC dialog for appetitive
LTM consolidation.

In conclusion, the work reported here highlights a novel role of APPL and its synaptic
partners in appetitive long-term memory in Drosophila. We have demonstrated that genetic
interactions between APPL and the MAGUKSs is critical for appetitive LTM in the a’/B’ KCs,
a neuronal sub-population known to be involved in the consolidation of appetitive LTM
(Krashes and Waddell, 2008). Finally, we propose a model in which the role of the
interactions between APPL, CASK and Dlg might be the synaptic stabilization of the o’/B’-

DPM loop through transsynaptic interactions.
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Figure 1. APPL is required in the adult MB for appetitive LTM

A-B, APPL downregulation in the adult MB impaired LTM (A4, n=7-8, F220=5.23, p=0.0149),
whereas the non-induced controls displayed normal LTM (B, n=10-9, F»,7=0.27, p=0.76).
C, APPLRMi! expression in the adult MB did not affect STM (n=11, F230=0.28, p=0.76). D-
F, Similar results were observed using a second non-overlapping APPL RNAi. Flies

expressing APPLRNi2 in the adult MB displayed a LTM defect (D, n=7, F»135=13.03,
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p=0.0003), whereas the non-induced controls showed normal LTM (E, n=11, F230=0.16,
p=0.85). F, APPL downregulation using 4PPLN42 did not affect STM (n=11-9, F226=0.012,
p=0.95). Data are shown as mean + SEM. Statistical analyses were performed using one-way

ANOVA followed by a post hoc Newman-Keuls test (**p<0.01, ns: not significant). 2d, two

days.
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Figure 2. The intracellular domain of mammalian APP binds X11a, X11B, CASK and
DLG homologs 2 and 4

Proteo-liposomes functionalized with AICD were used as bait to isolate the intracellular
interaction partners of APP, and were then compared to control proteo-liposomes. The plot
shows the relative enrichment of the identified protein in the AICD sample versus the control
(plotted as log> on the x-axis) and the p-value of Student’s t-test (plotted as logio on the y-
axis). Each data point represents the average measurement of three independent experiments.

The significantly enriched AICD interaction partners CASK, X11a, X113, Digh2 and Digh4
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are indicated.
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Figure 3. CASK is required in the adult MB for appetitive memory

A-B, CASK downregulation in the adult MB impaired LTM (A4, n=11-12, F;31=22.84,
p<0.0001), whereas the non-induced controls displayed normal LTM (B, n=12, F;33=0.83,
p=0.44). C-D, CASK downregulation in the adult MB using a second non-overlapping RNA1
(CASK®Ni2) impaired LTM (C, n=12, F233=4.72, p=0.016), whereas LTM was normal in the

absence of induction (D, n=8, F2,1=0.25, p=0.77). Data are shown as mean + SEM. Statistical
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analyses were performed using one-way ANOVA followed by a post hoc Newman-Keuls

test (*p<0.05, **p<0.01, ***p<0.001, ns: not significant).
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Figure 4. DLG is required in the adult MB for appetitive memory

A-B, Dlg downregulation in the adult MB impaired LTM (A4, n=10, F»27=4.42, p=0.022),
whereas the non-induced controls displayed normal LTM (B, n=12, F233=3.93, p=0.030).
The post hoc Newman-Keuls test comparison was not significant for Dig”™¥//+ versus either
tub-Gal80",;238Y>DIg"il or tub-Gal80*;238Y/+, although it was significant for fub-
Gal80";238Y/+ versus tub-Gal80;238Y>DIgt"i! (¥p<0.05). C-D, Similar results were
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observed using a second non-overlapping Dlg RNAi, Digf¥2 Flies expressing DIgtN4 in

the adult MB displayed a LTM defect (C, n=16-17, F246=6.16, p=0.004), whereas the non-

induced controls showed normal LTM (D, n=12, F233=0.79, p=0.46). Data are shown as

mean = SEM. Statistical analyses were performed using one-way ANOVA followed by a

post hoc Newman-Keuls test (*p<0.05, **p<0.01, ns: not significant).
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Figure 5. APPL, CASK and DIg are required specifically in the o’/p’ neurons for

appetitive LTM

A, APPL downregulation in the adult o/f neurons using the tub-Gal80";R44E04 driver did

not impair LTM (n=7, F2,15=0.78, p=0.47). B, Similar results were obtained using the tub-

Gal80";c739 driver to control the expression of APPL®i! in the adult o/f neurons (n=10-

12, F2.23=0.64, p=0.54). C-D, APPL downregulation in the adult a’/f’ neurons using the tub-

Gal807%;VT30604 driver impaired LTM (C, n=12, F>33=5.025, p=0.0124), whereas the non-
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induced controls displayed normal LTM (D, n=13, F»36=0.56, p=0.58). E, APPL
downregulation in the adult y neurons using the tub-Gal80;NP21 driver did not impair LTM
(n=16, F245=0.69, p=0.51). F-G, CASK downregulation in the adult a’/f’ neurons impaired
LTM (F, n=12, F233=4.905, p=0.0137), whereas the non-induced controls displayed normal
LTM (G, n=12, F233=1.30, p=0.29). H-1, Dlg downregulation in the adult o’/p’ neurons
impaired LTM (H, n=17, F245=5.04, p=0.010), whereas the non-induced controls displayed
normal LTM (I, n=12, F233=0.49, p=0.61). Data are shown as mean + SEM. Statistical
analyses were performed using one-way ANOVA followed by a post hoc Newman-Keuls

test (*p<0.05, ns: not significant).
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Figure 6. Interaction between APPL and MAGUKS is required for appetitive LTM
A-B, One day of induction to express the double 4PPLEN!; CASK®Mil construct in the adult

o’/B’ neurons was sufficient to impair LTM as compared to single RNAi expression (4, n=12,
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F455=5.847, p=0.0005), whereas the non-induced controls displayed normal LTM (B, n=11,
F450=1.60, p=0.19). C-D, One day of induction to express the double APPLRNAI; DJgRNAil
construct in the adult a’/B’ neurons was sufficient to impair LTM as compared to single RNAi
expression (C, n=12-11, F453=3.90, p=0.0075), whereas the non-induced controls displayed
normal LTM (D, n=12-11, F454=0.44, p=0.78). Data are shown as mean + SEM. Statistical
analyses were performed with one-way ANOVA followed by a post hoc Newman-Keuls test

(*p<0.05, **p<0.01, ns: not significant). 1d, one day.
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Figure 7. Synaptic organization of MB synapses in APPL; CASK and APPL; DIg

knock-down flies
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A, Max intensity projection of confocal images for Bruchpilot (BRPN¢®2, green, upper panel)
and Synaptotagmin 1 (Sytl, magenta, lower panel) showing the tips of the MB «’ and a lobes
of control tub-Gal80";VT30604/+, tub-Gal80";VT30604> APPLRN4.CASK®N! and tub-
Gal80",; VT30604>APPLNA! - DIgRNAIT male flies (4-5 days old, 2 days induction). B-C,
Graphs show the intensity for BRPN®2 (B) and Sytl (C) in o’ lobes normalized to the a lobes
as control region. Expression of either the double APPLRN!;CASKRNil construct or the
double APPLRNil; D]gRNil construct in the o’/B” neurons during 2-days did not affect the
BRPNe82 or the Sytl labeling intensity in the o’ lobe compare to the tub-Gal80”; VT30604/+
control. (B, BRPN®? intensity: ub-Gal80°;VT30604/+: 100 =+ 4, n=5; tub-
Gal80%, VT30604>APPLRMil . CASK®NT: 102+ 4, n=4, tub-Gal80*;VT30604
>APPLRNIL. D[gRNAiL: 104 + 6, n=4, p=0.836; Kruskal-Wallis test. C, Sytl intensity: fub-
Gal80,;VT30604/+: 100 + 5, n=5; tub-Gal80", VT30604>APPLN!: CASK*NA!: 102 + 5,
n=4; tub-Gal80";VT30604 >APPLr4!.D[g”Nil: 102 + 7, n=4, p= 0,916; Kruskal-Wallis
test). This experiment was performed once on different biological replicates. Scale bar:
10pum. D-I, Single confocal optical slices of the postsynaptic marker Drep2 (green, upper
panel) and Dlg (magenta, lower panel) in the MB calyx of control tub-Gal80%,; VT30604/+
and tub-Gal80*;VT30604>APPLNAIl - CASKRN4il flies (D) and of control tub-Gal80";
VT30604/+ and tub-Gal80%;VT30604>APPLNi1 . D[gkN4il flies (G). The corresponding
intensity graphs are shown in figures E-F, and H-I respectively. E-F, Expression of the
double APPLENA. CASKRN4IL construct in the o’/B’ neurons during 2-days did not affect
either Dlg or Drep2 intensity through the calyx as compared to control flies (E, Dlg intensity:
tub-Gal80%;VT30604/+: 100 + 12, n=5; tub-Gal80"; VT30604>APPLRNil: CASK®NAIL; 110
+ 12, n=3, p=0,571; Mann Whitney U-test; F, Drep2: tub-Gal80*, V130604 /+: 100 £ 7 n=5;

tub-Gal80", VT30604>APPLINAI - CASK®N4il: 95 + 23, n=3, p= 0,571; Mann Whitney U-

44



test). This experiment was performed once on different biological replicates. H-I, Expression
of the double APPLENAL; D[gRNAil construct in the o’/B” neurons during 2-days significantly
decreases Dlg intensity through the calyx as compared to control flies (H, tub-
Gal80,;VT30604/+: 100 + 10, n=11; tub-Gal80*;VT30604> APPLIN4I: D]gRN4il: 51 + 10,
n=12, p= 0,0036; Mann Whitney U-test) without significantly altering Drep2 intensity (Z,
tub-Gal80%;VT30604/+: 100 + 9, n=11; tub-Gal80", VT30604> APPLRN4!: D]gRNAil: 97 + 24,
n=12, p=0,260; Mann Whitney U-test). The experiment was repeated three times on different
biological replicates. Values were normalized to controls and indicate mean + SEM. n

indicates the number of brains analyzed. Scale bar: 20pm.

Supplementary Table 1. Intracellular interactome of APP (related to Figure 2). Table
showing the results of the proteo-liposome recruitment analyzed by mass-spectrometry.
Shown are averages of three independent experiments. Each protein identified in the analysis
is shown as a single plot in Figure 2 with the degree of enrichment in the AICD relative to
the control sample (log2(AICD/control), Column A) plotted on the x-axis and the negative
logarithm of the p-value (-LOG10(p-value), Column B) plotted on the y-axis. In the table

only significant hits (p<0.05 student’s t-test) are shown.

Supplementary Table 2. Data Table. The data of each experiment are presented in this

table. For each figure the data are reported in one excel sheet, except for Figure 2 since the

data related to this figure are presented in Supplementary Table 1.
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Supplementary Figure 1. APPL RNAI efficiency and sugar response and olfaction
acuity in APPL knock-down condition (related to Figure 1).

A-B, Total RNA was extracted from elav/+ and elav>RNAi fly heads and subsequently
reverse-transcribed using oligo(dT) primers. The resulting cDNA was quantified using
tubulin expression as a reference. A, Expression of APPLE¥4! in neurons using the pan-
neuronal driver elav resulted in a significant reduction in APPL mRNA levels (n=3, t4=0.007,

p=0.0007). B, Similarly, expression of 4APPL®42 ysing the pan-neuronal elav driver reduced
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significantly the APPL mRNA levels in fly heads (n=3, t+=7.65, p=0.0016). The qPCR results
are shown as ratios to the reference. Statistical analyses were performed with a two-tailed
unpaired -test (***p<0.001, **p<0.01). C, The sugar response of flies expressing A PPLEN4i!
in the adult MB under the control of tub-Gal80*;238Y driver did not differ from controls
(n=10-11, F(2,29)=0.76, p=0.47). D-E, Normal olfactory acuity was observed in these flies
expressing APPL®i! in the adult MB exposed to either 3-octanol (D, n=8, F(2,21)=0.07,
p=0.93) or 4-methylcyclohexanol (E, n=9, F(2,24)=0.45, p=0.63). F, The sugar response of
flies expressing APPL®V42 in the adult MB under the control of tub-Gal80;238Y driver did
not differ from controls (F, n=10, F=(2,27)=0.10, p=0.89). G-H Normal olfactory acuity was
observed in these flies expressing APPLR"2 in the adult MB exposed to either 3-octanol (G,
n=12, F(2,33)=4.51, p=0.018) or 4-methylcyclohexanol (H, n=12, F(2,33)=2.36, p=0.10).
Data are shown as mean +£ SEM. Statistical analyses were performed with one-way ANOVA

followed by a post-hoc Newman-Keuls test (ns : not significant).
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Supplementary Figure 2. CASK RNAI efficiency and sugar response and olfaction
acuity in CASK knock-down condition (related to Figure 3).

A, The sugar response of flies expressing CASK®4i! in the adult MB under the control of
tub-Gal80%,238Y driver did not differ from controls (n=14-12, F(2,37)=0.25, p=0.77). B-C,
Normal olfactory acuity was observed in these flies expressing CASK®N4! in the adult MB

exposed to either 3-octanol (B n=8, F=(2,21)=0.15) or 4-methylcyclohexanol (C, n=8,
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F(2,21)=2.82, p=0.08). D, The sugar response of flies expressing CASK®¥42 in the adult MB
under the control of tub-Gal80%;238Y driver did not differ from controls (n=11,
F(2,30)=0.28, p=0.75). E-F, Normal olfactory acuity was observed in these flies expressing
CASK®N4i2 in the adult MB exposed to either 3-octanol (E, n=10, F(2,27)=0.80, p=0.45) or
4-methylcyclohexanol (F, n=10, F(2,27)=0.11, p=0.89). Data are shown as mean £ SEM.
Statistical analyses were performed with one-way ANOVA followed by a post-hoc Newman-
Keuls test (ns : not significant). G, A strong reduction in CASK mRNA levels was observed
in flies expressing CASK®™4i! under the control of elav driver (n=3, t+=3.83, p=0.019). H, A
strong reduction in CASK mRNA levels was observed in flies expressing CASK®V42 under
the control of elav driver (n=3, t4-15.28, p=0.0001). The qPCR results are shown as ratios to
the reference. Statistical analyses were performed with a two-tailed unpaired #-test

(**p<0.01, *p<0.05).
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Supplementary Figure 3. DIg RNAI efficiency and sugar response and olfaction acuity
in DIg knock-down condition (related to Figure 4).

A, The sugar response of flies expressing DIg®¥i! in the adult MB under the control of fub-
Gal80%;238Y driver did not differ from controls (n=8, F(2,21)=4.26, p=0.027). B-C, Normal
olfactory acuity was observed in these flies expressing DIg®¥4 in the adult MB exposed to
either 3-octanol (B, n=8, F(2,21)=0.03, p=0.97) or 4-methylcyclohexanol (C, n=8,

F(2,21)=0.54, p=0.58). D, The sugar response of flies expressing DIg"¥? in the adult MB
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under the control of tub-Gal80;238Y driver did not differ from controls (n=14-13, F(2,
38)=0.3, p=0.53). E-F, Normal olfactory acuity was observed in these flies expressing
DIgfN4i2 in the adult MB exposed to either 3-octanol (E, n=8, F(2,21)=0.15, p=0.85) or 4-
methylcyclohexanol (F, n=8, F(2,21)=2.16, p=0.13). Data are shown as mean + SEM.
Statistical analyses were performed with one-way ANOVA followed by a post-hoc Newman-
Keuls test (*p<0.05, ns : not significant). G, When we used the elav driver to control DIgti!
expression, it resulted in lethality at the pupal stage. Thus, for this RNAi, we restricted
DIg®Nil expression to adulthood using the tub-Gal80", elav driver. After 3 days of induction,
total RNA was extracted from these flies and then processed similar to the other samples.
After 3 days of induction, a reduction in DIg mRNA levels was observed in flies expressing
DIgfN4il in adult neurons under the control of fub-Gal80%;elav driver (n=3, t4+=11.40,
p=0.0003). H, A strong reduction in DIg mRNA levels was observed in flies expressing
DIgfN4i2 ynder the control of elav driver (n=3, t4=16.23, p<0.0001). gPCR analyses are shown

as ratios to the reference. Statistical analyses were performed with a two-tailed unpaired ¢-

test (*¥*p<0.001, ****p<0.0001).
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Supplementary Figure 4. Sugar responses and olfactory acuity of flies expressing
APPL, CASK or DIg RNAi in adult o’pf’ MB neurons (related to Figure 5).

A, APPLRNi! expression in the adult o’B’ neurons using the tub-Gal80*;VT30604 driver did
not alter sugar responses (n=12-10, F(2,31)=0.07, p=0.92). B-C Normal olfactory acuity was
observed in these flies expressing APPLEV4i! in the adult a’B” MB exposed to either 3-octanol
(B, n=8, F(2,21)=1.44, p=0.25) or 4-methylcyclohexanol (C, n=8, F(2,21)=3.41, p=0.052).
D, CASK®Mil expression in the adult a’B’ neurons using the tub-Gal80*;VT30604 driver did
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not alter sugar responses (n=13, F(2,36)=0.56, p=0.57). E-F Normal olfactory acuity was
observed in these flies expressing CASK®4! in the adult a’” MB exposed to either 3-octanol
(E, n=11, F(2,30)=1.31, p=0.28) or 4-methylcyclohexanol (F, n=11, F(2,30)=1.14, p=0.33).
G, DIgtNil expression in the adult o’f’ neurons using the tub-Gal80%;VT30604 driver did
not alter sugar responses (n=13, F(2,36)=0.12, p=0.88). H-I Normal olfactory acuity was

observed in these flies expressing DIgRfN4i!

in the adult o’> MB exposed to either 3-octanol
(H, n=8, F(2,21)=1.03, p=0.37) or 4-methylcyclohexanol (Z, n=8, F(2,21)=1.17, p=0.32).

Data are shown as mean + SEM. Statistical analyses were performed with one-way ANOVA

followed by a post-hoc Newman-Keuls test (ns : not significant).
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Supplementary Figure 5. RNAI efficiency in double RNAI construction flies and sugar
response and olfactory acuity of flies expressing double RNAI constructs for APPL and

CASK or APPL and DLG in adult o’pf’ MB neurons (related to Figure 6).
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A-B, Expression of APPLRN! -CASK®N4i! in neurons using the pan-neuronal driver elav
resulted in a significant reduction in both APPL mRNA level (A, n=3, F(2,6)=39.45,
p=0.0004) and CASK mRNA level (B, n=3, F(2,6)=13.47). For both APPLmRNA and
CASK mRNA, the level of reduction is not different between single or double RNAi
conditions. C-D After 3 days of induction, expression of APPLEV4i! : D[gRN4il in adult neurons
under the control of tub-Gal80%;elav driver resulted in a significant reduction in both APPL
mRNA level (C, n=3, F(2,6)=91.88, p<0.0001) and Dlg mRNA level (D, n=3, F(2,6)=30.82,
p=0.0007). For APPL mRNA, the level of reduction in the double RNAi condition (tub-
Gal80* ;elav>APPLINAI! . DIgRNIl) jg gignificantly stronger than in the single RNAi
condition (tub-Gal80%,elav>APPL N4y For Dlg mRNA, the level of reduction is not
different between single (tub-Gal80%;elav>DIgf"") or double RNAi (tub-
Gal80";elav>APPLRN! - DIg”N4il) - qPCR analyses are shown as ratios to the reference.
Statistical analyses were performed with one-way ANOVA followed by a post-hoc Newman-
Keuls test (**p<0.01, ***p<0.001, ****p<0.0001, ns : not significant). E, After 1 day of
induction, APPLRNAIl -CASK®N4il expression in the adult o’B’ neurons using the fub-
Gal80%;VT30604 driver did not alter sugar responses (E, n=10, F(2,27)=0.56, p=0.58). F-G
After 1 day of induction, normal olfactory acuity was observed in these flies expressing
APPLRNIL -CASK®Vil in the adult o’p’> MB exposed to either 3-octanol (F, n=10,
F(2,27)=0.24, p=0.78) or 4-methylcyclohexanol (G, n=8, F(2,21)=2.37, p=0.12). H, After 1
day of induction, APPLRMil : D]g”NAil expression in the adult a’B’ neurons using the fub-
Gal80%;VT30604 driver did not alter sugar responses (n=12, F(2,33)=0.01, p=0.99). I-J,
After 1 day of induction, normal olfactory acuity was observed in these flies expressing
APPLRNIL - D]gRNAIT in the adult o’B> MB exposed to either 3-octanol (I, n=8, F(2,21)=1.65,

p=0.21) or 4-methylcyclohexanol (J, n=10, F(2,27)=0.33, p=0.71). Data are shown as mean
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+ SEM. Statistical analyses were performed with one-way ANOVA followed by a post-hoc

Newman-Keuls test (ns : not significant).

A CASKmRNA
0.4+

ns

o
P

CASK/Tub ratio
o o
2

(=]
o N
1 1

tl elav/+
elay>APPLRNAY

Dig mRNA

o
g

ns

]

o
-—
1

DLG/Tub ratio

o
(o]

] elavi+
elav>APPLRNAI

APPL mRNA

o
)
T

o

N

a0
1

ns

APPL/Tub ratio
o
o
[

o
(@)
b

0.00-
] elavi+

Bl clav>CASKRNAI

CASK/Tub ratio
o
il

B CASKmRNA
0.41

0.3 = 18

0.1
0.0
] elavi+
Bl elav>APPLRNAR
Dlg mRNA
0.3-
.2 ns
(W] —
s 0.2-
=
g 0.1-
0.0-
[ elavi+
Bl clav>APPLRNA2
G
APPL mRNA APPL mRNA
0.20+ 0.20+
Q Q s
®0.15- ©0.154
3 T 3
£ 0.10- £ 0.10-
& &
< 0.05+ < 0.054
0.00- 0.00-
] elavi+ [ elavi+

Bl clav>CASKRNAR B elav>DLGRVAR

56



Supplementary Figure 6. mRNA expression level of CASK, DIlg and APPL in response
to the downregulated expression of their interaction partners (related to Figure 6).

A-B, mRNA level of CASK in the Drosophila brain is not affected by downregulation of
APPL using the elav driver with either APPLRNi! (4, n=3, t4=0.41, p=0.69) or APPL*N2 (B,
n=3, t47=1.014, p=0.37). C-D, Similarly, mRNA level of Dlg in the Drosophila brain is not
affected by downregulation of APPL using the elav driver with either APPLEN! (C, n=3,
4=0.01, p=0.99) or APPL®N42 (D, n=3, t4=0.59, p=0.59). E-F, mRNA level of APPL in the
Drosophila brain is not affected by downregulation of CASK using the elav driver with either
CASK®Mil (E, n=3, t4=0.31, p=0.77) or CASK®N4i2 (F, n=3, t4=0.20, p=0.85). G, Similarly,
mRNA level of APPL in the Drosophila brain is not affected by downregulation of Dlg using
the elav driver with DIg"Vi2 (n=3, t4=0.89, p=0.42) flies. gPCR analyses are shown as ratios
to the reference. Data are shown as mean £ SEM. Statistical analyses were performed with

unpaired t-test (ns : not significant).
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