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Neurexin-f Mediates the Synaptogenic Activity of Amyloid
Precursor Protein

Vedrana Cvetkovska,'* Yuan Ge,'* Qin Xu,”> Shaokun Li,> Peng Zhang,"> and Ann Marie Craig'
'Djavad Mowafaghian Centre for Brain Health and Department of Psychiatry, University of British Columbia, Vancouver, British Columbia
V6T 2B5, Canada and *Department of Neurosciences, School of Medicine, Case Western Reserve University, Cleveland, Ohio 44106

In addition to its role in Alzheimer’s disease, amyloid precursor protein (APP) has physiological roles in synapse develop-
ment and function. APP induces presynaptic differentiation when presented to axons, but the mechanism is unknown. Here
we show that APP binds neurexin to mediate this synaptogenic activity. APP specifically binds f not a neurexins modulated
by splice site 4. Binding to neurexin heparan sulfate glycan and LNS protein domains is required for high-affinity interaction
and for full-length APP to recruit axonal neurexin. The synaptogenic activity of APP is abolished by triple knockdown of
neurexins in hippocampal neurons pooled from male and female rats. Based on these and previous results, our model is that
a dendritic-axonal trans dimer of full-length APP binds to axonal neurexin-f§ to promote synaptic differentiation and func-
tion. Furthermore, soluble sAPPs also bind neurexin-f and inhibit its interaction with neuroligin-1, raising the possibility
that disruption of neurexin function by altered levels of full-length APP and its cleavage products may contribute to early
synaptic deficits in Alzheimer’s disease.
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ignificance Statement

The prevailing model for the basis of Alzheimer’s disease is the amyloid cascade triggered by altered cleavage of amyloid pre-
cursor protein (APP). APP also has physiological roles at the synapse, but the molecular basis for its synaptic functions is not
well understood. Here, we show that APP binds the presynaptic organizing protein neurexin- 3 and that neurexin is essential
for the synaptogenic activity of APP. Furthermore, soluble APP forms generated by APP cleavage also bind neurexin- /3 and
can block interaction with transmembrane synaptogenic ligands of neurexin. These findings reveal a role for neurexin-APP
interaction in synapse development and raise the possibility that disruptions of neurexin function may contribute to synaptic
and cognitive deficits in the critical early stage of Alzheimer’s disease.
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Introduction

APP is a conserved transmembrane protein that is extensively
cleaved by a-, B-, and y-secretases creating numerous cleavage
products, including AB involved in Alzheimer’s disease (AD)
pathogenesis (Selkoe and Hardy, 2016). AB impairs synaptic
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structure and function (Canter et al., 2016), and a recent study
found that reduction of glutamatergic synaptic transmission and
plasticity by AB oligomers depends on native APP (Rolland et
al., 2020). Synaptic loss is widely accepted to be an early step in
AD pathogenesis, and a meta-analysis revealed selective vulner-
ability of presynaptic components (de Wilde et al., 2016). In con-
trast to the detrimental effects of A3, numerous studies support
physiological roles for full-length APP in promoting synapse de-
velopment and function (for review, see Muller et al, 2017),
including in triggering presynaptic differentiation (Wang et al,,
2009). Thus, perturbed synaptic organizing activity by full-length
APP as well as toxic effects of A8 may contribute to synaptic
dysfunction in AD.

In the mammalian neuromuscular junction, APP is required in
both cholinergic neurons and target muscles for correct synaptic dif-
ferentiation (Wang et al., 2009). As APP is present both in presynap-
tic and postsynaptic compartments, some studies have suggested
that a trans-synaptic APP dimer participates in synapse formation
and stabilization (Wang et al, 2009; Baumkotter et al, 2014).
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Dimers involved may include APP with itself and the closely
related Amyloid Precursor-Like Proteins (Wang et al., 2009;
Schilling et al., 2017). A powerful demonstration of the syn-
apse-promoting role of APP is the finding that presentation of
APP to axons is sufficient to trigger local presynaptic differen-
tiation (Wang et al., 2009). This synaptogenic activity requires
axonal APP family members, APP dimerization, copper bind-
ing to APP, and is reduced by APP cleavage (Wang et al., 2009;
Baumkotter et al., 2014; Stahl et al., 2014). A proteomics screen
revealed close interactions of APP with synaptotagmin-1 and
synaptic vesicle proteins (Kohli et al., 2012), and APP and its
soluble ectodomain forms modulate transmission through pre-
synaptic GABAp receptors (Rice et al., 2019). Yet the signal
transduction mechanism through which APP triggers presyn-
aptic differentiation is unknown.

Recently, AB oligomers were found to interact with neurex-
ins (Nrxs) and modulate their function (Naito et al., 2017). Nrxs
are presynaptic organizer protein hubs that recruit extensive pro-
tein machinery involved in the differentiation, maintenance, and
function of synapses (Reissner et al., 2013; Sudhof, 2017; Gomez
et al., 2021). Nrxs interact with several families of postsynaptic
ligands, including the neuroligins (NLs), LRRTMs, and cerebel-
lin-GluD complexes (Jeong et al., 2017; Roppongi et al., 2017;
Sudhof, 2017; Yuzaki, 2018). The three mammalian Nrx genes
show partial overlap in expression and function. While mice sur-
vive deletion of any one but not all three Nrx genes (Missler et
al., 2003), loss of individual Nrx genes perturbs synaptic trans-
mission in specific circuits (e.g., Aoto et al., 2015). Further mo-
lecular diversity generated from each Nrx gene by transcription
at two alternate promoters producing long Nrx-« and short Nrx-
B forms and alternative splicing at up to six splice sites regulates
ligand interactions and function (Gomez et al., 2021). Nrx func-
tion is also regulated by post-translational modifications. In par-
ticular, heparan sulfate (HS) modification is necessary for the
function of all Nrxs by participating in the binding interface for
NLs and LRRTMs (Zhang et al., 2018).

Here we show that APP interacts with all Nrx-3 in a manner
similar to that of Nrx’s other synaptogenic ligands, through dual
HS and protein domain binding, involving a higher-affinity
interaction distinct from that of A8 oligomers. Furthermore, the
synaptogenic activity of APP requires axonal Nrxs. Perturbations
of APP-Nrx interactions may contribute to synaptic dysfunction
in neurologic disorders, including the early, subtle synaptic
changes that occur in the preclinical stages of AD.

Materials and Methods

DNA constructs. Plasmids were generated using standard restriction
enzyme cloning or Gibson assembly (NEB). V5-tagged Nrx mouse
c¢DNA constructs (Zhang et al., 2018) were subcloned into a pCAGGS
vector between EcoRI and Pacl for COS-7 expression. The extracellular
domain of V5-Nrx1B (amino acids 1-358) was subcloned into a
pHLsec-Avi3-His vector (Aricescu et al., 2006) between EcoRI and Kpnl
for protein purification in HEK293 cells. Neural expression of Nrx1f
was done with pLL3.7hSyn-YFP-2A-V5-Nrx18 WT or AHS mutant
(Zhang et al., 2018). Nrx deletion mutants were described previously
(Graf et al., 2004).

The Nrx triple-knockdown (shNrx) adeno-associated virus (AAV)
vector pAAV-rNrx-TKD was made by subcloning the whole four
shRNA cassettes from previous pFB-AAV-rNrx-TKD (Zhang et al,
2018) into the BglII and Xhol sites of pAAV.hSyn.eGFP.WPRE.bGH
vector (Addgene #105539) for viral packaging in a mammalian cell line.
An shRNA against MorB (Takahashi et al., 2011) was inserted into the
same pAAV backbone to generate pAAV-U6-shMorB-hSyn-Cre as a
control (shCon). shMorB was chosen as a control because it was
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previously found to have no effect on neuron morphology and did not
activate interferon target genes (Alvarez et al., 2006).

All APP constructs were derived from human APP695 cDNA and
subcloned into a pCAGGS vector between EcoRI and KpnI with an Myc
tag added at the mature N-terminus to facilitate detection. Noncleavable
APP* was generated by deleting amino acid residues 592-621. The dime-
rization mutant APP* GFLD™"" was generated by mutating histidine at
residues 108 and 110 to alanines as reported (Baumkotter et al., 2014).
The APP* E1-RA mutant was generated by mutating amino acid resi-
dues 99-102 from KRGR to AAAA. The APP* E2-RA mutant was gener-
ated by mutating amino acid residues 327-330 from HRER to AAAA.
The APP* RA mutant refers to a dual E1 and E2 mutant containing both
mutations above, 99-102 KRGR to AAAA and 327-330 HRER to AAAA.

Myc-CD4 was created by replacing the HA tag in HA-CD4 (Pettem
et al.,, 2013) with an Myc tag. Other plasmids have been described previ-
ously: HA-NL2 (Scheiffele et al., 2000), HA-NGL-3 (Bomkamp et al,,
2019), and pcDNA4-HA-ecto-NL1-His (Zhang et al., 2018).

Antibodies. The following primary antibodies were used: mouse
monoclonal anti-APP (1:1000, IgG1, clone 6E10, BioLegend), mouse
monoclonal anti-V5 (1:5000; IgG2a, Thermo Fisher Scientific), rabbit
polyclonal anti-Myc (1:7000, Sigma Aldrich), mouse monoclonal
anti-Myc (1:5000; IgGl, clone 9E10, Santa Cruz Biotechnology),
mouse monoclonal anti-HA (1:1000, IgG2b, clone 12CA5, Roche), rat
monoclonal anti-HA (1:1000, clone 3F10, Roche), mouse monoclonal
anti-synapsinl (1:8000, IgG1, clone 46.1, Synaptic Systems), rabbit
polyclonal anti-synapsinl (1:2000, Millipore), mouse monoclonal
anti-vGluT1 (1:4000, IgG1, clone N28/9, NeuroMab), guinea pig pol-
yclonal anti-vGAT (1:3000; Millipore), mouse monoclonal anti-taul
(1:4000, IgG2a, clone PCIC6, Millipore), chicken polyclonal anti-
MAP2 (1:8000; Abcam), rabbit polyclonal anti-GFP (1:20,000; Thermo
Fisher Scientific Scientific), and mouse monoclonal anti-His (1:1000,
IgG2b, clone HIS.H8, Thermo Fisher Scientific).

The following secondary antibodies were used: highly cross-adsorbed,
goat Alexa dye-conjugated secondary antibodies toward the appropriate
species and monoclonal isotype (1:1000; Thermo Fisher Scientific; Alexa-
488, Alexa-568, and Alexa-647 labeled secondary antibodies) and AMCA-
conjugated anti-chicken IgY (donkey IgG; 1:400; Jackson ImmunoResearch
Laboratories). For the replication of the sSAPP« and sAPP 8 binding curves,
biotin-SP-conjugated anti-mouse Fc fragment (IgG2b; 1:1000; Jackson
ImmunoResearch Laboratories) and Alexa-568-conjugated Streptavidin
(1:1000; Invitrogen) were used to detect anti-His antibody. For the binding
competition experiment, Alexa-594-conjugated anti-human Fc fragment
(goat; 1:500; Jackson ImmunoResearch Laboratories) was used to detect
bound ecto-NL1-Fc.

AAV production. AAV production was done as previously described
(Niemi et al., 2016). In brief, pAAV-rNrx-TKD or pAAV-U6-shMorB-
hSyn-Cre was cotransfected with pUCmini-iCAP-PHP-cB (Addgene
#103005) and pADDeltaF6 (gift from Richard Zigmond, originally from
Addgene #112867) plasmids in a ratio of 1:4:2 into HEK293FT cells.
Cells were cultured in DMEM with 10% FBS for 16 h and then in
DMEM with 3% FBS for 72 h. The cells were treated with benzonase nu-
clease to release the recombinant AAV particles. The resulting mixture
was pooled with condition medium to increase the total yield. The AAV
particles were concentrated by PEG8000 precipitation, chloroform
extraction, then centrifugation with an Amicon Ultra-50 filter.

Cell culture, transfection, AAV transduction. Low-density primary
hippocampal cultures were prepared from E18 rat embryos from both
sexes as previously described (Kaech and Banker, 2006). Neuron cultures
were maintained in Neurobasal medium (Thermo Fisher Scientific) sup-
plemented with GlutaMAX-I (Thermo Fisher Scientific), B-27 supple-
ment (Thermo Fisher Scientific). COS-7 cells were cultured in DMEM
supplemented with 10% bovine growth serum and 100 IU/ml penicillin-
streptomycin.

COS-7 cells were transfected using TransIT-LT1 transfection reagent
(Mirus Bio) or Lipofectamine 2000 (Thermo Fisher Scientific). For
neural expression of plasmids, one million primary hippocampal
neurons were transfected at DIV 0 using nucleofection (AMAXA
Biosystems, Lonza). Neurons were treated with cytosine arabinoside at
DIV 2, and then with 100 mm DL-2-amino-5-phosphonovaleric acid
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(APV) beginning on DIV 7 to limit excitotoxicity. For AAV-mediated
knockdown experiments, low-density hippocampal cultures growing
on coverslips were exposed to recombinant AAV viral vector particles
for 4 h at DIV 3 and then returned to their home dishes.

Western blot. For confirmation of Nrx triple knockdown, AAV-
treated primary hippocampal neuron cultures were scraped from cover-
slips and incubated with or without 1 U/ml each of heparinases I, II, and
III for 2 h at 37°C in the buffer: 20 mm Tris-HCI, pH 7, 100 mm NaCl,
1.5 mm CaCl,, EDTA-free protease inhibitor cocktail. The resulting sam-
ples were dissolved in SDS-loading buffer and subjected to an SDS-poly-
acrylamide gel (prepared using TGX FastCast Acrylamide Kit, 7.5%; Bio-
Rad) electrophoresis and were transferred to Immobilon P membranes
(Millipore). The membrane was blocked with 5% milk for 1 h at room
temperature, immunoblotted with primary antibodies overnight at 4°C,
and then incubated with HRP-conjugated secondary antibodies (1:10 000,
Southern Biotechnology) for 1 h at room temperature. Blots were
developed using the Immobilon Western Chemiluminescent HRP
Substrate kit (Millipore) and imaged with the Bio Rad gel imaging sys-
tem. Protein band intensities were quantified with Image Lab soft-
ware (Bio-Rad). The following primary antibodies were used: anti-
pan-Neurexin (1:2000; Millipore, ABN161) and anti-a-tubulin
(1:10,000; Millipore).

Immunocytochemistry. Neurons, COS-7 cells, or cocultures were
fixed for 12 min with warm 4% PFA and 4% sucrose in PBS, pH 7.4. For
surface staining, the cells were first blocked in blocking buffer (3% BSA,
5% normal goat serum in PBS) for 30 min at 37°C and then incubated
with primary antibodies, then permeabilized with 0.2% Triton X-100 for
5 min followed by a second incubation with blocking buffer for 30 min
at 37°C. For labeling nonsurface proteins, the cultures were then incu-
bated with primary antibodies overnight at 4°C. Incubation with second-
ary antibodies was done the following day for 30 min at 37°C, and the
coverslips were mounted onto slides using elvanol (Tris-HCI, glycerol, and
polyvinyl alcohol with 2% 1,4-diazabi-cyclo[2,2,2]octane).

Protein binding assays. Soluble recombinant APP fragments, His-
tagged sSAPP« and sAPP 3, were purchased from Sigma Aldrich. Soluble
V5-Nrx1f ectodomain was generated by transfecting HEK293T cells
with pHLsec-ecto-V5-Nrx18-Avi3-His and collecting the conditioned
medium over 48 h. Soluble HA-ecto-NL1-His protein was generated by
transfecting HEK293T cells with pcDNA4-HA-ecto-NLI-His and col-
lecting the culture media over 48 h. The recombinant proteins were con-
centrated using a Centricon Plus-70 centrifugal filter with a 30 kDa
cutoff (Millipore) and purified by the His tag with Ni-NTA agarose
beads (QIAGEN). Soluble ecto-NL1-Fc protein was produced from
HEK293T cells stably expressing the encoding plasmid through Zeocin-
based selection, as described previously (Pettem et al., 2013). The condi-
tioned medium was collected every 2-3d for 3 weeks, and concentrated
using a Centricon Plus-70 centrifugal filter with a 30 kDa cutoff
(Millipore). The Fc fusion proteins were purified by binding to protein
G beads (GE Healthcare).

Binding curves for sAPPa and sAPP 3 were generated by incubating
COS-7 cells transfected with V5-Nrx1 3 (-S4) with increasing concentra-
tions of soluble APP (0-200 nm) diluted in binding buffer (168 mm NaCl,
2.6 mm KCl, 10 mm HEPES, pH 7.2, 2 mm CaCl,, 2 mm MgCl,, 10 mum
D-glucose, and 100 ug/ml BSA) for 1 h at 4°C. The cells were washed
with binding buffer, fixed, and expressed Nrx, and bound soluble APPs
were detected with antibodies against the V5 and His tags.

The binding of V5-Nrx1f8 ectodomain (100 nm) to Myc tagged
APP*, APP* GFLD™", or CD4 expressed in COS-7 cells was performed
in the same binding buffer. Cell surface-expressed proteins were detected
with the Myc tag and bound Nrx1 ectodomain with the V5 tag.

Other binding experiments were performed with sAPP« diluted to
100 nM (see Figs. 1A,B and 3C,D) or 6 or 50 nm (see Fig. 4A,B,E,F) in
binding buffer. Bound sAPPa was detected with the anti-APP antibody.
For the binding competition experiment, COS-7 cells transfected with
V5-Nrx1 B (-S4) were incubated with 100 nm HA-ecto-NLI-His or ecto-
NL1-Fc or with binding buffer for 1 h at 4°C. The cells were washed with
binding buffer and then incubated with 6 or 20 nv sAPP« for an addi-
tional 1 h at 4°C. Alternatively, the transfected cells were incubated with
100 nm sAPPa or with binding buffer for 1 h at 4°C, washed with
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binding buffer, and then incubated with 20 nm ecto-NL1-Fc for an addi-
tional 1 h at 4°C. The cells were then washed with binding buffer and
fixed for subsequent immunostaining.

Coculture assays. Coculture assays were performed essentially as
described previously (Zhang et al., 2018). For the neurexin recruitment
assay, primary hippocampal neurons were transfected with 2.5ug
pLL3.7hSyn-YFP-2A-V5-Nrx-18 WT or AHS constructs (Zhang et al.,
2018) at DIV 0 using nucleofection (AMAXA Biosystems, Lonza). COS-
7 cells were transfected with 2 ug plasmids Myc-APP*, Myc-APP* RA
mutant, or Myc-CD4. COS-7 cells were trypsinized 24 h after transfec-
tion and plated onto DIV 14 neurons for 2 d before fixation. Cocultures
were fixed for 12 min with warm 4% PFA and 4% sucrose in PBS, pH
7.4, stained for surface V5-Nrx on neurons and Myc-APP* or Myc-CD4
on COS-7 cells. After permeabilization, the cocultures were further incu-
bated with anti-GFP and anti-MAP2 antibodies to visualize transfected
cells and dendrites, respectively.

For the hemi-synapse formation assay, COS-7 cells were transfected
using Lipofectamine 2000 (Thermo Fisher Scientific) with 2 pug of plas-
mid. One day after transfection, COS-7 cells were seeded onto 13 DIV
hippocampal cultures. After 40-48 h, the cocultures were fixed and proc-
essed by immunostaining for combinations of surface Myc-APP*, sur-
face HA-NL2, surface HA-NGL-3, synapsin, vGluT1, vGAT, MAP2, and
taul.

Fluorescence imaging and analysis. Fluorescence microscopy was
performed using a Zeiss Axioplan2 microscope or a Zeiss LSM700 laser
scanning microscope. All images were acquired with a 40x oil immer-
sion objective (NA 1.4) using MetaMorph or Zeiss Zen Blue imaging
software.

Image acquisition and analysis were performed with the experi-
menter blind to the experimental condition. Analysis was performed
using National Institutes of Health’s Image] software. Sets of cells used
for quantification were stained simultaneously and imaged with identical
settings. For quantification, cells were selected based on similar expres-
sion of the transfected construct. Post-analysis images were adjusted for
brightness and contrast across the entire image for presentation.

Binding of APP to transfected cells was reported as the ratio between
surface APP signal and surface V5 signal.

Recruitment of V5-Neurexin by COS-7 cells expressing different
Myc-tagged proteins was reported as the ratio of integrated intensity of
V5 over YFP, per contact area of YFP-positive axons, excluding MAP2-
positive dendrite contacts.

Presynaptic induction in coculture experiments was measured as the
total integrated intensity of punctate synapsin staining signal on a COS-
7 cell normalized to the tau-positive axon contacting area, excluding sig-
nal onto MAP2-positive dendrite contacts.

Statistics. Statistical analysis was performed using GraphPad Prism
software. All data were checked for normality using D’Agostino and
Pearson tests before choosing the appropriate comparison test. For data
that passed the normality tests, statistical significance was calculated
using the Student’s ¢ test or one-way ANOVA with post hoc Bonferroni
multiple comparison. For data that did not pass the normality tests, statis-
tical significance was calculated using the Mann-Whitney U test or
Kruskal-Wallis test with post hoc Dunn’s multiple comparison. Statistical
significance was set at p < 0.05. All data are presented as mean * SEM.

Results

APP binds with high affinity to Nrx-f but not Nrx-a

To test whether the APP ectodomain binds to Nrx, we used a
cell-based binding assay as has been used to show interactions of
Nrx with other ligands (Boucard et al., 2005; Chih et al., 2006;
Graf et al., 2006; Siddiqui et al., 2010). We expressed Nrx 1, 2,
and 3 a and B forms with an extracellular V5 tag on the surface
of COS-7 cells and tested binding of recombinant sAPPe«;, the
product of a-secretase corresponding to the APP ectodomain.
Indeed, we found that sAPPa bound Nrx (Fig. 1A). Compared
with neighboring nontransfected cells, significant binding of
sAPPa was found to cells expressing all Nrx-8 but not Nrx-«
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forms (Fig. 1B). Scatchard analysis revealed binding in the
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different from sAPP«). For all the
binding assays, the cells analyzed did
not differ in surface expression of
V5-Nrx (Fig. 1E). For comparison, in
a similar cell-based binding assay,
the apparent K4 of NL1 and LRRTM2
ectodomains for Nrx1B was in the
range of 9-30 nm (Siddiqui et al,
2010) while the K4 of AB oligomers
for Nrx1 3 was 183.5 nm (Naito et al.,
2017). Thus, the APP ectodomain binds
NrxB with an affinity similar to that of
postsynaptic ligands and greater than
that of A oligomers.

To test whether full-length APP binds
the extracellular domain of Nrx13, we did
a cell-based binding assay with the sur-
face-expressed and soluble components
reversed. We first generated APPA592-
621 (called here APP*) incorporating a
deletion of the @ and B cleavage sites,
which eliminates ectodomain cleavage
(Stahl et al.,, 2014) to isolate binding
properties of full-length APP and maxi-
mize its cell surface expression. Purified
V5-tagged Nrx13 ectodomain was used
to test binding. Indeed, Nrx13 ectodo-
main showed significant binding to COS-
7 cells expressing APP* compared with
background binding to cells express-
ing CD4 (Fig. 2). To assess whether
APP dimerization may play a role in
this interaction, we used the mutant
APP* H108A/H110A “GFLD™",” which
reduces dimerization to ~40% of WT
APP level (Baumkotter et al., 2014). This
mutation also reduced binding to
Nrx18 ectodomain to 63% of WT APP*
level (Fig. 2), suggesting that APP dime-
rization may contribute to its interaction
with Nrx18.

NL1 competes with APP for binding
to Nrx1f

The selectivity profile of APP for bind-
ing Nrx-8 but not Nrx-« is similar to
that of another Nrx ligand, the canoni-
cal ligand, the major NL1 form con-
taining the B splice insert (Boucard et
al.,, 2005). We thus tested whether
NL1 and APP might compete for bind-
ing to Nrx1f, via binding to a common
or overlapping domain. We expressed
Nrx1B on the surface of COS-7 cells
and preincubated the cells with soluble
NL1 ectodomain before performing a
binding assay with sAPPa. Indeed, pre-
binding of the NL1 ectodomain signifi-

physiologically significant range with an apparent Ky for
sAPPa to Nrx1S of 48.2-57.2 nM in this cell-based assay
(Fig. 1C). sAPP B, the product of B-secretase, which is 16
amino acids shorter than sAPPe«, also bound Nrx18 with
an apparent Kyq of 10.4-18.6 nm (Fig. 1D, significantly

cantly reduced subsequent sAPPa binding, compared with cells
that were pretreated with buffer alone (Fig. 3A-C). Conversely,
preincubation of COS-7 cells expressing Nrx13 with sAPP«
significantly reduced subsequent binding of NL1 ectodo-
main (Fig. 3D-F), Thus, NL1 and APP compete for binding



8940 . J. Neurosci., November 30, 2022 - 42(48):8936—8947 Cvetkovska, Ge et al. ® Neurexin Mediates the Synaptogenic Activity of APP

A APP* APP* GFLD™t CD4 B *hkkk hkhkk CS
o < . #H < o
& 3 < .
o 8 & 24 ° O 21
= g o0 S o5 2
=9 o= % . S .
Q= X6 = o
® = Zn ° S} °
5° 0L o 2
(] D ° o
-8 g 15 o° <F L of
‘G_l 8 = o%ho g °ooq~’°°
X E m 8 ':/ﬁl > uoz%
ZI ‘1‘:“ oocoeo 8
l">) e | °°Soo ©
%) ° =
2 0 %o @?o
3 APP*  CD4 APP* APP* CD4
m GFLD™t GFLD™t

Figure 2. Full-length APP binds Nrx13 ectodomain, and binding is reduced for dimerization mutant GFLD™". A, Myc tagged noncleavable APP¥, APP* GFLD™, or (D4 control was
expressed in C0S-7 cells and incubated with purified soluble V5-Nrx1/3 ectodomain recombinant protein (100 nw). Cells were immunolabeled for cell surface Myc-APP or Myc-CD4 and bound
V5-Nrx13. B, Binding of Nrx13 ectodomain to APP* and APP* GFLD™" was significantly greater than binding to negative control (D4. p << 0.0001 (Kruskal-Wallis). ****p < 0.0001 com-
pared with binding to (D4 (post hoc Dunn’s multiple comparison tests). Compared with binding to APP*, Nrx13 ectodomain binding to APP* GFLD™" was significantly reduced. *p < 0.005
compared with binding to APP* (Dunn’s multiple comparison test). n = 52 cells for APP*, n = 41 for APP* GFLDmut, and n =31 for (D4 from three independent experiments. (, For all of the
above binding assays, the C0S-7 cells analyzed did not differ in surface expression of Myc tagged APP*, APP* GFLD™", or CD4. p = 0.092 (Kruskal-Wallis). Scale bars, 50 pum.

A Bound V5-Nrx1p B s *%x% C 34
Surface V5-Nrx1pB HA-NL1ecto Bound sAPPo.  HA-NL1ecto sAPPa. < ° 5 .
<=8 o
% 2 5 -
— z <
[ O o°°°° @ 24 o,
*g‘ > E o°
0 g 2 Z s
= - LY ©
- =5 > ) o
a1 [0 ] o:o 8 44 o=g2° x
Ny A Y T B N 0 I
3] _@ o o5 (%2} °°° °3o
o8 << o %0 o oo
b [ oo o8
= 8 © ° oodJ k4
Zzc 5 2 0
<o 8 Control  NL1ecto Control ~ NL1ecto
e pre-incubation pre-incubation
D E S 2- *kKkk F 3-
© e 0° =)
= X <
S =z o Q °
(@] ') A = 2
> 5 ° &
@ oo z
g 3 £
g 1 o > ooo 00°
g 2] oo = 3 =P ol
.= S ssed cugeeo £ 14
- L) 3 ogho 000
& % 3 ° 8800 Z oé:’ ° oo°°°°°
$< r ° 8
9' z
S 2
é Control sAPPq, Control sAPPa
pre-incubation pre-incubation
Figure 3.  APP competes with NL for binding to 3-Nrx. A, C0S-7 cells expressing V5-Nrx13 were pretreated with binding buffer alone (control) or containing soluble HA-NL1 ectodomain

(HA-NL7ecto) before being incubated with sAPPc. Cells were immunolabeled for cell surface V5-Nrx1/3, bound NBL1 ectodomain, and bound sAPP«. B, NL1 ectodomain binding reduced the
subsequent binding of SAPPcx onto Nrx1 3 -expressing cells. ****p <<0.0001 (Mann—Whitney). n = 30 cells each from three independent experiments. C, The C0S-7 cells analyzed in B did not
differ in surface expression of V5-Nrx13. p=0.56 (Mann—Whitney). D, COS-7 cells expressing V5-Nrx1/3 were pretreated with binding buffer alone (control) or containing SAPP«x before being
incubated with soluble NLT ectodomain. Cells were immunolabeled for cell surface V5-Nrx13, bound NL1 ectodomain, and bound sAPP«. E, SAPPc binding reduced the subsequent binding
of NL1 ectodomain onto Nrx1/3 -expressing cells. ****p < 0.0001 (Mann—Whitney). n =30 cells each from three independent experiments. F, The C0S-7 cells analyzed in E did not differ in
surface expression of V5-Nrx1 3. p = 0.99 (Mann—Whitney). Scale bars, 50 pm.

to Nrx1p, likely by binding to a common or overlapping
surface of Nrx1 .

also required for APP binding to Nrx1p. Using a calcium-
free binding buffer and the calcium chelator EDTA signifi-
cantly reduced APP binding to Nrx1 3 (Fig. 4A,B). The bind-
ing of NL1 to Nrx1f is modulated by alternative splicing;
affinity is reduced by inclusion of an insert at splice site 4
(S4) (Chih et al., 2006; Graf et al., 2006; Koehnke et al.,
2010). Furthermore, other ligands LRRTMs only bind to Nrx

APP binding to Nrx-f is mediated by the LNS domain and
modulated by splice site S4

The binding of NL1 to Nrx1B is calcium-dependent
(Ichtchenko et al., 1995). We thus tested whether calcium is
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Figure 4.

sAPP« binds the Nrx1/3 LNS domain in a calcdum-dependent manner modulated by splice site S4. 4, Binding of SAPP« to V5-Nrx1/3 expressed on COS-7 cells is shown in normal

binding buffer (control) or in binding buffer lacking caldum and containing 10 mm EGTA (no calcium). B, Binding of sAPPa to V5-Nrx13 on (0S-7 cells was calcum-dependent.
¥¥¥¥p < 0.0001 (Mann—Whitney). n =31 cells for control and n=32 cells for the no caldum condition from three independent experiments. C, Binding of sAPP« is shown to COS-7-cells
expressing V5-Nrx13 lacking splice site 4 (=S4, used for all other experiments) or containing splice site 4 (+54). D, The presence of the Nrx1b splice site 4 insert reduced sAPP« binding.
*¥¥¥p < 0.0001 (Mann—Whitney). n = 40 cells each from three independent experiments. E, Binding of sAPP« is shown to COS-7 cells expressing V5-tagged Nrx13 full-length or deletion
mutants lacking the 3 -specific N-terminal region (A B N), the LNS domain (ALNS), or each half of the glycosylated region (ACH1, ACH2). F, The Nrx13 LNS domain mediates sAPPc bind-
ing on C0S-7 cells. p < 0.0001 (Kruskal-Wallis). ****p < 0.0001 (Dunn’s multiple comparison post hoc test), compared with Nrx1/3 full-length, p > 0.999 for the other construct comparisons
with full-length. n = 67 cells for full-length, n =32 for ABN and ACH1, n =38 for ALNS, and n =29 for ACH2 from three independent experiments. G-I, For all of the above binding assays,
the C0S-7 cells analyzed did not differ in surface expression of V5-Nrx. G, p=0.283 (Mann—Whitney) for caldum dependence. H, p=0.656 (Mann—Whitney) for effect of splice site 4. I,

p=0.058 (Kruskal-Wallis) for the deletion mutants. Scale bars, 50 ptm.

forms that lack an insert at S4, while cerebellins only bind to
Nrx forms that contain an insert at S4 (Ko et al., 2009; Siddiqui
et al.,, 2010; Uemura et al., 2010; Joo et al., 2011). We asked
whether the presence of an insert at S4 regulates APP binding.
We found a significant 32% decrease in the binding of APP to
Nrx1S containing an insert at S4 compared with Nrx1 3 lack-
ing an insert at S4 (Fig, 4C,D; all other experiments used Nrx
forms lacking an S4 insert). Collectively, our data suggest that
APP is a bona fide ligand of Nrx-8 whose interaction is de-
pendent on the presence of calcium and is modulated by alter-
native splicing. Furthermore, APP is most similar to NL1 (the
major NLI form containing the B insert) as being a specific
ligand for Nrx- and not Nrx-« and that binds Nrx-8 forms
lacking and containing the S4 insert with different affinity.

These findings suggest that APP might bind to the same
region of Nrx-8 as other major ligands, the LNS6 (Laminin
Neurexin Sex hormone-binding protein) domain (Sudhof,
2017). To identify the domain of Nrx- involved in APP bind-
ing, we tested binding of SAPP« to a series of deletion mutants
of Nrx18 expressed on COS-7 cells. Deleting the LNS domain
of Nrx1f3 effectively abolished APP binding, while deleting any
other domain had no effect (Fig. 4E,F). Thus, the Nrx-8 do-
main for binding of APP, the LNS domain, is the same as that
for other synaptogenic ligands NLs, LRRTMs, and cerebellins
(Sudhof, 2017). Importantly, this high-affinity binding site for
APP in the LNS domain is distinct from lower-affinity binding
site for AB in the B-specific N-terminal region (Naito et al.,
2017).
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APP recruits axonal Nrx-f in an HS-dependent manner
To assess the APP-Nrx interaction in a somewhat more physio-
logical context, we used a cell-based recruitment assay similar to
that performed previously for NL1 and LRRTM2. These Nrx
ligands expressed on COS-7 cells cocultured with neurons are
able to recruit recombinant axonal Nrx to contact sites (Zhang et
al., 2018). Thus, we tested whether the surface-expressed APP*
on COS-7 cells is able to recruit Nrx at axon contact sites. To
normalize for differences in expression level per neuron and in
COS-7 cell contact area for the recombinant Nrx1 3 in axons, we
expressed V5-Nrx18 in neurons in an equimolar ratio with YFP
using the self-cleaving peptide P2A (Kim et al., 2011). Our mea-
sure of recruitment was the total intensity of surface V5-Nrx di-
vided by the total intensity of YFP at contact areas of transfected
axons with transfected COS-7 cells. We found that axonal surface
V5-Nrx1 was significantly recruited to contact sites with COS-
7 cells expressing the noncleavable Myc-APP* to a higher level
than with COS-7 cells expressing an unrelated control protein
Myc-CD4 (Fig. 5). This finding indicates the formation of a
complex involving full-length APP in trans with axonal Nrx18,
supporting the possibility that axonal Nrx might mediate the
synaptogenic activity of APP.

It was recently shown that HS modification of Nrx provides
a second site for NL binding along with the LNS domain, and
this HS modification of Nrx1 is essential for proper synapse de-
velopment and mouse survival (Zhang et al.,, 2018). The HS

modification occurs in the region deleted in the Nrx1 3 ACH2
construct assayed in Figure 4E, F. However, Nrx overexpressed
in cell lines is mostly lacking the HS modification (Zhang et al.,
2018), so any potential role for Nrx HS modification in interac-
tion with APP may have been missed in these assays in non-
neuronal cells. Since APP is a well-known HS-binding protein
(Smith et al., 2015; Muller et al., 2017), it seems likely that the
HS chain on neuronal Nrx may be a second binding site for
APP along with the Nrx LNS protein domain binding site iden-
tified in Figure 4E, F.

To test the role of HS in the formation of the trans-cellular
complex involving APP and neuronal Nrx1 /3, we performed the
cell-based recruitment assay with APP*-RA with mutations in
HS-binding sites or Nrx18 AHS lacking HS modification. APP*-
RA has mutations in key residues of the high-affinity HS-binding
sites of APP in the E1 domain (amino acids 99-102 KRGR-
AAAA) (Small et al., 1994) and in the E2 domain (amino acids
327-330 HRER-AAAA) (Multhaup, 1994; Multhaup et al., 1995).
Nrx1B AHS bears a single amino acid mutation of the Ser that is
normally HS modified to Ala thus blocking HS modification
(LVASAEC to LVAAAEC) (Zhang et al,, 2018). These mutants
APP*-RA and Nrx1B AHS traffic well to the cell surface (Fig. 5)
and do not affect APP-Nrx binding via protein domains in non-
neuronal cells (data not shown), supporting the specificity of the
mutations for disrupting the HS-mediated interaction site
between APP and neuronal Nrx. In contrast to the recruitment
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by APP* of Nrx18, APP*-RA was unable to recruit neuronal
Nrx1B and APP* was unable to recruit neuronal Nrx18AHS
above the background level of the negative control (Fig. 5). Thus,
both high-affinity HS binding by APP and HS modification of
Nrx18 are required for formation of the APP Nrx complex in
this recruitment assay. These results are similar to results found
previously for NL1 and LRRTM2, where interactions between
these ligands and the Nrx LNS protein domain were sufficient to
mediate binding of purified ectodomain proteins but not suffi-
cient to mediate trans-cellular recruitment on axons (Zhang et
al., 2018). For axonal recruitment, the additional interaction
between NL1 or LRRTM2 and the Nrx HS chain was required.
Similarly, our data together show that APP binds to the Nrx LNS
protein domain but that additional interaction of APP with the
Nrx HS chain is needed for trans-cellular recruitment on axons.
The difference in requirements among the binding and recruit-
ment assays may reflect a simple need for higher-affinity interac-
tion for trans-cellular recruitment or a more complex role of the
HS-mediated interaction in stabilizing axon surface complexes.

APP induces glutamatergic and GABAergic presynaptic
differentiation in coculture

Coculture of non-neuronal cells expressing APP or APP* with
neurons has previously been shown to trigger presynaptic differ-
entiation in contacting axons, assessed by local clustering of syn-
aptophysin (Wang et al., 2009; Stahl et al., 2014). We confirmed

the ability of APP* in COS-7 cells to trigger presynaptic differ-
entiation in contacting hippocampal axons, assessed by local
clustering of synapsin (Fig. 6), a component present at all pre-
synaptic sites similar to synaptophysin. Synaptogenic factors
can differ in their ability to trigger glutamatergic or GABAergic
presynaptic differentiation, assessed by local clustering of VGluT1
or of VGAT in contacting axons, presumably reflecting selective
expression of binding partners on the axons. Selectivity in cocul-
ture typically reflects a selective in vivo function. For example,
Slitrk3 induces clustering of VGAT but not VGIuT1 in coculture
and Slitrk3~'~ mice show deficits in GABAergic but not glutama-
tergic synaptic density and function (Takahashi et al., 2012). We
found that APP* induces robust clustering of both VGIuT1 and
VGAT in coculture (Fig. 6). These findings are consistent with the
expression of the APP binding partner Nrx- 3 in both glutamater-
gic and GABAergic axons and suggest that the APP-Nrx-8 com-
plex may function at both synapse types.

The synaptogenic activity of APP requires HS binding and
axonal Nrx

We next tested whether HS binding by APP is required for its
synaptogenic activity, its ability to induce presynaptic differentia-
tion in a coculture hemi-synapse formation assay. In contrast to
the ability of APP* on COS-7 cells to trigger synapsin clustering
in contacting axons, mutation of the high-affinity HS binding
sites in APP*-RA completely abolished synaptogenic activity to a
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level indistinguishable from the negative control protein CD4
(Fig. 7). We also assessed mutations in either the E1 or E2
domains separately. The APP*-E2RA mutation alone had no
effect, while the APP*-E1RA mutation reduced synaptogenic ac-
tivity compared with APP* but still retained synaptogenic activity
compared with negative control CD4 (Fig. 7). These data suggest
that the synaptogenic activity of APP requires an HS-dependent
interaction to which the E1 and E2 domains both contribute.

Nrxs are prime candidates to mediate the synaptogenic activ-
ity of APP via HS (Fig. 5) and LNS domain (Fig. 3) interactions.
To directly test the role of Nrxs, we reduced the expression of all
three Nrx genes by 85% in primary hippocampal cultures by
using AAV-mediated triple knockdown (AAV-shNrx modified
from Zhang et al., 2018) (Fig. 8A4,B). We then cocultured these
neurons with COS-7 cells that were transfected with NL2 as a
control that functions through Nrx, NGL-3 as a control that
functions through PTPs independently of Nrx (Bomkamp et al,,
2019; Roppongi et al., 2020), or APP*. As expected, Nrx knock-
down reduced the ability of NL2 but had no effect on the ability
of NGL-3 to induce presynaptic differentiation in hippocampal
cultures (Fig. 8C-E). Confirming our hypothesis, we found that
Nrx knockdown significantly reduced the ability of APP* to
induce presynaptic differentiation (Fig. 8C-E). Thus, Nrx medi-
ates the synaptogenic activity of APP.

Discussion
In this study, we identify the presynaptic hub Nrx as a binding
partner of APP and mediator of the synaptogenic activity of

APP. We find that APP shares similarities with other synapto-
genic partners of Nrx, NLs, and LRRTM 1 and 2, in exhibiting a
dual binding mode: calcium-dependent binding to the Nrx LNS6
protein domain and binding to the HS glycan chain. Similar to
NL1 (the major NLI form containing the B insert), APP is a spe-
cific ligand for Nrx-8 but not Nrx-a and the $4 insert reduces
but does not abolish binding. Furthermore, NL1 and APP com-
pete for binding to Nrx- 3, confirming an overlap in their bind-
ing interfaces. Axonal Nrx is recruited by APP in trans,
dependent on the HS modification of Nrx and HS binding sites
in APP. Moreover, as shown by Nrx triple knockdown, axonal
Nrx is essential for presynaptic differentiation triggered by APP.
Together, these findings deepen our understanding of the physi-
ological roles of full-length APP at the synapse. Furthermore, the
high-affinity interaction of Nrx observed with sAPPB and
sAPPa as well as full-length APP raise new directions for investi-
gation into mechanisms underlying early synaptic deficits in AD.

Based on the domain mapping, regulation by S4, and compe-
tition with NL1, APP is yet another Nrx ligand that binds the
same face of LNS6 as do NLs, LRRTM 1 and 2, and cerebellins
(Sudhof, 2017; Gomez et al., 2021). Regulation of Nrx S4 splicing
occurs in a cell type-specific manner, during development, and
by pharmacological or behaviorally induced changes in neuronal
activity (Gomez et al,, 2021), thus providing a wide range of sit-
uations for S4 modulation of the APP-Nrx interaction. Also like
NLs and LRRTM 1 and 2 (Zhang et al., 2018), APP binds HS
(Multhaup, 1994; Smith et al., 2015). HS modification of Nrx is
required for recruitment of axonal Nrx by APP in coculture,
indicating that the APP-LNS interaction is not sufficient. The
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Presynaptic differentiation was assessed as the total intensity of punctate synapsin per contact area of axons with expressing C0S-7 cells, excluding contact areas with MAP2-positive dendrites.
p <0.0001 (Kruskal-Wallis). ****p <<'0.0001 or NS, Not significant p > 0.999, comparing each shNrx with shCon (Dunn’s multiple comparison post hoc tests). n=>59 cells for APP* shCon
and APP* shNrx and n =60 cells for all other groups, from three independent experiments (B). C0S-7 cells with equal cell surface expression were selected for analysis. p=0.494 (Kruskal—

shNrx

shCon shNrx shCon shNrx shCon shNrx
Myc-APP* HA-NL2 HA-NGL-3

COS-7 surface expression (AU) m

Wallis) (€). Scale bars, 50 pm.

dual binding mode of APP to Nrx LNS6 and HS glycan, with HS
binding not just modulatory but essential for APP synaptogenic
function, is further supported by the inability of APP-RA with
mutations in HS binding sites to recruit axonal Nrx or to induce
presynaptic differentiation.

Our data are consistent with two possible models through
which dendritic APP and axonal Nrx promote presynaptic differ-
entiation. The simplest model is that dendritic APP binds axonal
Nrx in trans to trigger presynaptic differentiation, similar to the
actions of NLs and LRRTMs. An alternate model is that dendritic
APP binds axonal APP, which together bind axonal Nrx (i.e., an
APP trans dimer binds Nrx to trigger presynaptic differentia-
tion). This alternate model is favored considering our work

together with the findings that axonal APP and APP dimeriza-
tion are needed for presynaptic differentiation induced by APP
in coculture (Wang et al, 2009; Baumkotter et al., 2014). An
APP trans dimer might be needed to stabilize full-length APP on
the surface and/or to present an optimum conformation for Nrx
binding. Our data support a role of APP dimerization in Nrx
binding, although in an assay promoting cis rather than trans
APP dimerization. Regardless of the form of the APP-Nrx trans-
synaptic complex, the resultant local clustering of Nrx on the
axon surface is likely essential and may be sufficient to trigger
presynaptic differentiation (Dean et al., 2003), although axonal
signaling through the intracellular domain of APP may also be
involved (Wang et al,, 2009). Importantly, Nrx is acting as a
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mediator and not as a generic permissive factor, as Nrx is not
required for presynaptic differentiation induced by the PTP
ligand NGL-3 but only for presynaptic differentiation induced
by Nrx ligands including APP. This form of synaptic organizing
complex with Nrx binding to a trans dimer of a presynaptic and
postsynaptic transmembrane protein (APP-APP) would be dis-
tinct from the classic forms of Nrx binding to a postsynaptic
transmembrane protein (NL or LRRTM) or to a soluble protein,
which in turn binds a postsynaptic transmembrane protein (cer-
ebellin-GluD).

These trans-synaptic complexes of Nrx and postsynaptic
ligands promote synapse development as cell adhesion mole-
cules, stabilizing the axon-dendrite contacts and recruiting addi-
tional components through molecular interactions on both sides
of the synapse (Sudhof, 2017; Gomez et al., 2021). Simply bind-
ing to Nrx is not sufficient to promote synaptic differentiation.
For example, the soluble Nrx ligand cerebellin promotes synapse
development only by simultaneously binding to the postsynaptic
transmembrane protein GluD to form a trans-synaptic adhesion
complex (Yuzaki and Aricescu, 2017). Conversely, ectodomain
cleavage of postsynaptic Nrx ligand NL1 destabilizes presynaptic
Nrx and reduces transmitter release (Peixoto et al., 2012).
Cleavage of full-length APP also reduces its synapse-promoting
activity. Stahl et al. (2014) showed that deleting the o and 8
secretase cleavage sites to generate a noncleavable APP (the
APP* used here) increases its synaptogenic activity in co-
culture. Thus, our model is that binding of full-length APP
to Nrx is synapse promoting, linking the postsynaptic and
presynaptic membranes. sAPPa and sAPP also bind Nrx
with high affinity yet lack any link to the postsynaptic mem-
brane. Furthermore, sSAPP and NL1 compete for binding to
Nrx. Thus, we suggest that sSAPPa and sAPP 8 may interfere
with the synapse-promoting functions of Nrx by blocking
Nrx from binding to a subset of transmembrane synapto-
genic ligands, including full-length APP and NLI1.

The in vivo functions of the APP-Nrx-f interaction may be
complex, regulated by local levels of APP cleavage with potential
competition from soluble SAPP-Nrx- 8 limiting the synapse-pro-
moting functions of full-length APP-Nrx-f and of NL1-Nrx-f3.
Our data also suggest that APP-Nrx-3 complexes may function
at both glutamatergic and GABAergic synapses. APP~'~
mice show some age-dependent changes at glutamatergic
and GABAergic synapses, in spine density and in forms of
synaptic plasticity (for review, see Muller et al., 2017).
Conditional KO of Nrx-f in excitatory postnatal neurons
suppresses transmitter release and alters plasticity in a sub-
set of circuits (Anderson et al., 2015). In vivo mutation of
other Nrx ligands NLs and LRRTMs that are synaptogenic
in the coculture assay can affect a range of synaptic proper-
ties, including synapse density, morphology, transmitter
release probability, receptor composition, and long-term
plasticity (Roppongi et al., 2017; Sudhof, 2017; Gomez et
al., 2021). Further work will be needed to develop tools to
specifically perturb the APP-Nrx- 8 interaction to define its
role in synapse development and plasticity in brain circuits.

These findings may have implications for AD, providing
novel mechanisms that may contribute to the early synaptic defi-
cits. Altered cleavage of APP associated with mutations in APP
may change the balance of multiple APP products, full-length
APP and/or sAPPs, as well as AB. Any change in the level of
full-length APP-Nrx, sAPPa-Nrx, or sAPPB-Nrx complexes
could have consequences for synaptic function. The Nrx synap-
togenic complexes are important not just in development but
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also at mature synapses; for example, deletion of NLI after syn-
apse formation perturbs NMDAR currents and synaptic plastic-
ity (Jiang et al., 2017). Beyond its role in dementia, the APP gene
is triplicated in Down syndrome, and overexpression of WT
human APP in mice leads to synaptic deficits without plaques
(Mucke et al., 2000). By increasing our knowledge of the molecu-
lar interactions of APP and its roles in the fundamental process
of synaptic differentiation, we may better understand how altera-
tions in APP impact synaptic function in neurologic diseases.
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