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Hippo-released WWC1 facilitates AMPA receptor
regulatory complexes for hippocampal learning
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In brief

Stepan et al. report that the memory-
enhancing effects of the Hippo pathway
member WWC1 rely on its binding to
LATS. Upon WWC1/LATS dissociation,
WWC1 becomes an important
component of postsynaptic AMPA
receptor heterocomplexes and improves
long-term memory in mice.
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SUMMARY

Learning and memory rely on changes in postsynaptic glutamergic a-amino-3-hydroxy-5-methyl-4-isoxazo-
lepropionic acid (AMPA)-type receptor (AMPAR) number, spatial organization, and function. The Hippo
pathway component WW and C2 domain-containing protein 1 (WWC1) regulates AMPAR surface expression
and impacts on memory performance. However, synaptic binding partners of WWC1 and its hierarchical po-
sition in AMPAR complexes are largely unclear. Using cell-surface proteomics in hippocampal tissue of
Wwec 1-deficient mice and by generating a hippocampus-specific interactome, we show that WWC1 is a major
regulatory platform in AMPAR signaling networks. Under basal conditions, the Hippo pathway members
WWC1 and large tumor-suppressor kinase (LATS) are associated, which might prevent WWC1 effects on
synaptic proteins. Reduction of WWC1/LATS binding through a point mutation at WWC1 elevates the
abundance of WWC1 in AMPAR complexes and improves hippocampal-dependent learning and memory.
Thus, uncoupling of WWC1 from the Hippo pathway to AMPAR-regulatory complexes provides an innovative
strategy to enhance synaptic transmission.

INTRODUCTION cognitive decline, are characterized by temporary or permanent

loss of memory (Masters et al., 2015; Gan et al., 2018). Conse-
Despite multiple dimensions of cognition, learning and memory  quently, intensive research efforts are being made to identify
performance shape our personality and individuality in a unique  mechanisms that normalize the underlying signaling cascades
manner (Dere et al., 2010; Millan et al., 2012). Brain diseases and brain circuits (Husain and Mehta, 2011; Lynch et al., 2014;
such as Alzheimer’s disease (AD), as well as age-associated Brogi et al., 2019).
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Glutamatergic a-amino-3-hydroxy-5-methyl-4-isoxazolepro-
pionic acid-type receptors (AMPARs) mediate the majority of
fast, excitatory neurotransmission in the brain (Granger et al.,
2013; Diering and Huganir, 2018). Their number, spatial organi-
zation, and function at the postsynapse are most strongly and
specifically implicated in synaptic plasticity, learning, and mem-
ory (Granger et al., 2013; Penn et al., 2017; Diering and Huganir,
2018; Groc and Choquet, 2020). Thus, innovative strategies to
control AMPAR number and/or signaling properties to enhance
cognitive performance would be highly desirable (Lynch et al.,
2014; Brogi et al., 2019). The activity-dependent adaptation of
functionally responsive AMPARs can take place by lateral diffu-
sion between extrasynaptic and synaptic compartments and/or
by alignment in front of presynaptic release sites (Borgdorff and
Choquet, 2002; Penn et al., 2017; Groc and Choquet, 2020).
Furthermore, their biophysical properties and turnover are
defined by (1) their assembly to homo- or heterotetramers from
four highly homologous pore-forming GLUA (1-4) subunits; (2)
their direct and indirect association with various subunit-specific
interacting proteins (e.g., transmembrane AMPAR-regulatory
proteins [TARPs], cornichon proteins [CNIHs], membrane-asso-
ciated guanylate kinase homologs [MAGUKs]); and (3) subunit-
specific posttranslational modifications (PTMs; Schwenk et al.,
2012; Granger et al., 2013; Brechet et al., 2017; Diering and Hu-
ganir, 2018; Bissen et al., 2019).

Even though the vast repertoire of AMPAR phenotypes entails
ample opportunities for drug design, their direct manipulation by
agonists or positive allosteric modulators has largely failed in pa-
tients (Lynch et al., 2014; Bernard et al., 2019; Brogi et al., 2019).
This might be ascribed, at least in part, to an aging- or dementia-
related reduced availability of AMPARs on postsynaptic sites
(Moore et al., 1993; Yang et al., 2015; Gan et al., 2018; Martin-
Belmonte et al., 2020). Here, we modify the WW and C2
domain-containing protein 1 WWCH1; Yu et al., 2015; Papassotir-
opoulos et al., 2006) to link AMPARs to protein-hetero com-
plexes, which might promote their cell surface expression.

WWC1 emerged as a promising target for the following rea-
sons: first, the association between human memory perfor-
mance and an intronic SNP (rs17070145) within the WWC1
gene (Papassotiropoulos et al., 2006; Bates et al., 2009; Milnik
et al.,, 2012), and second, the link between neuronal WWCH1
and AMPAR regulation in rodents (Kremerskothen et al., 2005;
Makuch et al., 2011; Vogt-Eisele et al., 2014; Heitz et al., 2016;
Tracy et al., 2016; Ji et al., 2019; Fukuda et al., 2019). WWC1,
also known as kidney and brain (KIBRA), is one of several up-
stream regulatory proteins of the Hippo signaling pathway
(Genevet et al., 2010; Wang et al., 2014; Yu et al., 2015). The
core kinases in the Hippo pathway are mammalian sterile
20-like protein kinases 1 and 2 (MST1/2; also known as STK3/
4) and large tumor-suppressor kinases 1 and 2 (LATS1/2). The
resulting Hippo signaling cascade is a major focus of research
on tissue proliferation, organ growth, and cancer (Dong et al.,
2007; Lei et al., 2008; Yu et al., 2015). Nevertheless, the mem-
ory-enhancing effects of WWC1 have sparked extensive
research on its neuronal function (Buther et al., 2004; Johannsen
et al., 2008; Makuch et al., 2011; Vogt-Eisele et al., 2014; Blan-
que et al.,, 2015; Heitz et al.,, 2016; Tracy et al., 2016; Ji
et al., 2019).
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WWOCH is highly expressed on postsynaptic sites in brain re-
gions relevant for learning and memory, such as the hippocampus
and cerebellum (Kremerskothen et al., 2003; Johannsen et al.,
2008; Makuch et al., 2011; Heitz et al., 2016; Tracy et al., 2016).
Moreover, it contains an N-terminal WW domain tandem (Kremer-
skothen et al., 2005; Lin et al., 2019; Ji et al., 2019); an internal
phospholipid-interacting C2 domain (Duning et al., 2013); a bind-
ing site for atypical protein kinase C (aPKC) (Vogt-Eisele et al.,
2014); and a C-terminal-binding PDZ motif (Vogt-Eisele et al.,
2014) (Figure S2A). Candidate-based studies have identified a
few WWCH1 binding partners implicated in AMPAR physiology
including protein interacting with C kinase 1 (PICK1), Dendrin,
PKM{, and cytoskeletal proteins (Kremerskothen et al., 2003,
2005; Buther et al., 2004; Duning et al., 2008; Makuch et al.,
2011; Vogt-Eisele et al., 2014; Blanque et al., 2015; Heitz et al.,
2016; Tracy et al., 2016; Ji et al., 2019; Fukuda et al., 2019). Alto-
gether, this suggests that WWC1 scaffolds direct communication
between AMPARs and AMPAR-regulating proteins (Makuch
et al., 2011; Wang et al., 2014; Lin et al., 2019). However, as
few WWC1 interactors have been documented so far (Kremer-
skothen et al., 2005; Makuch et al., 2011; Vogt-Eisele et al.,
2014; Heitz et al., 2016; Tracy et al., 2016; Ji et al., 2019; Fukuda
et al., 2019), the complete network of WWC1 synaptic binding
partners that define its hierarchical position in postsynaptic
AMPAR macromolecules remains obscure.

Overexpressed WWC1 promotes AMPAR expression (Heitz
et al., 2016; Tracy et al., 2016), begging the question of how its
availability is regulated at the crossroads between Hippo
signaling and synaptic processes. While Xiao et al. (2011) showed
that the interaction of WWC1 and LATS regulates Hippo pathway
activity, its effects on neuronal networks has not been explicitly
investigated. We hypothesized that pro-cognitive effects of
WWCH1 rely on its ability to scaffold plasticity-related postsyn-
aptic proteins, the extent of which, in turn, depends on synaptic
WWC1 availability that could be regulated within the Hippo
pathway. We explored this hypothesis using an unbiased prote-
omic approach and by providing the “master switch” directing
WWC1’s fate toward either the Hippo or synaptic signaling
networks. Our multilevel proteomic data and the molecular
mechanism of WWC1 regulation were then evaluated for behav-
ioral outcomes by manipulating WWC1 availability in mice.

The results demonstrate how dissociation of WWC1 from LATS
and, thus, decoupling from the Hippo pathway shapes higher-or-
der brain function by redirecting information flow in postsynaptic
signaling networks. WWC1 facilitates the physical assembly of
AMPAR hetero-protein complexes and thereby promotes learning
and memory in mice. Our results lead to a deep mechanistic un-
derstanding of WWCH1 regulation to promote synaptic function.

RESULTS

Identification of the WWC1-dependent hippocampal
membranome

WWCH1 is critical for AMPAR trafficking (Makuch et al., 2011;
Heitz et al., 2016; Tracy et al., 2016; Ji et al., 2019), but very little
is known about its role in synaptic signaling networks. Thus, we
applied a two-pronged strategy to identify and validate WWC1-
dependent candidates in neurons, followed by exploration of
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Figure 1. WWC1-dependent hippocampal membrane proteomics

(A and B) Gene Ontology analysis of changed proteins by SynGO. Cellular component (A) and biological function (B) enrichment analysis of membrane proteins
(for statistical information see also Table S1; SV, synaptic vesicle; PSD, postsynaptic density; SVC, synaptic vesicle cycle).
(C) Scheme illustrating the validation of AMPAR-related membrane proteins identified. Proteins were enriched as described in Figure S1A and quantified by

western blot (WB). Scale indicates log2 fold difference compared with WT (*p < 0.

also Table S1).
Data are mean + SEM.

their AMPAR-regulating properties (Figures 1A-1C; Figures ST
and S2). We started with an unbiased proteomic approach
(Loh et al., 2016) to identify the landscape of WWC1-dependent
membranomic changes in the dorsal hippocampus of Wwc1
knockout (Wwc1-KO) mice (Vogt-Eisele et al., 2014) and wild-
type (WT) littermate controls. We labeled primary amine groups
of membrane proteins with cell-impermeable biotins, followed
by streptavidin affinity purification (Figure S2A; Gabriel et al.,
2014). Subsequently, we performed mass spectrometry (MS)-
based proteomics with label-free quantification (LFQ; Loh
et al., 2016) to enable proteomic mapping of the neuronal sur-
face. We identified 2,927 proteins associated with neuronal

05, **p < 0.01, **p < 0.001, two-tailed unpaired t tests, n = 3 mice per group; see

membranes (Figures S2B-S2D; Table S1), highlighting 213 pro-
tein expression changes—57 enriched and 156 reduced —in the
hippocampus of Wwc7-KO mice (Figures S2B-S2D; Table S1).
To estimate the efficiency of biotin labeling of surface proteins,
we lysed biotinylated brain slices and used a dot-blot technique
in combination with an HRP-conjugated streptavidine. We could
show a strong labeling efficiency of up to 2,500% (Figure S2E).

Using an evidence-based and systematic gene-annotation
analysis of synaptic proteins (SynGO; Koopmans et al., 2019),
we found that more than 10% (23/213) of WWC1-dependent
neuronal proteins were associated with synaptic components
and functions (Figures 1A and 1B). In-depth analysis revealed

Cell Reports 41, 111766, December 6, 2022 3




¢? CellP’ress Cell Reports

OPEN ACCESS

A B C D
+ + + HAAb + + + + + + LATS2Ab
-+ - HAWWC1 - + - -+ - HAWWCT (WT)
- - +HAWWCT™- - + 34 = gt HAWWCH™ 3+
—— HA -—— = (7-)‘ — - LATS2 ~
0 O ol o = '8
‘ s | LATS2 e s s %%2_ o . —_ 5 - | HA %22_
a | e e P = N Y I e B W 2 w | o= = =] LATS2 gs | =
£ = ° °le O E <
T == Pkt p==]2 3 2] H & 2| wmem] HA S 21
e GRP1 [ @ 52 (. |° 11 1° °2 ii
Q
2 = WWC1 WT =
== st F=4 L S o
{4 » /\—44 70, G'?/,o Gy % WWCA1
So M TRy VR, ",
E F G
WWC1**-interact.
~4 1o, OFDR=<005 Ons. pTARPy-85277
;D_: AMEAG [ vector 1 WWC1
o related e WWC1**
Ie] o
e —~ - + - HAwwcCt
e B3 — - - + HAWWC1T*
- N F
O D = - - HA
3 <2
== & 2 e s we| TARPY-8
) =4
% NS [ v w| PTARPY-85277
9] IN e === ==| ACTIN
b= O 04
5 0133433738380 7% K
-log10 p
H
interaction SHISA6 SAP97 PSD95
WWC1/ : =D e
WWCH1 g ; 1 012 3
Log2 fold difference
[ ] verifiedbylP | s /Y "5 CAMKIla
E:""j not part Of // N = *
interactome ¥4 LR RN 0 1
[ see Fig.2A [PKMg] [cAsK]i[AkAPE  [PsDes/---- -
| = -
TARPY-8
CASK Ij"
3 0 2 4
01 2
MYO6 SYNPO
ki LUA -
0 1 . S 0 "1
12 \
1 recycling- \
] .
DNM1 \ endosome KIF5B
=R M ==
01 0 1
PACSI BLWHAB
12 0o 1

Figure 2. Mutant WWC1 segregates from LATS to modulate AMPAR scaffolds

(A) Co-immunoprecipitation (IP) of overexpressed HA WWC1 (WT) or HA WWC1** in primary hippocampal neurons. Protein extracts were used for IP of HA-
tagged proteins using either control immunoglobulin G (IgG) or anti-HA antibody. Detection of immunoprecipitated HA-tagged WWC1 proteins and endogenous
LATS2, PKM{, PICK1, GRIP1, and GLUA1, respectively (WCE, whole-cell extract).

(B) Quantification of data from (A) (*p = 0.0022, *p = 0.0111, ***p = 0.0006, *p = 0.0174, **p = 0.0034, two-tailed unpaired t tests, n = 4 mice).

(C) Representative immunoblots for HA and LATS2.

(legend continued on next page)
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that the majority of proteins with reduced expression were linked
to postsynaptic components (Figure 1A; Table S1) and functions
(Figure 1B; Table S1). In contrast, the majority of enriched pro-
teins were associated with presynaptic components (Figure 1A;
Table S1) and functions (Figure 1B; Table S1). This suggests that
the pattern of WWC1-dependent protein changes causes a shift
in pre- and postsynaptic balance, which may reflect compensa-
tory processes (Futai et al., 2007).

Itis known that changes in postsynaptic AMPAR number, orga-
nization, and function are critical for hippocampus-dependent
learning and memory (Bissen et al., 2019; Groc and Choquet,
2020). Thus, we asked whether any altered membrane proteins
in Wwc 7-KO mice are associated with AMPAR regulation. Impor-
tantly, these mice had normal levels of AMPARSs in hippocampal
protein extracts (Figure S2F). Indeed, 15 of the 213 WWC1-depen-
dent membrane-expressed proteins were associated with
AMPARs and were further validated by western blot (WB; Fig-
ure 1C; Figure S2G; Table S1). Within this group, only DLGAP2
was enhanced, while the remaining proteins were reduced in
membrane precipitates of Wwc 7-KO mice (Figure 1C; Figure S2G;
Table S1). We noted decreased levels of AMPAR regulators,
including cytoskeleton-associated proteins (Neurexin1, Homer1,
a-actinin), postsynaptic scaffolders (PSD93), and the inner
core AMPAR auxiliary protein MPP2 (Figure 1C; Figure S2G;
Table S1). Accordingly, these data indicate a hotspot of WWC1-
associated proteins implicated in various forms of AMPAR regula-
tion in the postsynaptic compartment.

Mutant WWC1 segregates from LATS to scaffold AMPAR
heterocomplexes

Previous research has shown that overexpression of WWC1 in
HEK293 cells shapes Hippo pathway activity through the binding
and subsequent stabilization of LATS1/2 (Xiao et al., 2011). In
addition, elevated WWC1 protein promotes basal and activity-
dependent GLUA1 trafficking and facilitates synaptic plasticity
in the rodent brain (Heitz et al., 2016; Tracy et al., 2016). This
duality of protein function prompted us to hypothesize that
WWCH1'’s interaction with LATS1/2 plays a decisive role in setting
its primary fate either within the Hippo pathway or in synaptic
regulatory networks. To shift WWC1 from its role in Hippo
signaling toward regulation of synaptic processes, we antago-
nized the WWC1-LATS2 interaction by overexpressing WWC1,
which harbors a double point mutation (P37/84A) in the two
WW domains known to be crucial for binding LATS2 (Figure S3A).
Adeno-associated virus (AAV)-mediated overexpression of the
hemagglutinin (HA)-tagged WWC1** mutant in primary hippo-
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campal neurons followed by co-immunoprecipitation (colP)
revealed strongly reduced binding between HA-WWC1** and
LATS2, and vice versa, compared with overexpressed HA-
WWC1 WT (Figures 2A-2D). At the same time, it resulted in an
enhanced interaction with AMPAR-binding partners PKM{¢
(Vogt-Eisele et al., 2014), GRIP1 (Dong et al., 1997), PICK1 (Ma-
kuch et al., 2011), and GLUAT1 (Figures 2A and 2B). Furthermore,
chemical induction of long-term potentiation (cLTP) in brain sli-
ces reduced WWC1-LATS binding (Figure S3B), suggesting
that the dissociation of WWC1 and LATS2 occurs in hippocam-
pal neurons following stimuli associated with synaptic plasticity
in mammals (Kopec et al., 2006). Various intracellular constitu-
ents are thought to regulate AMPARSs either directly or as part
of AMPAR hetero-protein complexes (Schwenk et al., 2012; Bre-
chet et al., 2017; Bissen et al., 2019). To complement the mem-
branome data, we next determined the LATS2-segregated
WWC1 (WWC1*) interactome in the hippocampus (Maccarrone
et al., 2017). By combining HA-affinity purification and label-free
proteomics, we identified 1,733 proteins and highlighted 1,408
proteins as significant interactors of WWC1**, including
AMPAR subunits 1-4 (Figures 2E and 2F; Table S2). A gene
annotation (Gene Ontology [GO]) analysis (Panther database;
Thomas et al., 2003) of these 1,408 interactor proteins revealed
various enriched cellular components and biological processes
(Table S2), consistent with the proposed function of WWC1 as
a synaptic scaffolder (Makuch et al., 2011; Wang et al., 2014;
Jietal, 2019; Fukuda et al., 2019). Subsequent SynGO analysis
(Koopmans et al., 2019) highlighted enrichment of WWC1** inter-
actors in all of the five main synaptic localizations: presynapse,
postsynapse, synaptic membrane, synaptic cleft, and extrasy-
naptic space (Figure S3C; Table S2). Likewise, functional enrich-
ment revealed involvement of WWC1** in all five annotated bio-
logical categories: pre- and postsynaptic processes, synaptic
organization, synaptic signaling, axonal and dendritic transport,
and metabolism (Figure S3D; Table S2). These data suggest that
the majority of WWC1** interactors are associated with neuronal
function. Comparison of both proteomic datasets (membranome
versus interactome) revealed a substantial overlap of 108
proteins (Figure 2F), highlighting that these proteins are not
simply WWC1 interactors but that their translocation to the
synaptic membrane is WWC1 dependent. Moreover, literature
mining of interactome data revealed 289 neuronal proteins
associated with AMPARs (Figure 2F; Figure S3E; Table S2).
Next, we validated various proteins including core constituents
of AMPAR complexes (e.g., TARPy-8, MPP2, SHISA6; Schwenk
et al., 2012), as well as direct and indirect AMPAR interactors,

(D) Quantification of data from (C) (**p = 0.0020, two-tailed unpaired t test, n = 4 mice).

(E) The WWC1**-dependent interactome identified by liquid chromatography-tandem mass spectrometry (LC-MS/MS) in hippocampal tissue. Significant protein
hits are shown in orange (volcano: false discovery rate [FDR] < 0.05, sO = 0.1, n = 4 mice per group; for further statistical information, see also Table S2).

(F) Venn diagram of the Wwc7-KO membranome compared with the WWC1** interactome in hippocampal tissue plus relation to AMPAR function.

(G) Quantification of WBs of pTARPy-852"7 over TARPy-8 in WWC1** versus WWC1 (WT, i.e., vector-transfected) primary hippocampal neurons (F», ¢ = 9.227,
**p = 0.0066, one-way ANOVA, *p < 0.05, **p < 0.01, Tukey’s post-hoc test, n = 4 for each group). colP of overexpressed HA-WWC1 (WT) versus HA-WWC1** in
primary hippocampal neurons. Protein extracts were used for IP of HA-tagged proteins using either control IgG or anti-HA antibody. Detection of immuno-
precipitated HA-tagged WWCH proteins and endogenous TARPy-8 and TARPy-85277,

(H) Schematic illustrating the validation of AMPAR interactors. colP was performed as described in (A) using lysates from WWC1** neurons or WWC1 (WT)
neurons (or vector-transfected neurons) quantified by WB. Scale indicates fold difference compared with WWC1 (WT) neurons (“p < 0.05, **p < 0.01, ***p < 0.001,
two-tailed unpaired t tests, n = 4 mice per group; for further statistical information, see also Table S2).

Data are mean + SEM.
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Figure 3. Improved learning and memory in
WWC1** mice

N a6 (A) Scheme illustrating the Morris water maze
(MWM) with 2 training trials per day. Mean first trial
escape latency over the entire training period for
WWC1**-overexpressing (WWC1**, n = 14) and
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such as CAMKIla or postsynaptic density (PSD) proteins
(Figures 2G and 2H; Figure S4; Table S2; Diering and Huga-
nir, 2018; Bissen et al., 2019). Given that TARPy-8 is predomi-
nantly expressed in the hippocampus (Kato et al., 2016)
and is a major CAMKIla substrate critically important for
memory processes (Rouach et al., 2005), we selected TARPy-
8 and CAMKIla for further investigations. Thereby, we found
that CAMKIla-dependent TARPY-8 phosphorylation is strongly
enhanced in WWC1**-expressing primary hippocampal neurons
when compared with the corresponding controls (Figure 2G).
In order to probe that WWC1 is an important AMPAR
regulator, we used a Wwc1 knockdown or control AAV in mouse
hippocampus. In tissue extracts from these mice, we determined
TARPy-8 interaction partners using IP and proteomics (Fig-
ure S5A). We identified a large number of AMPAR-relevant
proteins whose TARPY-8 binding behavior is altered by Wwc1
knockdown (Figure S5B; Table S3). Altogether, these data
demonstrate that, when dissociated from LATS, WWC1 be-
comes an important regulatory nexus for postsynaptic pro-
cesses that hold the potential for controlling different levels of
AMPAR physiology. This includes AMPAR membrane insertion;
stabilization; reinsertion after internalization (GRIP1; Dong
etal., 1997; Setou et al., 2002); AMPAR internalization and intra-
cellular anchorage (PICK1; Xia et al., 1999; Makuch et al., 2011);
AMPAR transport along microtubules (KIF1a, KIF5; Setou et al.,
2002; Shin et al., 2003); AMPAR trafficking to and at the (extra)
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0] WWC1** mice (n = 14) 14 days after learning (p =
CT&L WWC1 o 0.7416, p = 0.0027, two-tailed paired t tests). RID for
CTRL and WWC1** mice (p = 0.0081, two-tailed
unpaired t test).
Data are mean + SEM.

synaptic membrane (PSD93, PSD95, SAP102, TARPy-8,
CAMKIla; Schnell et al., 2002; Rouach et al., 2005; Elias et al.,
2006; Park et al, 2016); and postsynaptic anchoring of
AMPARs (Neurexin-1, a-actinin; Mondin et al., 2011; Matt
et al., 2018).

Synaptic WWC1 primes hippocampal learning

We next examined whether synaptic WWC1 improves hippo-
campal learning. Mice overexpressing WWC1** in the CA1 re-
gion of the dorsal hippocampus were able to form an improved
long-term memory for the platform position in the Morris water
maze (MWM) after training with an inefficient learning protocol
(Chowdhury and Caroni, 2018) of only two training trials per
day (Figure 3A). These memory-enhancing effects became
evident from the mean first trial escape latencies over the entire
training period, the day-to-day learning progress, and the result-
ing selective searching for the platform position in the probe trial
(Figure 3A). In addition, WWC1**-overexpressing mice, but not
controls, were also able to form a 24 h long-term memory of ob-
jects in the novel object recognition (NOR) test (Figure 3B), which
may last for at least 14 days after learning (Figure 3C).

DISCUSSION

We demonstrate that decoupling of WWC1 from Hippo signaling
lays the foundation for tethering postsynaptic AMPAR-containing
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hetero-protein complexes to promote the formation of long-term
memory. We characterize WWC1 as a major synaptic scaffold
protein, whereby our multilevel proteomic approach did not
merely recapitulate known neuronal WWC1 binding partners
implicated in AMPAR homeostasis but also revealed hitherto
unprecedented coverage and depth of WWC1-dependent mem-
brane protein expression and interactors.

One central and widely accepted hypothesis assumes that
synaptic plasticity, which underlies hippocampal learning and
memory, depends on AMPAR number and spatial organization
on postsynaptic sites (Penn et al., 2017; Diering and Huganir,
2018; Groc and Choquet, 2020). This necessitates a diverse
pattern of protein interactions, which coordinately guide
AMPAR trafficking (Schwenk et al., 2012; Brechet et al., 2017;
Diering and Huganir, 2018; Bissen et al., 2019). The spatial and
temporal organization of such highly structured molecular
signaling networks is accomplished through scaffolding proteins
(Elias et al., 2006; MacGillavry et al., 2013). Although recent
research strongly suggests that WWC1 is an important scaffold
of AMPAR-related postsynaptic proteins (Makuch et al., 2011;
Vogt-Eisele et al., 2014; Heitz et al., 2016; Tracy et al., 2016, Ji
et al., 2019), its hierarchical position in regulatory AMPAR het-
ero-protein complexes has not been investigated so far. Here,
a spatially restricted enzymatic tagging approach enabled us
to separate hippocampal transmembrane proteins from intracel-
lular proteins and thus selectively label, identify, and quantify the
Wwc1-dependent neuronal membranome (Loh et al., 2016). This
strategy, along with the analysis of the WWC1** interactome
(Gabriel et al., 2014), demonstrates that WWC1 participates in
assembling key molecular components of AMPAR-trafficking
networks. In addition to hundreds of previously unknown pro-
teins controlling various aspects of neuronal homeostasis, func-
tion, and plasticity, we show that WWC1 interacts with 298
AMPAR-related synaptic proteins including major proteins
such as PSD93, PSD95, TARPy-8, CAMKIla, and CACNB4
(Schwenk et al., 2012; Brechet et al., 2017; Bissen et al., 2019).
These data may provide a mechanistic explanation for the
impact of WWC1 on multiple layers of AMPAR physiology
(Makuch et al., 2011; Heitz et al., 2016; Tracy et al., 2016; Ji
et al., 2019). Notably, we identified WWC1 as a potential scaf-
folder for two critical steps of AMPAR regulation: first, WWC1
likely modulates the CAMKIla-dependent phosphorylation of
TARPY-8 at serine 277 (S277; Park et al., 2016), and second, it
may also participate in subsequent AMPAR movements and sta-
bilization through scaffolding their interaction with MAGUKS via
the PDZ domain of TARPy-8 (Nicoll et al., 2006).

An essential feature of WWC1 is bidirectional regulation of
memory-related processes (Vogt-Eisele et al., 2014; Heitz
et al., 2016; Tracy et al., 2016; Ji et al., 2019). Elevated WWCH1
levels primarily promote AMPAR surface insertion, synaptic
plasticity, learning, and memory, while reduced WWC1 levels
favor AMPAR internalization and compromise synaptic plasticity
and memory performance (Vogt-Eisele et al., 2014; Heitz et al.,
2016; Tracy et al., 2016; Ji et al., 2019). Interestingly, Tracy
et al. (2016) found that neuronal levels of WWC1 are downregu-
lated in patients suffering from severe AD. Further, our list of
WWC1-dependent, AMPAR-regulating proteins includes addi-
tional candidates such as PSD95 (Feyder et al., 2010) or
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VPS35 (Temkin et al., 2017), which are associated with neuro-
psychiatric disease. Nevertheless, bidirectional effects of
WWC1 on memory processes raise the question of how its
neuronal availability is governed and highlight the possibility
that targeting WWC1 could be clinically relevant. The strong
and specific interaction between WWC1-WW tandem domains
and LATS PPxY motifs that had been implicated in Hippo
pathway regulation (Xiao et al., 2011; Lin et al., 2019) can be
modulated through mutation in the N-terminal WW-domain
(Xiao et al., 2011). Here, we show that WWC1/LATS dissociation
through the WW-domain mutation induces WWC1 decoupling
from proliferation-related Hippo pathway (Yu et al., 2015) and
thereby promotes gain of synaptic function. Setting WWC1 regu-
lation apart from the Hippo cascade is fundamentally different
from standard approaches such as overexpression systems or
genetic knockdown (Makuch et al., 2011; Heitz et al., 2016).
These techniques may dramatically disrupt the protein homeo-
stasis of synapses and may not match with the physiological
mechanisms underlying WWCH1 regulation and availability.

WWC1/LATS dissociation within the dorsal hippocampus
enabled the animals to form a long-term memory about the hid-
den platform upon training with a limited number of daily trials,
which was insufficient in control animals (Chowdhury and Car-
oni, 2018). Moreover, it “converted” short-term into long-term
recognition memory, which lasted for the remarkable period of
at least 2 weeks.

Together, our data provide strong support for the hypothesis
that higher WWC1 accessibility through WWC1/LATS dissocia-
tion modulates AMPAR macromolecular complexes, which, in
turn, have the potential to counteract disease-related disruption
of AMPAR homeostasis and memory processes. The essential
role of AMPARSs in learning and memory has sparked a debate
about the most appropriate pharmacological strategy to improve
their function and/or synaptic abundance. Since direct allosteric
modulators have largely failed in clinical trials (Lynch et al., 2014;
Bernard et al., 2019; Brogi et al., 2019), we propose indirect,
WWC1-mediated targeting of AMPAR dynamics as a potential
strategy for the development of next-generation cognitive
enhancers.

Limitations of the study

A minor limitation of this study is that the method used to deter-
mine proteins on the cell membrane does not exclusively allow a
distinction between pure membrane proteins and proteins that
are bridged by them. On the other hand, the method presented
here provides a deeper insight into the membrane-proximal
changes caused by Wwc1 KO (Table S1). This explains that
although we demonstrate high biotin-labeling efficiency (Fig-
ure S2E), intracellular proteins were likely co-purified with bio-
tinylated transmembrane proteins (Weekes et al., 2010). While
our study shows that dissociation from LATS allows WWC1 to
regulate AMPAR trafficking, synaptic plasticity, and learning,
the mechanism(s) promoting WWC1/LATS dissociation re-
main(s) to be identified. Therefore, we will assess if the switch
from Hippo signaling to AMPAR regulation involves PTMs like
protein phosphorylation. Lastly, we demonstrated that the tran-
sient expression of WWC1** in the hippocampus enhance
AMPAR trafficking and learning. However, we cannot entirely
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rule out that expression of WWC1 (WT) causes comparable
behavioral effects to WWC1**.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

anti-b-actin Cell Signaling Technologies Cat#8457; RRID:AB_10950489
anti-ANK3 Thermo Fisher Scientific Cat#33-8800; RRID:AB_2533145
anti-AP2M1 Abcam Cat#ab106542; RRID:AB_10863380
anti-MPP2 Abcam Cat#ab231634; RRID: N/A
anti-BAIAP2 Sigma Cat#HPA023310; RRID:AB_1845264
anti-SEPT7 Abcam Cat#ab175229; RRID: N/A
anti-CACNB4 Abcam Cat#ab85788; RRID:AB_1860050
anti-ACTN4 Thermo Fisher Scientific Cat#42-1400; RRID:AB_2533514
anti-ARPC2 Abcam Cat#ab133315; RRID: N/A
anti-HOMERH1 Abcam Cat#ab88827; RRID:AB_2041667
anti-EFNB3 Abcam Cat#ab101699; RRID:AB_10860789
anti-RAC1 Thermo Fisher Scientific Cat#PA1-091; RRID:AB_2539856
anti-NRXN1 Sigma Cat#SAB4503629; RRID:AB_10747310
anti-ACTN1 Abcam Cat#ab18061; RRID:AB_444218
anti-DLGAP2 Abcam Cat#ab106520; RRID:AB_10858567
anti-PRKCZ Cell Signaling Technologies Cat#9368; RRID:AB_10693777
anti-LATS1 Cell Signaling Technologies Cat#3477; RRID:AB_2133513
anti-LATS2 Cell Signaling Technologies Cat#5888; RRID:AB_10835233
anti-KIBRA Cell Signaling Technologies Cat#8774; RRID:AB_10949111

anti-CACNG8/Tarpy-8
anti-HA

anti-FLAG

anti-PICK1

anti-GRIP1

anti-SAP97

anti-PSD95

anti-CASK

anti-PACSIN
anti-SHISA6

anti-DNM1

anti-SYNPO
anti-YWHAB, 14-3-3 beta
anti-AKAP5

anti-NCAM1

anti-MYO6

anti-CAMKIlla

anti-KIF5B

anti-DNAI1

anti-GLUA1

anti-GLUA2

anti-GLUA3

anti-rabbit I9G, HRP-linked
anti-mouse IgG, HRP-linked

Abcam

Cell Signaling Technologies
Sigma

Cell Signaling Technologies
Thermo Fisher Scientific
Thermo Fisher Scientific
Cell Signaling Technologies
Cell Signaling Technologies
Millipore

Novus Biologicals

Sigma

Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Cell Signaling Technologies
Thermo Fisher Scientific
Thermo Fisher Scientific
Cell Signaling Technologies
Sigma

Cell Signaling Technologies
Cell Signaling Technologies
Cell Signaling Technologies
Cell Signaling Technologies
Cell Signaling Technologies

Cat#ab116142; RRID:AB_10900936
Cat#3724; RRID:AB_1549585
Cat#F3165; RRID:AB_259529
Cat#85325; RRID:AB_2800051
Cat#PA5-67825; RRID:AB_2692230
Cat#PA1-741; RRID:AB_2092020
Cat#2507; RRID:AB_561221
Cat#2878; RRID:AB_2068716
Cat#AB10439; RRID:AB_1977407
Cat#NBP1-93747; RRID:AB_11024576
Cat#SAB2100611; RRID:AB_10604671
Cat#PA5-21062; RRID:AB_11156393
Cat#PA1-37002; RRID:AB_2217649
Cat#PA5-36155; RRID:AB_2553398
Cat#99746; RRID:AB_2868490
Cat#PA5-68238; RRID:AB_2691957
Cat#MA1-048; RRID:AB_325403
Cat#18148; RRID: N/A
Cat#HPA021843; RRID:AB_1847914
Cat#13185; RRID:AB_2732897
Cat#5306; RRID:AB_10622024
Cat#4676; RRID:AB_10547136
Cat#7074; RRID:AB_2099233
Cat#7076; RRID:AB_330924
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REAGENT or RESOURCE SOURCE IDENTIFIER
Bacterial and virus strains

AAV-pSyn-EGFP-WPRE-V1972 this paper N/A
AAV-pSyn-KIBRA-var3-P37A-2xHA_V2037 this paper N/A
AAV_SynP_KIBRA var3_2xHA this paper N/A
AAV1/2sh-scr_160719 this paper N/A
AAV_shWwc1_3_Syn1p_EGFP this paper N/A
Chemicals, peptides, and recombinant proteins

Sulfo-NHS-SS-biotin Pierce Cat#21331
streptavidin beads Thermo Fisher Scientific Cat#11206D
protein G dynabeads Invitrogen 100-03D
Rolipram Cayman Chemical Cat#10011132
Forskolin Cayman Chemical Cat#11018
Picrotoxin Cayman Chemical Cat#20771

Deposited data

mass spectrometry proteomics data this paper PXDO037756
deposited to the ProteomeXchange

Consortium via the PRIDE

Experimental models: Organisms/strains

Mice: C57BL/6N Max Planck Institute of Psychiatry RRID: N/A

Mice: 129SV/C57BL6/NY"°'~"- and 129SV/ Max Planck Institute of Psychiatry, PI: J. Makuch et al. (2011); RRID: N/A
C57BL6/NWWet+/+ Kremerskothen, H. Pavenstadt

Mice: C57BL/6N University Hospital Bonn RRID: N/A
Recombinant DNA

AAV-pSyn-EGFP-WPRE-V1972 this paper PI: M. Wehr
AAV-pSyn-KIBRA-var3-P37A-2xHA_V2037 this paper PI: M. Wehr
AAV_SynP_KIBRA _var3_2xHA this paper PI: M. Wehr
AAV1/2sh-scr_160719 this paper PI: M. Wehr
AAV_shWwc1_3_Syn1p_EGFP this paper Pl: M. Wehr
Software and algorithms

GraphPad Prism, Version 8 GraphPad Software, Inc. RRID:SCR_002798
SynGO, Synaptic Gene Ontologies Koopmans et al. (2019) RRID: N/A

Panther Classification System Thomas et al. (2003) RRID:SCR_004869
MaxQuant Cox and Mann (2008) RRID:SCR_014485
ANY-maze, Version 7 Stoelting RRID:SCR_014289
Perseus Tyanova et al. (2016) RRID:SCR_015753
Automated literature search, source code in this paper RRID: N/A

STAR Methods section

RESOURCE AVAILABILITY

Lead contact
Further information, resources, and reagents are available from the lead contact, Nils C. Gassen (nils.gassen@ukbonn.de), upon
reasonable request.

Materials availability
This study did not generate new unique reagents.

Data and code availability

The published article includes all datasets generated or analyzed during this study. Membranome and interactome unprocessed
data see Tables S1, S2, S8.
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The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE (Perez-Riverol
et al., 2022) partner repository with the dataset identifier PXD037756.

All data reported in this paper will be shared by the lead contact upon request.

All original code is available in this paper’s STAR Methods section.

Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mouse strains

Experiments were performed with group-housed adult (7-12 weeks), male mice, which were maintained in IVC racks (Greenline Tec-
niplast; equipped with bedding and wooden enrichment tubes) under standard laboratory conditions (temperature: 22°C + 3°C,
humidity: 50% + 10%), ad libitum access to food and water. Mice were housed under a 12 h:12 h light-dark cycle (lights on at
06:00 h) in the vivarium of the Max Planck Institute of Psychiatry or University Hospital Bonn and were tested during the light phase.
Animals were allowed to acclimatize for at least 7 days before starting experiments. If not stated otherwise, mice were kept on the
C57BL/6N background and derived from internal breeding stocks (Max Planck Institute of Psychiatry, University Hospital Bonn).
Wwc1-KO mice (Makuch et al., 2011; Vogt-Eisele et al., 2014) were maintained on a 129SV/C57BL6/N hybrid background. Exper-
iments were performed on homozygous males (KO = Wwc1~/7) and their age-matched littermate controls (WT = Wwc1*/*). All animal
studies were in agreement with the government of Upper Bavarian (AZ: ROB-55.2-2532.Vet_02-18-55) and were conducted in accor-
dance with the recommendations of the Federation for Laboratory Animal Science Associations and according to the European
Community Council Directive 2010/63/EEC.

Primary cell cultures

Primary hippocampal neurons were prepared from C57BL/6N mouse embryos (E17.5-18.5, sex of the embryos was not determined)
and maintained in Neurobasal-A medium with 2% B27 and 0.5 mM GlutaMAX-I (Gibco) at 37°C and 5% CO, (Dotti et al., 1988; Goslin
et al., 1998).

METHOD DETAILS

Chemicals

Isoflurane (Isofluran CP®, cp-pharma) was used at a concentration of 1.0-2.5%. Rolipram (#10011132), Forskolin (#11018) and
Picrotoxin (#20771) (all Cayman Chemical) were dissolved in DSMO to generate stock solutions of 1 mM, 50 mM and 100 mM,
respectively. Sulfo-NHS-SS-biotin (Pierce, #21331) was dissolved in DMSO to generate a 200 mg/mL stock solution.

Chemical long-term potentiation (cLTP)

7 weeks old mice were anesthetized with Isoflurane and decapitated. All following steps were done in ice-cold, sucrose-based saline
saturated with carbogen gas (95% O./5% CO,). This saline (adjusted to pH 7.3-7.4) consisted of (in mM): 87 mM NacCl, 2.5 mM KClI,
25 mM NaHCOg3, 1.25 mM NaH,PO,4 x H,0O, 10 mM Glucose x H,O, 75 mM Sucrose, 0.5 mM CaCl, x 2 H,O, 7 mM MgCl, x 6 H,0.
Hemispheres were separated to obtain slices from each animal for the control and cLTP group. Subsequently, 400 um-thick trans-
versal slices were prepared as previously described (Bischofberger et al., 2006; Frech et al., 2015; a-angle of ~10° and a B-angle of
0°) using a vibratome (Leica VT1200S; amplitude = 1 mm; speed = 0.1 mm/s). Afterward, slices were stored at 34°C for at least 30 min
in carbogenated ACSF. This saline (adjusted to pH 7.3-7.4) consisted of (in mM): 130 NaCl; 2.75 KClI; 1.43 MgSQy; 2.5 CaCly; 1.1
NaH,POy; 28,82 NaHCO3; 5 HEPES and 11 D-glucose. For chemical induction of long-term potentiation (cLTP), sections were trans-
ferred to carbogenated ACSF containing 100 nM rolipram, 50 uM forskolin, and 100 uM picrotoxin and incubated for 15 min at room
temperature (RT) (carbogenated ACSF with 0.21% DMSO for controls) (Kopec et al., 2006). After an additional 5 or 15 min incubation
period at RT in normal ACSF, slices were transferred to a plastic Petri dish and the hippocampi were punched out. Tissue from two
sections (one from each hemisphere) was pooled in a reaction tube, centrifuged, snap frozen with LN2 and stored at —80°C until
further analysis (see co-immunoprecipitation). Immunoprecipitates of protein extracts were analyzed using capillary-based immuno-
assays (Jess, ProteinSimple). When quantifying co-immunoprecipitated proteins, their signals were normalized to input protein and
to the precipitated interactor protein.

Morris water maze (MWM)

The test was performed in a circular white pool with a diameter of 150 cm and 41 cm high walls that was placed on a table so that the
edge of the wall was elevated 110 cm above the floor. The pool was filled with fresh tap water to a height of 33 cm on the first day
before the first trial. The water temperature was maintained at 21 + 1°C. The pool was localized in the middle of a cubic-like room
(W309 cm x L357 cm x H283 cm), which contained prominent customized landmarks at the walls (rectangular, triangular and circular
posters with different black/white patterns, fixed 170 cm above the floor), but no windows or additional prominent cues. The com-
puter for video tracking was placed in the SW corner and a sink located in the NE corner, both not visible to the animals from the pool.
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The room was illuminated by indirect light with two spots facing to the wall, resulting in 11.5 lux at water surface level. The escape
platform of clear acryl plexiglas (diameter: 10 cm) was placed in a fixed position in the NW quadrant 1 cm beneath the water surface
and 35 cm away from the wall.

Mice were transported cage-wise from the holding to the adjacent training room, and placed in front of a heating lamp after
completing all trials. As indicated in the respective paragraphs of the results section and/or figure legends, each animal had to
perform 2 trials per day with differing starting positions over a period of 5 days and with an inter-trial interval of 3-7 min. The starting
positions were assigned in random order out of 7 positions evenly distributed along the perimeter of the pool. For each trial, mice were
gently placed on the water surface facing the wall, and the experimenter took a seat at a fixed position the room. If an animal climbed
onto the platform, it remained there for further five seconds until the experimenter brought the animal back to its home cage with the
help of a metal grid fixed to a stick. If an animal did not find the platform within 60 s, the experimenter guided the animal to the platform
with the stick without touching the mouse and noted 61 s as escape latency.

Each trial was recorded and analyzed by ANY-maze (version: 7, Stoelting). We assessed the following main parameter: (i) the
escape latency recorded during the first trial per day (as a measure of long-term memory formation which is not confounded by
short-term memory processes at a given training day) and, (ii) escape latencies averaged over all training days. 24 h after the last
training, animals performed a 60 s probe trial during which the platform was removed from the maze, and the animals were started
from the quadrant opposite to the target quadrant. The video tracking software divided the pool into 4 virtual quadrants, and we as-
sessed, (iii) the time the animals spent in each of the quadrants. We also used the software option to additionally present averaged
heat maps of MWM exploration that illustrate the selectivity of searching.

Novel object recognition (NOR)

Experiments were performed in a Y-shaped setup (arm length: 30 cm, arm width: 10 cm, wall height: 15 cm; floor covered with
bedding) under low-light conditions (<40 lux). After a 9 min habituation trial at d0, mice were place in the base arm, with two identical
objects (screw nut 6 cm X 4 cm, or bottle 7 cm X 5 cm) in the end of the upper left and upper right arms, and allowed to explore the
objects for 9 min at d1 (sampling). One or 14 days later, mice were placed back to the setup for 9 min whereby one familiar object (FO)
was replaced by a novel object (NO). The setup equipped with new bedding after each trial. Object type, start position and position of
FO and NO were completely randomized, and all sessions were videotaped. A trained observer who was unfamiliar to the experi-
mental groups, object type and position scored offline the interaction time of the animals with each of the objects during the test
phase. As measure of object recognition memory, we considered both the exploration time spent with each object as well as the ratio
of investigation duration (RID), which was calculated as follows: (NO-FO)/(NO + FO).

Stereotactic virus injections

Stereotactic virus injections into the dorsal Hippocampus (AP -2.3, ML: 1.65; DV: 1.6 mm) took place under isoflurane anesthesia
(1.0-2.5%, Isofluran CP, cp-pharma). Mice were placed onto a heating pad, eyes were covered by applying moisturizing ointment.
Fur was shaved and the skin was cleaned and pretreated with lidocaine. Skin was opened, the periosteum was removed using a cot-
ton swab and the cranial bones were cleaned with 3% H,0,. On basis of bregma and Lambda, a hole was drilled into the skull at the
position of the coordinates. A hamilton syringe was used to inject 300 nL of AAV-pSyn-EGFP-WPRE-V1972, AAV-pSyn-KIBRA-var3-
P37A-2xHA_V2037, AAV_SynP_KIBRA_var3_2xHA, AAV1/2sh-scr_160719 or AAV_shWwc1_3_Syni1p_EGFP at a rate of 100 nL
min~" bilaterally. Analgesia was applied pre- (Metamizol 200 mg kg~ (Merck), s.c.; Metacam, 5 mg kg~ (Boehringer-Ingelheim),
s.c.) and postsurgically (Metacam, 5 mg kg™, as required; p.o.).

Membrane protein biotinylation

Mouse hippocampal slices were washed (3 x ice-cold ACSF) and biotinylated with 1 mg/mL~" sulfo-NHS-SS-biotin in ACSF on ice for
45 min. After washing (3 x ice-cold ACSF) and 10 min incubation on ice slices were washed in slice quench buffer (3 x ice-cold,
125 mM NaCl, 2.5 mM KCl, 1.2 mM NaH,PQOy4, 1.2 mM MgCl,, 2.4 mM CaCl,, 26 mM NaHCO3, and 11 mM glucose, 100 mM glycine)
and incubated in slice quench buffer for two times 25 min on ice. Slices were washed again (3 x ice-cold.

150 ACSF) and lysed inice-cold RIPA buffer (10 mM Tris, pH 7.4, 150 mM NaCl, 1.0 mM EDTA, 1% Triton X-100, 0.1% SDS, 1% Na
deoxycholate) supplemented with protease inhibitors (Pl; Merck Millipore) for 30 min at 4°C while rotating. The centrifugation-cleared
(15 min, 4°C, 18,000 x g) supernatant was used for streptavidin precipitation using magnetic streptavidin beads (Thermo, #11206D). A
fraction of lysate was stored for Western blotting. Beads were equilibrated in RIPA (3 x at room temperature) and added to the lysates.
Binding was performed by rotating the tubes (Protein LoBind Tubes 1.5 mL, Eppendorf) overnight at 4°C. Beads were washed (3 x
RIPA + Pl) and pellet was either air dried and send to proteomics or eluted in 2 x SDS-PAGE reducing sample buffer (30 min at room
temperature). Lysates and elutes were analyzed by Western blotting.

Biotinylation efficiency using dot blot

A volume of 1 uL protein extracts from biotinylated tissue slices (as described above) corresponding to a total of 2 pg of protein was
applied dot-wise to a dry methanol-activated PVDF membrane (BioRad). The membrane was left to dry for 10 min and subsequently
placed in Tris-buffered saline, supplemented with 0.05% Tween (TBS-T, Sigma-Aldrich) and 5% non-fat milk (Carl Roth) for 1 h at
room temperature while gentle agitation.
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For the detection of biotinylated proteins, the membrane was probed with Streptavidin-HRP (Protein Simple) at a dilution of 1:1,000
in TBS-T for 1 h at room temperature while gentle agitation. After three 5 min washes with TBS-T, Streptavidin-biotin conjugates were
visualized using ECL detection reagent (BioRad). Determination of the dot intensities were performed with BioRad, ChemiDoc MP.

Immunoblot analysis

Protein extracts were obtained by lysing cells in Pierce IP lysis buffer (150 mM NaCl, 1% NP-40, 1 mM EDTA, 5% glycerol, 25 mM Tris-
HCI (pH7.4), Thermo Fisher Scientific) freshly supplemented with protease inhibitor (Merck Millipore), benzonase (Merck Millipore), 5 mM
DTT (Sigma-Aldrich), and 1% PhosSTOP phosphatase inhibitor (Roche). Proteins were separated by SDS-PAGE and electro-transferred
onto PVDF membranes or were analyzed using semi-automated capillary-based immunoassays (Jess, ProteinSimple). Blots were
placed in Tris-buffered saline, supplemented with 0.05% Tween (Sigma-Aldrich) and 5% non-fat milk for 1 h at room temperature
and thenincubated with primary antibody (diluted in TBS/0.05% Tween) overnight at 4°C while shaking. The following primary antibodies
were used: beta-actin (1:5,000 Cell Signaling Technology, #8457), ANK3 (1:1,000 Thermo Fisher, #33-8800), AP2M1 (1:1,000 ABCAM,
ab106542), MPP2 (1:1,000 ABCAM, ab231634), BAIAP2 (1:1,000 Sigma, HPA023310), SEPT7 (1:1,000 ABCAM, ab175229), CACNB4
(1:1,000 ABCAM, ab85788), ACTN4 (1:1,000 Thermo Fisher, #42-1400), ARPC2 (1:1,000 ABCAM, ab133315), HOMER1 (1:1,000
ABCAM, ab88827), EFNB3 (1:1,000 ABCAM, ab101699), RAC1 (1:1,000 Thermo Fisher, #PA1-091), NRXN1 (1:1,000 Sigma,
SAB4503629), ACTN1 (1:1,000 ABCAM, ab18061), DLGAP2 (1:1,000 ABCAM, ab106520), PRKCZ (1:1,000 Cell Signaling Technology,
#9368), LATS1 (1:1,000 Cell Signaling Technology, #3477), LATS2 (1:1,000 Cell Signaling Technology, #5888), KIBRA (1:1,000 Cell
Signaling Technology, #8774), CACNG8/TARPy-8 (1:1,000 ABCAM, ab116142), HA (1:8,000 Cell Signaling Technology, #3724),
FLAG (1:1,000 Sigma, F3165), PICK1 (1:1,000 Cell Signaling Technology, #85325), GRIP1 (1:1,000 Thermo Fisher, #PA5-67825),
SAP97 (1:1,000 Thermo Fisher, #PA1-741), PSD95 (1:1,000 Cell Signaling Technology, #2507), CASK (1:1,000 Cell Signaling Technol-
ogy, #2878), PACSIN (1:1,000 Millipore, AB10439), SHISA6 (1:11,000 Novus Biologicals NBP1-93747), DNM1 (1:1,000 Sigma
SAB2100611), SYNPO (1:1,000 Thermo Fisher, #PA5-21062), YWHAB (1:1,000 Thermo Fisher, #PA1-37002), AKAP5 (1:1,000 Thermo
Fisher, #PA5-36155), NCAM1 (1:1,000 Cell Signaling Technology, #99746), MYO6 (1:1,000 Thermo Fisher, #PA5-68238), CAMKIlo.
(1:1,000 Thermo Fisher, #MA1-048), KIF5B (1:1,000 Cell Signaling Technology, #18148), DNAI1 (1:1,000 Sigma HPA021843), GLUA1
(1:1,000 Cell Signaling Technology, #13185), GLUA2 (1:1,000 Cell Signaling Technology, #5306), GLUA3 (1:1,000 Cell Signaling Tech-
nology, #4676), Secondary antibodies: anti-rabbit IgG, HRP-linked antibody (1:10,000, Cell Signaling Technology, #7074), anti-mouse
1gG, HRP-linked antibody (1:10,000, Cell Signaling Technology, #7076).

Subsequently, blots were washed and probed with the respective horseradish peroxidase- (or fluorophore-conjugated) secondary
antibody for 1 h at room temperature. The immuno-reactive bands were visualized using ECL detection reagent (BioRad). Determi-
nation of the band intensities were performed with BioRad, ChemiDoc MP.

In general, protein quantification was performed by normalization to the intensity of actin, which was determined on the same
membrane. For quantification of phosphorylated proteins this signal was always referred to the signal intensity of the corresponding
total protein.

Transfections

Primary hippocampal neurons were either transfected using AAVs or by nucleofection. For nucleofection cells (2 x 10°) were resus-
pended in 100 pL of transfection buffer (50 mM HEPES (pH 7.3), 90 mM NaCl, 5 mM KCI, and 0.15 mM CaCl,). Up to 2 ug of plasmid
DNA was added to the cell suspension, and electroporation was carried out using the Amaxa 2B-Nucleofector system (Lonza). Cells
were replated at a density of 10° cells/cm?.

Co-immunoprecipitation (Co-IP)

Immunoprecipitations of HA-tagged proteins or endogenous TARPvy-8 were performed using protein extracts (n = 4 per group) from
hippocampus of control-AAV, HA-WWC1, HA-WWC1**-infected or shWwc1-infected mice or from mouse hippocampal primary cells
transformed with the same AAVs. Briefly, 500 ug of lysate was incubated overnight with 2 ng of the appropriate IP-antibody (HA (Cell
Signaling Technologies, #3724), (TARPy-8 (ABCAM, ab116142) or IgG as control; FLAG (Sigma, F3165); and LATS2 (Cell Signaling
Technologies, #5888) at 4°C. 20 pL of protein G dynabeads (Invitrogen, 100-03D) was blocked with BSA and subsequently added to
the lysate-antibody mix and allowed to incubate at 4°C for 3 h in order to mediate binding between the dynabeads and the antibody-
antigen complex of interest. The beads were washed three times with ice-cold PBS and either sent for proteomics or eluted as follows
for Western blotting. The protein-antibody complexes were eluted with 60 uL Laemmli loading buffer. Thereafter, the eluate was
boiled for 5 min at 95°C. Then 2-5 uL of each immunoprecipitate reaction product was separated by SDS-PAGE and electro-trans-
ferred onto nitrocellulose membranes.

Label-free quantitative proteomic analysis of membrane proteins and WWC1 interaction partners

For reduction and alkylation of the proteins, PBS washed magnetic beads were incubated with SDC buffer (1% Sodiumdeoxycho-
late, 40 nM 2-Cloroacetamide (Sigma-Aldrich), 10 mM tris(2-carboxyethyl)phosphine (TCEP, PierceTM, Thermo Fisher Scientific) in
100 mM Tris, pH 8.0) for 20 min at 37°C. Before digestion the samples were diluted 1:2 with MS grade water (VWR). Samples were
digested overnight at 37°C with 1 pg trypsin (Promega).
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After digestion, magnetic beads were separated from the supernatant with the help of a magnetic rack. The supernatants were
collected in a new 1.5 mL reaction tube (Eppendorf) and acidified with Trifluoroacetic acid (Merck) to a final concentration of 1%
and pH value of <2, followed by purification via SCX StageTips (Rappsilber et al., 2007), washed with 1% TFA in Isopropanol, followed
by a second wash with 0.2% TFA, eluted as one fraction with 80% Acetonitrile and 5% Ammonia (Merck). Samples were vacuum
dried and re-suspended in 6 pL of Buffer A (0.1% formic acid (Roth) in MS grade water (VWR).

Half of the purified samples were loaded onto a 15 cm column (inner diameter: 75 microns; packed in-house with ReproSil-Pur
C18-AQ 1.9-micron beads, Dr. Maisch GmbH) via the autosampler of the Thermo Easy-nLC 1000 (Thermo Fisher Scientific) at
50°C. Using the nanoelectrospray interface, eluting peptides were directly sprayed into a Q Exactive HF mass spectrometer (Thermo
Fisher Scientific).

Peptides were loaded in buffer A (0.1% (v/v) formic acid) at 250 nL min~" and percentage of buffer B (80% acetonitrile, 0.1% formic
acid) was ramped to 30% over 60 min followed by a ramp to 60% over 15 min then 95% over the next 5 min and maintained at 95% for
another 10 min.

The mass spectrometer was operated in a data-dependent mode with survey scans from 300 to 1650 m/z (resolution of 60,000 at
m/z = 200), and up to 15 of the top precursors were selected and fragmented using higher energy collisional dissociation (HCD with a
normalized collision energy of value of 28). The MS2 spectra were recorded at a resolution of 15,000 (at m/z = 200). AGC target for MS
and MS2 scans were set to 3E6 and 1E5 respectively within a maximum injection time of 100 and 25 ms for MS and MS2 scans
respectively.

Raw data were processed using the MaxQuant (Cox and Mann, 2008) computational platform. The peak list was searched against
Mouse Uniprot databases, with an initial precursor mass deviation up to 4.5 ppm for main search and an allowed fragment mass de-
viation of 20 ppm. MaxQuant by default enables individual peptide mass tolerance and was used in the search. Cysteine carbami-
domethylation was set as the static modification, and methionine oxidation and N-terminal acetylation as variable modifications. The
match between the run feature was enabled, and proteins were quantified across samples using the label-free quantification algo-
rithm in MaxQuant as label-free quantification (LFQ) intensities. Notably, LFQ intensities do not reflect true copy numbers because
they depend not only on the amounts of the peptides but also on their ionization efficiencies; thus, they only served to compare abun-
dances of the same protein in different samples (for unprocessed data see Tables S1, S2, and S3).

Panther classification system
Proteins derived from the WWCH1 interactome analysis were functionally classified using the PANTHER classification system (Thomas
et al., 2003; v.15.0). A total of 1275 UniProtKB IDs out of 1408 were successfully mapped.

SynGO

SynGO annotated genes in the WWC1 interactome were derived from the geneset analysis using the SynGO knowledgebase (Koop-
mans et al., 2019) against a list of all brain expressed genes (default background set, specified as ’expressed in any GTEx v7 brain
tissue’). For enrichment analysis, a 1-sided Fisher exact test with 'greater than’ hypothesis was applied for each ontology term
comparing the gene list against the background set. The GSEA ’gene cluster’ FDR corrected p value (g-value) cutoff is >0.01.

Automated literature search

Protein lists resulting from the interactome analyses were subjected to an automated literature search performed with a custom py-
thon code, revealing as output the number of references found for each search. For the interactome list, the algorithm performed an
automated PubMed search of the protein with “AMPA receptor" or “GIuR1” or “GluR2” or “GIuR3” or “GluR4” or “GIuA1” or
“GluA2” or “GIuA3” or “GluA4” or “Grial” or “Gria2” or “Gria3” or “Griad4”. False positives resulting from protein name or abbre-
viation ambiguity were manually corrected.

import openpyx! as xl

import numpy as np

import xlIsxwriter

from Bio import Entrez

def search(query):

Entrez.email = ’email’ #enter email address

handle = Entrez.esearch(db = 'pubmed’, sort = ’relevance’,
retmax = ’500’, retmode = 'xml’,

term = query)

results = Entrez.read(handle)

return results

def fetch_details(id_list):

ids =",”.join(id_list)

Entrez.email = ’email’ #enter email address

handle = Entrez.efetch(db = 'pubmed’, retmode = 'xml’, id = ids)
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results = Entrez.read(handle)

return results

wb = xl.load_workbook(’file’) #replace with excel file name

sheet = wb[’'workbook’] #replace with workbook name

howmanypapers = np.zeros(shape = [y,x]) #replace with workbook coordinates

allidlists =[]
for row in range(y, sheet.max_row +1): #replace with workbook coordinates
try:

cell = sheet.cell(row, x) #replace with workbook coordinates

results = search(cell.value + ‘("AMPA receptor" OR GluR1 OR GIuR2 OR GIuR3 OR GIuR4 OR GluA1 OR GluA2 OR GIuA3 OR
GluA4 OR Gria1l OR Gria2 OR Gria3 OR Gria4)’)

id_list = results[’ldList’]

allidlists.append(id_list)

howmanypapers[row-2] = len(id_list)

finallist = (‘row: ’ + str(row) + ’ for ’ + cell.value + ’ found ’ + str(len(id_list)) + * publications’)

print(finallist)

except:

print('error reading cell ’ + str(row))

QUANTIFICATION AND STATISTICAL ANALYSIS

Behavioral studies: To analyze the development of long-term memory formation in the MWM, we compared the development of
escape latencies during the first trial per day over the course of training, using 2-way RM ANOVA, followed by post-hoc test as indi-
cated in the corresponding figure legend. In addition, we compared the mean escape latencies over all training trials (unpaired t test),
and the selectivity of spatial learning by considering the time the animals spent in each quadrant during the probe trial (2-way RM
ANOVA), followed by post-hoc test as indicated in the corresponding figure legend. To reveal novel object recognition, we compared
the investigation duration of the FO and NO separately per group (two-tailed paired t-tests), and the RIDs (two-tailed unpaired t-tests).

Membranome/Interactome: The Perseus software suite (v. 1.6.0.9; Tyanova et al., 2016) was used to filter out contaminants,
reverse hits and protein groups, which were only identified by site. Only protein groups that were detected in at least 70% of the rep-
licates of one condition were considered for the analysis.

The filtered data was log(2) transformed and missing values were imputed according to the normal distributed imputation algorithm
implemented in the Perseus framework. Default values were used (width: 0.3; down shift: 1.8). To find the significantly regulated pro-
tein groups Students t Test, analysis of variance (ANOVA), and volcano plot analysis, were performed with a false discovery rate (FDR)
correction for multiple testing.

All other data were analyzed by two-tailed paired/unpaired t test or by one-, or two-way ANOVA as appropriate using GraphPad
Prism software (GraphPad Software, Inc., Version 8). Significant main or interaction effects were followed by Bonferroni or Tukey’s
post-hoc tests as appropriate. The criterion for significance was set at p < 0.05. For all data, results are shown as the mean + s.e.m. All
statistical details can be found in the figure legends and supplemental tables/figures.
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