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Sortilin-related receptor with LDLR class A repeats (SORLA, SORL1, or LR11) is a genetic risk factor associated with Alzhei-
mer's disease (AD). Although SORLA is known to regulate trafficking of the amyloid p (Ap) precursor protein to decrease levels
of proteotoxic AP oligomers, whether SORLA can counteract synaptic dysfunction induced by Af oligomers remains unclear.
Here, we show that SORLA interacts with the EphA4 receptor tyrosine kinase and attenuates ephrinA1 ligand—induced EphA4
clustering and activation to limit downstream effects of EphA4 signaling in neurons. Consistent with these findings, SORLA
transgenic mice, compared with WT mice, exhibit decreased EphA4 activation and redistribution to postsynaptic densities, with
milder deficits in long-term potentiation and memory induced by Ap oligomers. Importantly, we detected elevated levels of
active EphA4 in human AD brains, where EphA4 activation is inversely correlated with SORLA/EphA4 association. These results
demonstrate a novel role for SORLA as a physiological and pathological EphA4 modulator, which attenuates synaptotoxic
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EphA4 activation and cognitive impairment associated with Ap-induced neurodegeneration in AD.

INTRODUCTION

Alzheimer’s disease (AD) is a prominent neuropathological
disorder that manifests in the age-dependent deposition of
extracellular amyloid f (AP) peptide aggregates at late stages
of the disease, whereas soluble AR multimers are thought to
exert neurotoxic effects during mild stages of cognitive de-
cline. Synaptic dysfunction occurs at early stages of AD and
pathologically correlates with cognitive impairment (Tu et al.,
2014; Marttinen et al., 2015). Although familial AD cases are
rare, the presence of penetrant AD-associated familial alleles
found in the AP-derived amyloid precursor protein (APP)
and the APP-cleaving y-secretase presenilin components
(PS1/PS2) supports the importance of AR and APP process-
ing in AD neuropathology (Zhang et al., 2011).

Numerous genetic risk factors have been identified
for AD by genome-wide association studies, including class
I membrane receptors such as the Sortilin-related receptor
with LDLR class A repeats (SORLA; Scherzer et al., 2004;
Rogaeva et al., 2007). SORLA has been reported to sup-
press AP generation primarily by trafficking APP away from
amyloidogenic cleavage sites, such as the endosome, to the
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Abbreviations used: Ap, amyloid B; aCSF, artificial cerebrospinal fluid; AD, Alzheimer's
disease; ALS, amyotrophic lateral sclerosis; EGF, epidermal growth factor; fEPSP, field
excitatory postsynaptic potential; GST, glutathione S-transferase; LTP, long-term
potentiation; PSD, postsynaptic density; SORLA, Sortilin-related receptor with LDLR

Golgi (Andersen et al., 2005; Fjorback et al., 2012) and the
cell surface (Huang et al., 2016), although other mechanisms
may also be involved (Spoelgen et al., 2006; Schmidt et al.,
2012). Cellular models have also suggested that SORLA may
facilitate AP clearance by binding AP and promoting its traf-
ficking to lysosomes for degradation (Caglayan et al., 2014,
Kitago et al., 2015). Recent studies have identified protein
coding mutations in late-onset AD (Vardarajan et al., 2015;
Louwersheimer et al., 2017), as well as early-onset AD (Pot-
tier et al., 2012; Nicolas et al., 2016), giving a strong indica-
tion that SORLA dysfunction can enhance the probability
of triggering AD onset.

Modulation of SORLA expression in mouse models
supports a role in inhibiting APP processing and AP gener-
ation. SORLA knockout mouse models show marked ele-
vation in AP levels, whereas SORLA-Ro0sa26 transgenic
overexpression models show significant reduction in Ap (An-
dersen et al., 2005; Caglayan et al., 2014).The connection be-
tween SORLA expression levels and AP accumulation is less
definitive in human AD brain tissue (Scherzer et al., 2004),
suggesting that modifications in SORLA activity or localiza-
tion also play a role in AD pathogenesis.

There is also evidence that SORLA has additional neu-
roprotective roles besides promoting anti-amyloidogenic APP
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trafficking. In addition to APP, SORLA has been recently
shown to bind and regulate the trafficking and signaling of
other cell surface receptors, such as the brain-derived neu-
rotrophic factor receptor, TrkB; the glial cell-derived neuro-
trophic factor receptor, cytokine-like factor 1 (CLF-1); and
the insulin receptor (Glerup et al., 2013; Rohe et al., 2013;
Larsen et al., 2016; Schmidt et al., 2016). Thus, it is likely that
SORLA could also modulate other as-yet-unknown cell sur-
face receptor systems with a role in AD pathogenesis. Indeed,
by using a coimmunoprecipitation approach to screen for Af
cell surface receptors that interact with SORLA, we identi-
fied EphA4 (Fu et al., 2014).

EphA4 is a receptor tyrosine kinase with established
roles in neuronal wiring and defining cell borders in the
developing brain through interaction with ephrin ligands
(Pasquale, 2005, 2008; Hruska and Dalva, 2012). In addition,
EphA4 remains highly expressed in the adult brain, where it
regulates synaptic structure and function (Murai et al., 2003;
Carmona et al., 2009; Filosa et al., 2009). More recently, A
interaction with EphA4 has been shown to aberrantly ac-
tivate EphA4, leading to synaptotoxic signals in APP/PS1
mouse models that may involve c-Abl and Cdk5 activation
(Fu et al., 2014;Vargas et al., 2014). Here, we demonstrate that
SORLA can attenuate EphA4 clustering and activation in re-
sponse to physiological ephrin ligand stimulation and patho-
logical AP oligomers as well as attenuate cognitive memory
deficits in mouse models. A late-onset SORLA T947M AD
mutation within the EphA4-binding domain of SORLA at-
tenuates EphA4/SORLA interaction and associated EphA4
inactivation. Importantly, decreased SORLA/EphA4 interac-
tion correlates with elevated levels of EphA4 activation via
autophosphorylation on Tyr602 in AD patients. Our study
reveals a new role for SORLA in suppressing EphA4 acti-
vation to ameliorate AP-associated synaptotoxicity and cog-
nitive impairment in AD.

RESULTS

SORLA interacts with EphA4 and

attenuates EphA4 activation

EphB2 and EphA4 are related ephrin receptors that have
been recently shown to bind AP and mediate its synaptotoxic
effects (Cissé et al., 2011; Fu et al., 2014). We therefore inves-
tigated whether SORLA can form endogenous complexes
with Eph receptors. Analysis of EphA4, EphB1, and EphB2
immunoprecipitates from mouse brain lysates revealed spe-
cific coimmunoprecipitation of SORLA with EphA4 (Fig.
S1 A).The interaction of SORLA with EphA4 appears sim-
ilar to that with APP immunoprecipitated from mouse brain
lysates (Fig. 1 A). EphA4 and SORLA complexes could also
be reconstituted in HEK293 cells. Coexpression of SORLA-
glutathione S-transferase (SORLA-GST) with EphA4 and
subsequent pull-down with glutathione Sepharose showed
association of EphA4 with SORLA-GST, whereas no EphA4
association was observed with GST alone (Fig. 1 B). In ad-
dition, an EphA4-Fc fusion protein comprising the EphA4
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ectodomain immobilized on protein G Sepharose could pull
down SORLA from cell lysates (Fig. S1 B).

Its interaction with EphA4 suggests that SORLA could
be an EphA4 substrate. To examine this, we overexpressed
EphA4 WT or the kinase-dead K653R mutant in HEK293
cells and examined SORLA and EphA4 immunoprecipitates
for tyrosine phosphorylation (Fig. S1 C). We observed phos-
phorylation of EphA4 WT but not the K653R mutant, as
expected. However, we did not detect SORLA tyrosine phos-
phorylation (Fig. S1 C), suggesting that the short cytoplasmic
portion of SORLA is not a substrate for EphA4.

‘We next considered the possibility that SORLA influ-
ences EphA4 activation in response to ephrin ligand (ephrinA1-
Fc) stimulation. Using HEK293 cells stably expressing EphA4
(HEK-A4), we observed rapid ephrinA1-Fc—induced EphA4
phosphorylation on Y602 indicative of activation, which per-
sisted for several hours (Fig. S1 D). Similar EphA4 activa-
tion was also observed in WT cortical neurons (Fig. ST E).
Interestingly, overexpression of SORLA in HEK-A4 cells
attenuated EphA4 activation in response to ephrinAl-Fc
stimulation (Fig. 1, C and D). Similarly, EphA4 activation in-
duced by ephrinA1-Fc was lower in cortical neurons derived
from SORLA transgenic (TG) mice compared with WT
neurons (Fig. 1 E), whereas basal EphA4 activation in WT
and SORLA TG neurons was not significantly different (Fig.
S1 F). Conversely, neuronal cultures derived from SORLA
KO mice exhibited enhanced EphA4 activation in response
to ephrinA1-Fc stimulation compared with WT neurons (Fig.
S1 G).Together, these results demonstrate a novel interaction
between SORLA and EphA4 and suggest that SORLA is a
negative modulator of EphA4 activation.

SORLA attenuates ephrin ligand-induced

growth cone collapse

Ephrin-induced EphA4 activation in neurons triggers the
activation of RhoGTPase-mediated actin cytoskeleton re-
arrangements, leading to growth cone collapse, which is
critical for axon guidance during development (Shamah et
al., 2001; Shi et al., 2007). To examine whether modulating
SORLA levels could alter physiological responses mediated
by EphA4 signaling, we cultured hippocampal neurons de-
rived from WT, SORLA TG, or SORLA KO mice and deter-
mined the effects of SORLA levels on ephrinA1-Fc—induced
growth cone collapse. After 3 d in culture, WT neurons fea-
tured F-actin—rich growth cones at the tip of long axonal
processes (Fig. 2, A and B). WT, SORLA TG, or SORLA
KO neurons from several independent embryonic dissections
were stimulated with ephrinAl1-Fc, or Fc as a control, and
fluorescently labeled growth cones were scored as collapsed
or not collapsed. In agreement with previous studies (Egea
et al., 2005; Richter et al., 2007; Shi et al., 2007; Fu et al.,
2014), 82% of the WT growth cones were collapsed after 30
min of ephrinA1-Fc stimulation, representing a threefold in-
crease compared with Fc control stimulation (Fig. 2, A, C,
and D). SORLA TG growth cones were less responsive, with
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SORLA interacts with EphA4 and suppresses EphA4 activation in response to ligand stimulation. (A) SORLA coimmunoprecipitates with

EphA4. EphA4 or APP was immunoprecipitated with the indicated antibodies and immunoblotted for SORLA, EphA4, or APP. (B) SORLA/EphA4 complexes can
be reconstituted by exogenous expression. EphA4 was coexpressed with GST or SORLA-GST in HEK293T or HEKswAPP cell lines, and glutathione Sepharose
precipitates were immunoblotted for EphA4, APP (left), or GST (right). A single representative experiment is shown in A and B. (C-E) SORLA overexpression
attenuates EphA4 activation. (C) HEK293 cells stably expressing EphA4 were transfected with control or SORLA constructs and incubated with ephrinA1-Fc
(A1-Fc) for the time indicated. EphA4 immunoprecipitates were immunoblotted for pY602 phosphorylation or total EphA4. Data in D represents mean + SE
from five independent experiments (*, P < 0.05; Student's t test). (E) WT or SORLA-overexpressing transgenic (SORLA TG) cortical neurons were stimulated
with ephrinA1-Fc, and control or EphA4 immunoprecipitates were immunoblotted for EphA4 pY602 or total EphA4 as indicated. Lysate inputs are shown
(right). (F) Cumulative data from E; graphs represent mean + SE from seven independent experiments (*, P < 0.05; Student's ¢ test).

only 48% of the growth cones scored as collapsed after eph-
rinA1-Fc stimulation (representing a 1.5-fold increase over
Fc-treated controls) and numerous neurons retaining intact
growth cones (52%; Fig. 2, B-D). Interestingly, SORLA KO
neurons exhibited high basal growth cone collapse (Fc treat-
ment; Fig. 2 C), and most growth cones were collapsed after
ephrinA1-Fc stimulation (Fig. 2 C). Together, these results
support a role for SORLA in suppressing ephrin-induced
EphA4 signaling activities.

SORLA attenuates ephrin ligand-induced EphA4 clustering

As a regulator of protein trafficking, SORLA has been shown
to modulate the cell surface localization of receptors such as
TrkB and the insulin receptor (Rohe et al., 2013; Schmidt et
al., 2016). However, we did not observe changes in EphA4
cell surface levels in HEK293T cells and neurons overex-
pressing SORLA (Fig. S2 A), SORLA TG neurons (Fig. S2
C),SORLA siRNA knockdown HEK293T cells, or SORLA

JEM Vol. 214, No. 12

KO neurons (Fig. S2 B). Biochemical fractionation also did
not reveal a significant difference in EphA4 distribution in
Triton X-100-soluble and —insoluble postsynaptic density
(PSD) membrane fractions in WT and SORLA TG mice
(Fig. S2, D and E).

Interestingly, SORLA interaction with APP has been
previously shown to inhibit APP oligomerization (Schmidt
2012). Because ligand-mediated EphA4 homotypic
clustering precedes EphA4 activation (Egea et al., 2005), we
hypothesized that SORLA may inhibit EphA4 activation by
interfering with receptor clustering. We observed formation
of endogenous EphA4 clusters in noncollapsed hippocam-
pal growth cones after short-term ephrinA1-Fc stimulation
(5 min), whereas more prolonged ephrinAl-Fc stimulation
(30 min) produced EphA4 clusters in collapsed growth cones
(Fig. 3 A). Comparison of EphA4 immunoreactivity in WT,
SORLA TG, and SORLA KO neurons stimulated with eph-
rinAl-Fc for 5 min suggested the preferential formation of

et al.,
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Figure 2. SORLA overexpression attenuates ephrin-mediated growth cone collapse. (A and B) Characterization of ephrinA1-mediated growth

cone collapse in hippocampal neurons. WT (A) or SORLA TG (B) hippocampal neurons were treated with Fc control or ephrinA1-Fc for 30 min at DIV3 and
stained for tubulin (green) and F-actin (red). Boxed regions are magnified as indicated. Bars, 10 pym. (C and D) Evaluation of growth cone collapse in WT,
transgenic SORLA (TG) or knockout (KO) hippocampal neurons. (C) WT, SORLA TG, and KO hippocampal neurons were treated with Fc or ephrinA1-Fc for 30
min and stained for F-actin and tubulin. Growth cones at the tips of axonal processes were imaged and scored into collapsed and noncollapsed categories.
The percentage of growth cone collapse was calculated in a minimum of three independent dissections, with each data point in the graph representing a
separate dissection. (D) Fold growth cone (GC) collapse observed with ephrinA1-Fc treatment over Fc control for WT, TG, or KO neurons calculated for each

experiment in C. In Cand D, graphs represent mean + SE; *, P < 0.05; ***, P < 0.00001; Student's ¢ test.

EphA4 clusters in WT and SORLA KO neurons, with few
clusters observed in SORLA TG neurons (Fig. 3 B).We there-
fore measured EphA4 cluster formation in F-actin—labeled
growth cones stimulated with ephrinA1-Fc for 5 min, which
revealed a significantly attenuated EphA4 clustering response
in SORLA TG neurons and a slightly enhanced EphA4 clus-
tering response in SORLA KO neurons (Fig. 3, C and D).
Because we did not observe any differences in overall EphA4
labeling intensity in WT, SORLA TG, or SORLA KO growth
cones (Fig. 3 E), SORLA does not appear to affect aggregation
through changes in EphA4 levels, consistent with the immu-
noblotting data shown in Fig. S2 C.These results demonstrate
that SORLA inhibits EphA4 activation by decreasing eph-
rin-induced EphA4 clustering. Although our results suggest
that SORLA does not affect cell surface distribution of EphA4
at steady state, it remains possible that SORLA may affect
EphA4 trafficking with ligand stimulation, likely through at-
tenuating EphA4 clustering kinetics with ligand stimulation.

3672

An AD-associated mutation in the SORLA YWTD/

epidermal growth factor (EGF)-like region impairs
SORLA/EphA4 interaction

Because SORLA interacts with the extracellular region of
EphA4 (Fig.S1 B), we hypothesized that the extracellular region
of SORLA mediates the interaction with EphA4. The large
SORLA extracellular region includes an N-terminal VPS10
domain, a YWTD/EGF-like region, multiple LDLR class A
repeats, and multiple fibronectin type III repeats (Fig. 4 A).
To identify the SORLA domains that interact with EphA4,
we purified full-length EphA4 containing C-terminal FLAG
and hexahistidine tags (EphA4-FLAGhis6) from HEK293 cells
(Fig. S3 A) and measured its association with Fc fusion pro-
teins of various SORLA extracellular fragments immobilized
on protein G Sepharose (Fig. 4 B).This process revealed an in-
teraction between EphA4 and the SORLAYWTD/EGF-like
region, indicating a critical role for this region of SORLA in
mediating the association with EphA4.
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D were plotted; graph represents mean + SE.
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Figure 4. EphA4 interacts with the SORLA YWTD/EGF-like domain, and EphA4/SORLA interaction is attenuated by a T947M AD-associated
SORLA mutation. (A) Schematic diagram of SORLA domains; an AD-associated T947M mutation resides within the YWTD/EGF-like region. (B) The SOR
LA YWTD/EGF-like region interacts with EphA4. Purified EphA4-FLAGhis6 was incubated with various SORLA domain-Fc fusion proteins immobilized on
protein G Sepharose, and coprecipitation with EphA4 was evaluated by immunoblotting. Adjacent graph depicts relative EphA4 coprecipitation (YWTD/EGF
set to 1.0). Results are from three independent experiments; graph represents mean + SE. (C) Purified EphA4 was evaluated for coprecipitation with WT or
a T947M variant of the SORLA YWTD/EGF domain fused to Fc as in B. The adjacent graph depicts relative EphA4 binding with the WT construct set to 1.0
in four replicates from two independent experiments, mean + SE; **, P < 0.005; Student's t test. (D and E) The SORLA T947M mutation attenuates SORLA/
EphA4 interaction and effects on EphA4 activation. HEK293 cells stably expressing EphA4 were transfected with control, WT, or T947M SORLA expression
constructs, and EphA4 immunoprecipitates from lysates were evaluated for SORLA coprecipitation (D) or ephrinA1-Fc induced EphA4 activation (E) by
immunoblotting. Graphs in D depict T947M coprecipitation relative to WT (set to 1.0; mean + SE; **, P < 0.005; Student's t test) from six replicates in four
independent experiments. Graphs in E show relative pY602/EphA4 ratios with control vector treatments set to 1.0 (mean + SE from five replicates in three
independent experiments; *, P < 0.015; paired Student's t test).

Interestingly, a SORLA T947M variant within the =~ WT or T947M variant Y WTD/EGF-like domain fused to
YWTD/EGF-like region (Fig. 4 A) was identified in Fc revealed weaker interaction of the T947M variant domain
late-onset AD patients and segregated with AD onset in some with EphA4 (Fig. 4 C). Analysis of EphA4 immunoprecipi-
familial lineages analyzed (Vardarajan et al., 2015). Copre- tates from HEK-A4 cells transfected with full-length SORLA
cipitation of purified EphA4-FLAGhis6 with the SORLA ~ WT or the T947M variant revealed that the T947M muta-
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tion also impairs association with EphA4 in the context of
full-length SORLA, with or without ephrinA1-Fc stimula-
tion (Fig. 4 D). In addition, the SORLA T947M variant was
less effective than SORLA WT in inhibiting ephrinA1-Fc—
induced EphA4 activation (Fig. 4 E).

SORLA attenuates Ap-mediated EphA4

activation and clustering

We found that EphA4 immunoprecipitates from SORLA
TG mouse hippocampus show a slight reduction in EphA4
activation compared with WT hippocampus (Fig. 5, A and
B), suggesting that SORLA suppresses EphA4 activation by
ephrin ligands not only in cultured neurons but also in vivo.
Previous studies indicated a role for EphA4 signaling in medi-
ating the synaptotoxic effects of AP oligomers (Fu et al.,2014;
Vargas et al., 2014). Given that SORLA can attenuate EphA4
activation in response to physiological ephrin stimulation, we
investigated whether SORLA can likewise suppress EphA4
activation and clustering in response to AP oligomers. We
therefore oligomerized AP (AP;_4; Fig. 5 C), exposed WT
and SORLA TG cortical neurons to the Ap oligomers, and
evaluated EphA4 immunoprecipitates for EphA4 activation
by immunoblotting (Fig. 5, D and E). Remarkably, Ap treat-
ment caused a nearly twofold increase in EphA4 activation
in WT neurons but not in SORLA TG neurons (Fig. 5, D
and E). Similar to ephrinA1-Fc stimulation, we also observed
EphA4 clustering in HEK293T cells treated with A oligo-
mers (Fig. S3 B), and SORLA overexpressed together with
GFP as a marker largely attenuated AB-induced EphA4 clus-
ter formation compared with GFP alone in control cells (Fig.
S3 C).These results indicate that SORLA can impair EphA4
activation not only in response to ephrin stimulation but also
in response to pathological stimulation by AP oligomers.

SORLA ameliorates Ap-induced cognitive

impairment as well as associated EphA4 activation

and redistribution to PSDs

EphA4 activation and synaptic redistribution induced by
exposure to AP oligomers have been previously shown to
cause synaptotoxic effects (Fu et al., 2014;Vargas et al., 2014).
Therefore, we investigated whether SORLA-mediated inhi-
bition of EphA4 activation could ameliorate the detrimental
effects of AP oligomers on spatial learning and memory tasks
by examining WT and SORLA TG mice in the Morris water
maze test. Because SORLA may influence AP levels in mouse
AD models, we stereotactically injected human A oligomers
into the WT and SORLA TG mouse hippocampus and mea-
sured spatial learning and memory 1 wk after injection.

In agreement with our previous analyses using the Mor-
ris water maze test (Yan et al., 2016), hippocampal injection
of AP oligomers impaired cognitive spatial learning capacity
in WT mice during consecutive platform training sessions
(Fig. 5 F). In contrast, SORLA TG animals were resistant to
the effects of AP throughout the period of platform train-
ing. After platform training, the mice were assessed for their
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ability to return to the platform area in the water maze. The
WT mice injected with AP oligomers exhibited significant
impairment in finding the platform, whereas AP-injected
SORLA TG mice performed as well as WT and SORLATG
mice injected with PBS as a control (Fig. 5 G).

The mice were killed immediately after behavioral test-
ing, and immunoblot analyses of EphA4 immunoprecipitates
from total hippocampal synaptosome fractions revealed sig-
nificantly increased EphA4 activation in WT mice injected
with AP oligomers compared with PBS-injected control
mice (Fig. 5 H), whereas Ap-injected SORLA TG mice did
not show increased EphA4 activation (Fig. 5 I). Measure-
ment of human AP after behavioral analysis confirmed that
AP levels were the same in Ap-injected WT and SORLA
TG mice (Fig. S3 D). We further used confocal microscopy
to examine histological sections from WT and SORLA TG
mice injected in the hippocampal region with AP oligomers
or PBS to investigate possible changes in the colocalization of
EphA4 with PSD95 in the dentate gyrus (Fig. 6,A and B). We
detected more puncta labeled for both EphA4 and PSD95
in WT hippocampal sections from mice injected with AP
oligomers compared with PBS controls, but not in SORLA
TG sections (Fig. 6, B and C).

Consistent with previous studies showing long-term
potentiation (LTP) defects with hippocampal AB oligomer
(Yan et al., 2016) or AAV-APP/PS1 injection (Audrain et al.,
2016), we also observed a reduction in LTP in WT hippo-
campal slices treated with AP oligomers, whereas SORLA
TG hippocampal slices were resistant to Ap-mediated LTP
impairment (Fig. 6, D—F). Thus, SORLA can suppress post-
synaptic dysfunction induced by A oligomers, which has
been previously linked to aberrant EphA4 activation by Ap
oligomers (Fu et al., 2014;Vargas et al., 2014). Together, these
results indicate that up-regulation of SORLA can suppress
cognitive deficiencies associated with EphA4 activation/re-
distribution phenotypes and electrophysiological LTP im-
pairment resulting from exposure to AP oligomers.

Elevated EphA4 activation in human AD brain tissue
correlates with reduced SORLA/EphA4 association

Our data in cell culture and in mice support a model in which
SORLA interacts with EphA4 to attenuate AP-dependent
EphA4 activation and cognitive impairment (Fig. S4 A). To
verify the validity of this model in human AD patients, we
used 30 AD and 23 control brain tissue samples from human
frontal cortex regions (Table S1) to prepare lysates and syn-
aptosomes for immunoblotting and EphA4 immunoprecip-
itation analyses. We did not observe any significant change
in SORLA or EphA4 levels between our AD and control
cohorts (Fig. 7 A and Fig. S4, B and C). However, EphA4
activation was significantly higher in brain tissue from the AD
patients than the controls (Fig. 7, B and C; and Fig. S4 B).
Furthermore, no significant overall difference in SORLA/
EphA4 association was observed between AD and control
patients (Fig. S4 D). Because variations in both EphA4 activa-
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Figure 5. SORLA suppresses Af-mediated EphA4 activation and attenuates cognitive and synaptotoxic deficits associated with oligomeric
AB injection in SORLA TG mice. (A and B) SORLA TG mice show a slight reduction in EphA4 activation at steady state. (A) EphA4 immunoprecipitates from
crude synaptosome fractions in 3-mo-old WT and SORLA TG mice were subjected to immunoblotting, and pY602/EphA4 ratios were plotted in B. Graph
represents mean + SE from WT, n = 12, and SORLA TG, n = 12 animals (*, P < 0.04; Student's ¢ test). (C-E) SORLA suppresses Ap-mediated EphA4 activa-
tion. AB;_4, oligomers (C) were applied to WT or SORLA TG cortical neurons for 2 h, and Eph4 immunoprecipitates (D) were evaluated for EphA4 activation.
(E) Relative fold pY602/EphA4 ratios were evaluated for WT and SORLA TG (TG) neurons (graphs depict mean + SE from three replicates from two inde-
pendent experiments; *, P < 0.04; Student's ¢ test). (F and G) SORLA suppresses spatial memory defects associated with hippocampal A injection. WT and
SORLA TG mice (n = 12, each group; n = 48 total, two independent assay runs) were stereotactically injected with PBS or A into the hippocampus and
subjected to 5 d of navigational training to find a hidden platform. (F) Escape latency decreased for all groups except WT Ap-injected animals (red). Graph
represents mean + SE (*, P < 0.03; **, P < 0.008; two-way ANOVA). (G) After training, a probe test was performed to determine whether animals could ac-
curately recall and return to the platform area; the number of entries was automatically recorded for the experimental groups. Significance was determined
using one-way ANOVA (mean + SE; *, P < 0.05). (H and I) SORLA attenuates AB-mediated EphA4 activation. Hippocampal tissue from WT (H) and SORLA TG
(1) mice injected with PBS or AB were subjected to biochemical fractionation after behavioral analysis, and EphA4 immunoprecipitates from membranes/
total synaptosomes were immunoblotted for activated EphA4 (pY602) and total EphA4. pY602/EphA4 ratios were normalized to PBS injected samples (set
to 1.0). Graphs represent mean + SE; *, P < 0.05; Student's ¢ test.

tion and EphA4/SORLA association were observed in both or reverse AD-associated cognitive decline. Current tar-
control and AD patients (Fig. 7 C and Fig. S4 D), we exam- geting strategies mainly focus on inhibiting the genera-
ined whether there may be a correlation between the two tion or promoting the clearance of A in its various forms

parameters (Fig. 7 D). Interestingly, we observed a significant (Lukiw, 2012). Although these strategies may be beneficial
inverse correlation between SORLA/EphA4 association and against AD, no drug developed so far has demonstrated

EphA4 activation in AD patients by linear regression anal- clinical efficacy.
ysis (Fig. 7 D), implying that SORLA/EphA4 association SORLA represents a unique target for consideration.
correlates with attenuated EphA4 activation in AD brain  As an AD risk factor, SORLA has been traditionally classi-
tissue. This may represent a critical mechanism that could fied as an upstream regulator of AP homeostasis, which may
be fundamental for neuroprotection, particularly at earlier  act to suppress amyloidogenic cleavage pathways by regulat-
stages of cognitive decline. ing APP trafficking (Andersen et al., 2005; Fjorback et al.,
2012; Huang et al., 2016), APP oligomerization (Schmidt et
DISCUSSION al., 2012), and AP clearance (Caglayan et al., 2014). Here, we

The complexity of AD as a neurological disorder is a key  present new evidence that SORLA also acts downstream of
impediment in the search for effective drug targets to treat AP to attenuate neurotoxicity through the modulation of AP
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Figure 6. EphA4 redistribution to PSD clusters and LTP impairment is attenuated in SORLA TG mice. (A and B) Hippocampal AB injection induces
EphA4 redistribution to PSD95 puncta. WT and SORLA TG mice were injected with PBS or AB and subjected to immunohistological staining for Ap (orown)
using MOAB-2 antibody (A) or costaining for EphA4 (red) and PSD95 (green; B). DAPI (blue) insets in B depict the dentate gyrus region imaged. Bars: (A)
300 um; (B) 100 um. Boxes in A and B are magnified in adjacent panels. EphA4/PSD95 co-staining puncta (yellow) are marked by yellow circles in magified
panels in B. (C) Graph indicates percentage of red/green overlapping puncta scored for five 100-um-square regions from hippocampal sections (mean + SE;
*, P <0.001; Student's t test). (D and E) SORLA overexpression restores AB-induced LTP impairment. Mean fEPSP slopes normalized over baseline values are
shown for WT and SORLA TG acute slices under steady-state conditions with or without 500 nM Af as indicated. Baseline recordings were taken 20 min
before LTP induction (O time point), and 60 min after LTP induction. Graph represents mean + SE; *, P < 0.05. (E) Representative fEPSP recordings obtained
before (black) and after (gray) high-frequency stimulation. (F) Cumulative fEPSP slopes between 50 and 60 min after LTP induction (mean + SE, >5 slices
per mouse/three mice per genotype/treatment category). Statistical values were calculated using two-way ANOVA; *, P < 0.05.

receptors such as EphA4, hence affecting synaptic function.  unclear whether definitive changes in total EphA4 levels are
Should SORLA affect both means of Af-associated neuro- altered in AD: although SNPs have been identified proximal
protection concurrently, neurological function could be sen- to the EphA4 gene locus in late onset AD cohorts (Shen et al.,
sitive to subtle alterations in SORLA levels or function. 2010), studies have revealed either no change (Rosenberger

Ephrin receptors such as EphA4 are important early in et al., 2014) or slight reductions in EphA4 expression in the
brain development and mediate fundamental processes includ- brain of AD patients (Simén et al., 2009). Interestingly, how-
ing axon guidance and synaptic wiring (Pasquale, 2005, 2008; ever, EphA4 immunoreactivity has been observed in human
Hruska and Dalva, 2012). EphA4 is also highly expressed in ~ AD brain near AP plaques (Rosenberger et al.,2014). Because
adult brain and has important functions in synaptic structure AP oligomers can induce EphA4 clustering at PSD-bearing

and function (Murai et al., 2003; Carmona et al., 2009; Filosa spines (Fu et al., 2014), these pathological EphA4/Ap plaque
et al., 2009). In addition, it is becoming apparent that EphA4 aggregates may be remnant pathological byproducts formed
plays a role in in the pathogenesis of neurological disorders by prolonged Af-induced EphA4 aggregation. Our results
such as AD and amyotrophic lateral sclerosis (ALS). So far, it is demonstrate that EphA4 is also aberrantly activated in human

JEM Vol. 214, No. 12 3677

/102 ‘T Jaqwadaq uo Bio'ssaidni-wal woly papeojumoq


http://jem.rupress.org/

JEM

>

B

>
w]

control

control AD

— 240kD

—100

actin EphA4 SORLA

|
w
N
pY602 / EphA4
5 & 5

Total

— 240 ‘
24

-75

1
w
Q

PHF1

EphA4 pY602 SORLA
|

EphA4 IP

- 100 (total mem / synap)

D ..

R?=0.0918

® e R?=0.1756
P =0.025

N
o

N

-
o

$
[ d
LLJ
.
[J
.i
L
.
L]
SORLA / EphA4 interaction

0 0.5 1 15 2

control AD pY602 / EphAd

n=23 n=30

Figure 7. EphA4 activation is observed in human AD and correlates with decreased EphA4/SORLA interaction. (A) Total lysates were generated
from a representative control and AD cohort and immunoblotted with the indicated antibodies. (B and C) Elevated EphA4 activity is observed in AD.
(B) EphA4 was immunoprecipitated from total synaptotosome fractions generated from human frontal cortex and immunoblotted for activated EphA4,
pY602, or SORLA as indicated. (C) Activated EphA4 (pY602/EphA4 ratios) as determined in B were plotted for control (n = 23) and AD (n = 30) patient cases.
Graph represents mean + SE (**, P < 0.02; Student's t test). (D) Enhanced SORLA/EphA4 interaction correlates with attenuated EphA4 activation. SORLA/
EphA4 and pY602/EphA4 ratios were individually plotted for control (black) and AD (red) patients. R? (goodness of fit) values are shown for control (black)
and AD (red) data groups; the p-value (significant deviance of the slope from 0 by linear regression analysis) for the AD group was found to be significant.

AD brain tissue. Because Ap-mediated EphA4 activation re-
sults in synaptotoxicity that can be reversed by pharmacolog-
ical EphA4 inhibitors (Fu et al., 2014;Vargas et al., 2014), it is
likely that EphA4 may contribute to synaptic deficiencies that
accompany cognitive decline in AD.

Given that aberrant EphA4 activation is apparent in AD,
it is possible that downstream EphA4 pathways are likewise
affected. EphA4 was previously found to recruit and activate
Cdk5 with ephrin ligand stimulation (Fu et al., 2007). In-
terestingly, Cdk5 activity and its activators were also found
to be elevated in human AD brain compared with controls
(Lee et al., 1999; Tseng et al., 2002). Collectively, this sug-
gests that increased EphA4 activity in human AD could con-
tribute to aberrant Cdk5 hyperactivation. EphA4 activation
has also been found to phosphorylate and activate the Rho-
GTPase activating protein (RhoGAP), a2-chimaerin to in-
activate Racl (Shi et al., 2007). Because lower Racl activity
has also been reported in human AD (Huang et al., 2013)
and in the Tg2576 AD mouse model (Petratos et al., 2008),
AD-associated EphA4 activation may also contribute to Racl
inactivation through aberrant a2-chimaerin activation.

In addition to AD, pathological EphA4 activation has
also been implicated in ALS. EphA4 was identified as a ge-
netic modifier in a mutant SOD1 zebrafish model of ALS,
in which genetic or pharmacological EphA4 inhibition re-
verses SOD1-mediated motor neuron toxicity (Van Hoecke
et al., 2012). EphA4 expression inversely correlates with dis-
ease onset and survival in ALS patients, in whom high EphA4
levels are associated with early disease onset (Van Hoecke
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et al., 2012). Interestingly, SORLA staining is attenuated
in anterior horn cells from human ALS spinal cord tissue
(Mori et al., 2015). Given that SORLA can inhibit patho-
logical EphA4 activation in AD, it is tempting to speculate
that reductions in SORLA may also contribute to the onset
of other disorders such as ALS, potentially through a related
EphA4-inactivating mechanism.

Previous studies indicated that homozygous SORLA
gene inactivation significantly elevates AP generation in mice
(Andersen et al., 2005) but has no obvious effects on basal
synaptic transmission or LTP of these animals (Rohe et al.,
2008). In addition, SORLA TG or KO mice appear to have
no detectable cognitive abnormalities or gross anatomical ab-
errations within the central nervous system (Andersen et al.,
2005; Caglayan et al., 2014). Although we show that SOR
LA can affect ephrin-mediated EphA4 activation and growth
cone collapse in vitro, SORLA overexpression or deletion ap-
pears to have little detrimental effect on murine brain devel-
opment (Rohe et al., 2008).This suggests that developmental
redundancies are able to compensate for SORLA fluctuations
in response to physiological wiring and signaling cues. The
genetic implication of SORLA in age-related neurodegen-
eration indicates that SORLA may have a more fundamental
role in protecting the adult brain from age-dependent neu-
rodegenerative stressors than in early developmental events.

In summary, we reveal here a new role for SORLA in
attenuating AP toxicity, which likely depends on suppress-
ing synaptotoxic activation of EphA4. SORLA presents a
unique case as an AD-related gene because it may suppress
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neurotoxicity simultaneously through suppression of am-
yloidogenic processing and of AP toxicity pathways. As the
SORLA-dependent mechanism we describe represents a
novel way of modifying the activity of cell surface AP re-
ceptors, it will be interesting in future studies to investigate
whether other cell surface AP receptors such as the cellular
prion protein, NMDAR, LilrB2, EphB2 (Laurén et al., 2009;
Cissé et al., 2011; Ronicke et al., 2011; Kim et al., 2013),
and others can be modulated by AD-linked transmembrane
components such as SORLA.

MATERIALS AND METHODS

Cell culture and transfection

HEK?293T and HEK293 cells stably expressing the Swedish
APP KM670/671NL variant (HEKswAPP) and HEK293
cells stably expressing EphA4 (HEK-A4; provided by E.
Pasquale, SBP, La Jolla, CA) were cultured in DMEM sup-
plemented with 10% FBS. Turbofect transfection reagent
(Life Technologies) was used for transient transfection of
all cell lines described according to specifications from the
manufacturer. RNAi MAX (Life Technologies) was used for
transfection of siRINA oligonucleotides. siRINA targeting se-
quences to cognate human targets for cell line transfection
were 5'-CTGGGATTTATCGGAGCAATA-3' for SORLA,
transfected at a final concentration of 10 nM, and purchased
from Qiagen. An AllStars siRNA oligo was transfected as a
negative control (Qiagen).

Primary neuronal culture

Pregnant female mice were collected from timed matings, and
embryos were harvested from SORLA-Ro0sa26/WT BAL-
B/c¢ matings or SORLA KO animals at embryonic day 17
(E17)—E18. Primary cortical and hippocampal neurons were
obtained by microdissection of the cerebral cortex from em-
bryos using a stereomicroscope and dispersed by digestion
in trypsin and DNasel for 30 min at 37°C followed by trit-
uration in DMEM. Embryonic tissue was also collected at
harvesting and processed for genotype analysis for SORLA-
Rosa26 neurons using the MyTaq DNA extraction and
PCR genotyping system (Bioline), where WT and SORLA-
Ro0sa26 neurons from individual embryos were maintained
separately. Neurons were plated and maintained on po-
ly-L-lysine—coated coverslips or culture dishes in Neurobasal
medium supplemented with B27, glutamine, and penicil-
lin/streptomycin. Medium was changed every 3 d (half of
the medium was replaced).

Antibodies, plasmid constructs, and purified proteins

pcDNA3 SORLA was obtained as a gift from Dr. James Lah
(Emory University, Atlanta, GA). pcDNA3 SORLA-GST was
generated by removal of the terminal stop codon in pcDNA3
SORLA and generating an Xbal site downstream of the SORLA
OREF by site-directed mutagenesis. GST was then cloned
in-frame downstream of SORLA using Xbal sites. pcDNA3
IRES-GFP was constructed by PCR  amplification of an
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IRES-GFP fusion fragment, which was cloned using Xhol
and Xbal sites at the 3" end of pcDNA3 SORLA. SORLA
Fc-fusion constructs for pull-down interaction analysis were
expressed from pcDNA3, where Fc constructs were cloned in-
frame with an N-terminal CD5 signal peptide sequence and a
C-terminal Fc sequence (Menzel et al.,2001). SORLA ¢cDNA
fragments comprised the SORLAVPS10 (aa 1-757),YWTD
repeat/EGF-like region (aa 758-1,076), LDLR class a repeats
(aa 1,077-1,554), and fibronectin type III repeats (aa 1,555—
2,135). The T947M SORLA mutation within the YWTD
repeat/EGF-like region was introduced into full-length
SORLA and pcDNA3 YWTD/EGF-like Fc constructs by
site-directed mutagenesis using 5'-CATAGAGCGGATCAT
GTTCAGTGGCCAGCAG-3" forward and 5-CTGCTG
GCCACTGAACATGATCCGCTCTATG-3' reverse primers.

pcDNA3 EphA4 used in this study consists of the
human EphA4 ¢DNA cloned through 5" Xhol and 3" Xbal
sites. K563R kinase dead EphA4 was generated by site-di-
rected mutagenesis using 5'-TGTGTGGCTATCAGGACT
CTGAAAGCTG-3" forward and 5'-CAGCTTTCAGAG
TCCTGATAGCCACACA-3" reverse primers. pCDNA3
EphA4-FLAGhis6 was constructed by reamplifying the
EphA4 ORE with removal of the stop codon at the 3" end,
and cloning a FLAGhis6 oligo 3’ in-frame downstream of
the EphA4 coding sequence.

Antibodies were all purchased from commercial sources:
SORLA (LR 11; BD Biosciences), EphA4 (S-20), EphB2 and
GST polyclonal (Santa Cruz), FLAG M2 (Stratagene/Sigma),
B-actin, PII-tubulin (Tujl) and a-tubulin (Sigma), EphA4
monoclonal (Life Technologies/Thermo Fisher Scientific),
p-Y602 EphA4 (ECM Biosciences), EphB1 (5F10 mouse
monoclonal) and pTyr100 (Cell Signaling Technology). Goat
EphA4 and EphB2 (R&D Systems) were also used for im-
munoprecipitation experiments. PSD95 (Millipore), and
MOAB-2 (Biosensis) antibodies were used for immunohisto-
logical staining. The B436 monoclonal antibody targeting the
AP region was used to detect AP oligomers by immunoblot
(Huang et al., 2016). An affinity-purified EphA4 polyclonal
antibody was generated against the last 11 C-terminal res-
idues (Lamberto et al., 2014), and the 22C11 monoclonal
antibody for APP detection was purified in-house.

Recombinant EphA4-FLAGhis6 purification and

Ap oligomer preparation

EphA4-FLAGhis6 was purified from HEK293T cells trans-
fected with pCDNA3 EphA4-FLAGhis6. Cell lysates were
generated in lysis buffer containing protease inhibitors and
clarified by centrifugation at 10,000 rpm for 10 min. Im-
idazole was added to a final concentration of 10 mM, and
lysates were precipitated with Ni-NTA agarose (Qiagen)
overnight, washed in 10 mM Tris-HCI, pH 8.0/0.5 M NaCl
with 20 mM imidazole, and eluted in 10 mM Tris-HCI, pH
8.0/0.5 M NaCl with 0.3 M imidazole. Eluates were dialyzed
in 1X PBS and frozen for binding experiments as described in
In vitro and in vivo GST and Fc pull-down assays.
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Human synthetic APy (Anaspec) was suspended in
hexafluoroisopropanol at a concentration of 1 mM and in-
cubated at room temperature for 1 h. The suspension was al-
iquoted and evaporated using a SpeedVac system for 3 h and
stored at —80°C. AP oligomers were prepared by resuspending
the AP in dry DMSO at a concentration of 5 mM, vortexed
for 30 s, and diluted in PBS 10-fold. AP peptides were oligo-
merized by 10-fold dilution in PBS and incubated at 4°C for
16 h.The solution was sonicated at 4°C for 10 min in a bath
sonicator, and AP peptide solutions were centrifuged at 1,000
rpm for 2 min, with supernatants transferred to fresh tubes.
Oligomerization of AB_y, was confirmed by immunoblotting.

In vitro and in vivo GST and Fc pull-down assays

For reconstitution of SORLA/EphA4 complexes in
HEK293T cells, GST alone or GST-SORLA was expressed
using pRK5mGST or pCDNA3 SORLA-GST vectors
transfected in HEK293T and HEKswAPP cells. Cell lysates
were generated in lysis buffer (20 mM Tris-HCI, pH 7.5,
150 mM NaCl, 10 mM MgCl,, 5% glycerol, and 1% NP-40)
in the presence of protease inhibitors (Complete EDTA-free;
Roche),and GST proteins were precipitated with glutathione
Sepharose. Immunoblots of precipitates detected the presence
of EphA4, APP, or GST components.

Mouse EphA4-Fc or Fc alone (R&D Systems) was im-
mobilized on protein G Sepharose, washed with lysis buf-
fer, and incubated with HEK293T lysates overexpressing
SORLA. Precipitates were washed with lysis buffer and eluted
with 0.2 M glycine (pH 2.5) for 20 min; eluates were analyzed by
immunoblotting. For analysis of SORLA ectodomain fragment
interactions with EphA4-FLAGhis6, the Fc-fusion constructs
described above (Antibodies, plasmid constructs, and purified
proteins) were transfected into HEK293T cells,and conditioned
medium (FBS-free DMEM) was collected after secretion for
48 h. Fc proteins were purified with protein G Sepharose, with
EphA4-FLAGhis6 added to immobilized Fc proteins. Precipi-
tates were washed and immunoblotted for EphA4 or Fe.

Mouse lines

SORLA-Ro0sa26 (SORLA TG) mouse lines overexpressing
SORLA through a CMV/B-actin promoter element was pre-
viously established (Caglayan et al., 2014). SORLA deletion
(SORLA KO) mouse lines were also established previously
(Andersen et al., 2005; Rohe et al., 2008) and maintained
as a homozygous line for generation of primary neurons.
Tg2576 mice harboring Swedish familial mutations in the
human APP gene were used in preliminary immunopre-
cipitation experiments (Hsiao et al., 1996). All procedures
involving animals were performed under the guidelines of
Sanford-Burnham Medical Research Institute Institutional
Animal Care and Use Committee.

Human brain tissue

Human brain tissue was obtained from the University of Cal-
ifornia, San Diego (courtesy of E. Masliah), and the Univer-
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sity of Miami (Neurobiobank) in contract with the National
Institutes of Health. Human brain samples were processed
and analyzed with institutional permission in accordance
with California and National Institutes of Health guidelines.
Information pertaining to the human brain specimens used in
this study is included in Table S1.

Coimmunoprecipitation assays

SORLA complexes were immunoprecipitated from mouse
brain lysates in lysis buffer using 0.5 pg antibodies as indicated,
where immunocomplexes were precipitated with protein G
Sepharose and washed in lysis buffer. Immunocomplexes were
immunoblotted for various components as indicated.

Mouse and human brain biochemical fractionation and
EphA4 IP analysis from synaptosomes
Mouse hippocampal tissue was processed for biochemical
synaptic/PSD-enrichment analysis as described previously
(Wang et al., 2013). In brief, hippocampal tissue was homog-
enized using a Dounce homogenizer in fractionation buf-
fer (0.32 M sucrose, 25 mM Hepes, pH 7.4, in protease and
phosphatase inhibitors), and nuclei and debris were cleared
by centrifugation (500 g, 10 min). Membranes/crude synap-
tosomes were separated by centrifugation at 10,000 g for 12
min, and membranes were washed twice in 25 mM Hepes,
pH 7.4/150 mM NaCl and solubilized in 25 mM Hepes, pH
7.4/150 mM NaCl buffer with 1% Triton X-100 and phos-
phatase/protease inhibitors. PSD-enriched fractions were
precipitated by centrifugation at 10,000 g for 20 min, washed
in 25 mM Hepes, pH 7.4/150 mM NaCl, and solubilized in
25 mM HEPES, pH 7.4/150 mM NaCl/1% Triton X-100.
Human tissue from frontal cortex was similarly homogenized
as described for mouse hippocampal tissue and resuspended
in fractionation buffer at 0.5 ml/0.1 mg of frozen tissue.
EphA4 was immunoprecipitated in Triton X-100 solu-
bilized synaptosomes from mouse hippocampus and human
brain tissue and incubated with a mouse monoclonal anti-
body for EphA4 (Thermo Fisher Scientific). Protein G im-
munocomplexes were precipitated, washed in lysis buffer, and
analyzed by immunoblot analysis.

EphA4 activation, growth cone

collapse, and EphA4 clustering

Recombinant ephrinAl-Fc or control Fc (R&D Systems)
was used to stimulate stably transfected EphA4 HEK293
(HEK-A4) cells or primary mouse neurons at a concentra-
tion of 1 pg/ml for the times indicated to assay EphA4 kinase
activation. After stimulation, cells or neurons were washed
in 1X PBS and lysed in Bufferl (20 mM Tris-HCI, pH 7.5,
150 mM NaCl, 10 mM MgCl,, 5% glycerol, and 1% NP-
40) in the presence of protease inhibitors (Complete EDTA-
free; Roche) and phosphatase inhibitors (Pierce). EphA4 was
then immunoprecipitated for 3-5 h at 4°C using EphA4
antibodies (Life Technologies) and protein G Sepharose;
beads were washed four times with Bufferl and immuno-
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blotted for EphA4 or phosphorylation of the p-Y602 residue
to determine activation.

Growth cone collapse in cultured hippocampal neurons
was assayed as described previously (Richter et al., 2007). In
brief, ephrinA1-Fc or human Fc control was preclustered
with anti-human Fc (1:10), and hippocampal neurons on
glass coverslips grown at low density were exposed to 1 pg/ml
ephrinA1-Fc or control Fc for 0.5 h at 3 d in vitro (DIV3).
Neurons were then fixed in 4% PFA, permeabilized in 0.5%
Triton X-100/1x PBS, and blocked in 3% BSA. Neuronal
growth cones were stained with PIII-tubulin (Tujl) anti-
bodies and an Alexa Fluor 488—conjugated goat anti-rabbit
antibody/Alexa Fluor 568 phalloidin. Growth cones were
tracked along the longest axonal process, and growth cone
images were obtained for all neurons imaged on a single cov-
erslip. Growth cones were classified into collapsed and non-
collapsed categories according to the presence or absence of
F-actin—rich lamellipodial and filopodial extensions within
the growth cone area. A total of 252 (WT), 168 (SORLA
TG), and 153 (SORLA KO) growth cones were scored over
multiple embryos from a minimum of three experiments
derived from two separate embryonic neuronal cultures
for growth cone collapse.

EphA4 clustering was visualized in cultured hippocam-
pal neurons as described previously (Shi et al., 2007), with
modification. Preclustered EphrinAl-Fc or Fc control was
incubated with DIV3 hippocampal neurons grown on cov-
erslips for 5 or 30 min. Neurons were fixed in 4% PFA and
stained with EphA4 (S-20, Santa Cruz)/a-tubulin (Sigma)
antibodies, followed by fluorescent secondary antibodies
and Alexa Fluor 350 phalloidin. EphrinA1-Fc treatment for
5 min did not induce growth cone collapse but did initiate
EphA4 clustering in WT neurons. Growth cone regions were
tracked along axonal extensions, and EphA4 staining was ho-
mogenously normalized for intensity in all neurons for each
experiment using identical image acquisition settings; EphA4
clusters at least 0.2 pm in size were scored within each F-ac-
tin—rich growth cone area per neuron. A minimum of three
experiments were scored from two independent embryonic
neuronal dissections; a total of 33 WT, 29 SORLATG, and 38
SORLA KO growth cone regions were quantified.

Cell surface biotinylation

Cell surface biotinylation using EZ-link Sulfo-NHS-LC bi-
otin in HEK293T and primary neurons was performed as
described previously (Wang et al., 2013). In HEK293T, cells
were first either cotransfected with vectors overexpressing
SORLA and EphA4 or sequentially transfected with control/
SORLA siRNA oligos and subsequently transfected with an
EphA4 overexpression vector. For surface biotin labeling, cells
or neurons were washed in cold 1X PBS supplemented with
1 mM MgCl,/1.3 mM CaCl, (1X PBS/CM) and incubated
with 500 pg/ml biotin labeling reagent in 1X PBS/CM at
4°C with agitation. Labeling was repeated and quenched with
7.5 pg/ml glycine in 1X PBS/CM. Cells were washed, lysed in
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lysis buffer, and incubated overnight with streptavidin agarose
at 4°C with agitation. Streptavidin agarose beads were then
washed and boiled in Laemmli buffer, and biotin-labeled pre-
cipitates were visualized and quantified by immunoblotting.

Stereotactic hippocampal Ap injection

APy oligomers (2 pl, 500 uM) or PBS vehicle controls were
stereotactically injected at a rate of 0.5 pl/min into the hippo-
campus of anesthetized SORLA TG mice or WT littermate
animals using the following coordinates: anterior posterior,
—2.0 mm; medial lateral, £1.3 mm; dorsal ventral, 2.1 mm.
Mice were allowed to recover for 1 wk after injection and
then were subjected to behavioral analysis (see Mouse behav-
ioral analysis). Animals were immediately killed after behav-
ioral analysis, and dissected hippocampus tissue was processed
for biochemical analysis. For immunohistological analysis,
mice were killed 4 d after injection and processed as specified
in Immunohistochemistry and detection of EphA4/PSD95
puncta in mouse sections.

Mouse behavioral analysis

A modified Morris water maze apparatus (San Diego Instru-
ments) was used to evaluate spatial reference learning and
memory (Billings et al., 2005; Vorhees and Williams, 2006).
For 5 d, mice were trained to escape to an invisible 14-cm-
diameter platform submerged 1.5 cm beneath the water sur-
face, which was obscured using nontoxic white paint; in case
of failure to find the platform within 60 s, animals were guided
to the platform and allowed to remain there for 10 s. The es-
cape latency was scored as 60 s in instances in which the mice
were unable to find the platform. Because of the large cohort
size tested, mice were given two trials per day, and retention
of spatial training (probe test) was assessed 24 h after the final
training trial. Each mouse was assayed using a single probe test
comprising a 60-s free swim session in the pool where the
platform was removed. The time spent in each quadrant was
recorded, as well as the number of times the mice entered the
platform area. The ANY-maze video tracking system (Stoelt-
ing Co.) was used for automated trial acquisition and analysis
of all trials. A total of 48 mice (n = 12 each for WT and
SORLA TG genotypes injected with either PBS or Af) were
subjected to Morris water maze analysis.

ApB1_s ELISA

Hippocampal tissue from human AP y-injected WT and
SORLA TG animals subjected to Morris water maze anal-
ysis were subsequently processed for biochemical EphA4
activation as described in Mouse and human brain biochem-
ical fractionation and EphA4 IP analysis from synaptosomes,
where AP was extracted from total hippocampal protein
preparations in RIPA buffer (10 mM Tris-HCI, pH 8, 1 mM
EDTA, 1% Triton X-100, 0.1% Na deoxycholate, 0.1% SDS,
140 mM NaCl, and 1 mM PMSF), and human A4, levels
were measured using a commercial human Af;_, ELISA sys-
tem (Invitrogen). Normalized protein levels used for ELISA
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analysis were quantified for Ap;_y» concentrations, and relative
AP;_4 values were calculated with WT AB;_4 set to 1.0.

Immunohistochemistry and detection of EphA4/PSD95
puncta in mouse sections

For immunohistological detection of Af, WT and SORLA
TG mice were anesthetized and subjected to intracardial
perfusion with PBS and fixation with 4% PFA. The tissues
were cryoprotected in 30% sucrose, embedded in O.C.T.
(Tissue Tek), and subjected to cryostat sectioning. Free-float-
ing tissue sections (20 um) were immunostained using the
MOAB AP antibody and subsequently incubated with an
anti-mouse HRP secondary antibody, and developed using
a DAB substrate (Vector Laboratories). Sections were coun-
terstained with hematoxylin, and images were acquired using
a ScanScope AT2 system.

Mouse sections were scored for colocalizing overlap of
EphA4 and PSD95 foci in 100-pm-square areas within the
dentate gyrus region by scoring the number of overlapping
foci over the total EphA4 and PSD95 foci in five regions for
PBS and AP injections in WT and SORLA TG animals.

Electrophysiology

For analysis of LTP, ex vivo hippocampal slices were prepared
from 3-mo-old WT and SORLA TG mice in the presence
or absence of 500 nM oligomerized AP, similar to methods
described previously (Fu et al., 2014). Mice were decapitated
under deep terminal anesthesia, and brains were surgically
removed in ice-cold, sucrose-based artificial cerebrospinal
fluid (aCSF) of the following composition: 190 mM sucrose,
25 mM p-glucose; 25 mM NaHCO;, 3 mM KCI, 1.25 mM
NaH,PO,4, 5 mM MgSOy4, 10 mM NaCl, and 0.5 mM CaCl,
saturated with carbogen (95% O,/5% CO,) to pH 7.4. A vi-
brating-blade microtome (Leica VT1000S) was used to cut
400-pm-thick coronal slices containing both cortex and
hippocampus. Slices were transferred to a holding cham-
ber containing warm (34°C) aCSF of the following com-
position: 125 mM NaCl, 25 mM NaHCQO;, 3.0 mM KCI,
1.25 mM NaH,PO,, 2.0 mM CaCl,, 1.0 mM MgSO,, and
10 mM bp-glucose saturated with carbogen (95% O,/5%
CO,) to pH 7.4. Slices were left to recover at room tem-
perature in oxygenated aCSF in the presence or absence of
500 nM oligomerized AP for at least 2 h before induction
of LTP. For recording, slices were transferred to a recording
chamber and perfused with warm (32°C) oxygenated aCSF
at a rate of 2 ml/min. For recording, both stimulating and
recording electrodes were positioned within hippocampal
CA1 subfield (striatum radiatum) on an upright microscope
(BX5IWI; Olympus). An electrical stimulation protocol
was used to evoke field excitatory postsynaptic potentials
(fEPSPs) in CA1 pyramidal neurons by activating Schiffer
collateral axonal fibers located in the stratum radiatum. LTP
was induced by two trains of high-frequency stimulation (100
Hz for 1 s at 30-s intervals) using a concentric bipolar stim-
ulating electrode (CBARC75; FHC). fEPSPs were recorded
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using glass electrodes filled with aCSF and placed in the CA1
stratum radiatum (dendritic region). All recordings of synaptic
activity were performed using a Multiclamp 700B (Molec-
ular Devices), and signals were filtered at 3 kHz, digitized,
and sampled using pClamp10 software (Molecular Devices).
The magnitude of potentiation was calculated as percentage
change in fEPSP slope normalized to baseline values. The
mean change in synaptic potentiation 1 h after induction of
LTP was used to compare different experimental groups. For
each genotype/treatment, five slices from three mice were
processed for electrophysiological analysis.

Cell and neuronal image sample preparation and acquisition
Hippocampal neuronal images for growth cone collapse and
neuronal/cellular EphA4 clustering were acquired using an
inverted Zeiss Axio Observer Z1 fluorescence microscopy
system using a CCD sensicam (PCO; Kelheim), where acqui-
sition and processing of images used Slidebook 5.5 software.
All images were acquired using a 40X air objective lens (0.75
NA), and images were exported as 8-bit tiffs for further analy-
sis using Image]J. Cultured HEK293T transfected with vectors
expressing EphA4-GFP were seeded and manipulated (un-
treated or treated with 500 nM AP oligomers for 2 h) on poly-
L-lysine coated glass coverslips and fixed in 4% PFA. After
permeabilization in 0.5% Triton X-100 in 1X PBS, coverslips
were washed, blocked in 3% BSA, and stained in primary and
fluorescent secondary antibodies before mounting in Prolong
Gold antifade on glass slides.

For live cell imaging of EphA4, vectors expressing
EphA4-mCherry and GFP alone or SORLA-IRES-GFP
were transfected into HEK293T cells in glass-bottom tissue
culture dishes coated with poly-1-lysine 24 h after transfection.
Cells were imaged before the addition of AP oligomers and
subsequently imaged using a Zeiss 710 confocal microscope
63X% oil lens. Images were captured at 1 frame/min for 35 min.

Statistical analyses

All statistical analyses used in this study determined the signif-
icant differences between two groups using nonpaired ¢ tests
with equal variance from a minimum of three experiments
unless stated differently. Statistical significance was calculated
using GraphPad Prism 7.0 for all animal and human tissue
and behavioral analyses.

Online supplemental material

Fig. S1 shows immunoprecipitation of SORLA with an
EphA4 antibody, interaction of the EphA4 ectodomain
with SORLA, phosphorylation of EphA4 and SORLA in
HEK293T cells, and measurement of ephrinAl-induced
EphA4 phosphorylation kinetics. Fig. S2 shows compara-
tive cell surface EphA4 levels with SORLA modulation and
EphA4 levels in total and postsynaptic brain fractions. Fig. S3
depicts purified EphA4 and EphA4 distribution in HEK293T
cells with AP treatment and human AP levels after stereotac-
tic hippocampal injection in WT and SORLA TG mice. Fig.

SORLA/EphA4 interaction inhibits AB toxicity | Huang et al.

/102 ‘T Jaqwadaq uo Bio'ssaidni-wal woly papeojumoq


http://jem.rupress.org/

S4 presents a model for SORLA-dependent EphA4 inhibi-
tion in response to ephrinAl and A, analysis of total SOR
LA levels, and EphA4/SORLA interaction in human control
and AD brain samples. Table S1 lists all the human brain tis-
sues used in this study.
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Figure S1.  SORLA affects EphA4 activation. (A) Screening of Eph receptor immunoprecipitates for SORLA interaction. WT mouse brain lysates were
coimmunoprecipitated with control antibodies or EphB1, EphA4, or EphB2, and immunoprecipitates were immunoblotted for SORLA. Dashed line indicates
non-adjacent lanes in the blot. (B) SORLA interacts with the EphA4 ectodomain. Control or EphA4-Fc immobilized on protein G Sepharose was incubated
with cell lysates overexpressing SORLA, and coprecipitation of SORLA was detected by immunoblot. (C) SORLA is not an EphA4 substrate. Vector control, WT,
or a K563R kinase dead EphA4 mutant constructs were transfected into HEK293T cells. Lysates were immunoblotted for EphA4 (left) or immunoprecipitated
with control, SORLA, or EphA4 antibodies, and immunoprecipitates were immunoblotted for phosphotyrosine (right). Blots from the immunoprecipitates
were then reprobed with SORLA or EphA4 antibodies (bottom). (D and E) EphrinA1 stimulation results in prolonged EphA4 activation. HEK293 cells stably
expressing EphA4 (D) or primary cortical neurons (E) were incubated with ephrinA1-Fc or Fc control for the time indicated, EphA4 was immunoprecipitated
from lysates, and the immunoprecipitates were probed for pY602 or EphA4. (F) Steady-state EphA4 activation levels are comparable between control and
SORLA TG neurons. pY602/EphA4 ratios in EphA4 immunoprecipitates from WT and SORLA TG (TG) cortical neurons were measured without ephrinA1-Fc
stimulation (mean + SE from four independent experiments). (G) EphA4 activation is enhanced in SORLA KO neurons. WT and SORLA KO neurons were
stimulated with ephrinA1-Fc (A1-Fc) for the time indicated, and EphA4 was immunoprecipitated from neuronal lysates and immunoblotted for pY602 or
EphA4. Graph represents mean + SE from three independent experiments (n = 3; *, P < 0.005; Student's ¢ test).
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Figure S2. Steady-state EphA4 cell surface levels are not affected by SORLA, and total/membrane-associated EphA4 levels are similar with
SORLA overexpression in neurons and SORLA TG mice. (A) SORLA overexpression does not affect the levels of EphA4 on the cell surface. HEK293T cells
transfected with control/SORLA overexpression vectors (top) or WT/SORLA TG cortical neurons (bottom) were subjected to cell-surface biotinylation, and
labeled proteins were precipitated with streptavidin agarose and immunoblotted for EphA4. (B) SORLA depletion or KO does not affect surface EphA4 levels.
HEK293T cells transfected with control or SORLA siRNA oligonucleotides (top) or WT/SORLA KO cortical neurons (bottom) were subjected to cell-surface
biotinylation as in A, and surface EphA4 levels were examined by immunoblotting. In A and B, top graphs represent (from HEK experiments) mean + SE
from three replicates, and bottom graphs (from cortical neurons) represent six replicates from two independent experiments. (C) Total EphA4 levels are
unaffected in SORLA TG neurons. EphA4 levels were determined in cultured WT and SORLA TG cortical neurons by immunoblotting, and EphA4/actin ratios
normalized to WT neurons were plotted (mean + SE; plots are from nine individual replicate cultures in three independent experiments). (D) Hippocampal
tissue from a WT mouse was subjected to biochemical membrane separation to separate synaptosomes and presynaptic and postsynaptic enriched protein
components. Equal protein quantities were loaded and immunoblotted for the components indicated. (E) Hippocampal tissue from WT and SORLA TG mice
were collected at 3 and 6 mo and subjected to fractionation for Triton X-100-soluble (TX-soluble) membranes and PSD-enriched fractions. Relative EphA4
values normalized to synaptophysin (SVP38) and PSD95 were plotted normalized to WT values (set to 1.0; mean + SE from four age-/litter-matched animals
of each age/genotype/fraction).
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Table S1.

List of human brain tissues used

Number Source Identifier Diagnosis Sex Age Braak stage
yr

1 UCsD X5709 Normal M 94 2

2 UCsD X5628 Normal F 80 1

3 ucsb X5248 Normal F 93 1

4 ucsb X5114 Normal M 87 1.1

5 ucsb X5070 Normal F 97 1

6 ucsb X5049 Normal F 102 1

7 ucsb X4996 Normal M 91 3

8 ucsb X4954 Normal M 76 0

9 UCsD X5732 AD F 78 6.2

10 ucsb X5725 AD F 66 6.2

n ucsb X5720 AD F 77 6.2

12 Ucsb X5707 AD M 82 6.2

13 UCsDb X5704 AD M 77 6.2

14 UCsD X5698 AD F 77 6.2

15 UCsD X5693 AD F 78 6.2

16 Uucsb X5691 AD F 62 6.2

17 ucsb X5689 AD F 74 6.2

18 UCSD X5686 AD M 88 6.2

19 ucsb X5685 AD F 88 6.2

20 ucsb X5684 AD M 68 6.2

21 ucsb X5680 AD M 84 6.2

22 ucsb X5302 Normal F 83 1.1

23 UCsb X5130 Normal M v 1

24 UCSD X5006 Normal M 69 0

25 ucsb X4942 Normal M 83 0

26 UCsb X4689 Normal F 79 0

27 ucsb X5754 AD M 92 6.2

28 ucsb X5743 AD M 87 6.2

29 ucsb X5738 AD F 85 6.2

30 ucsb X5667 AD F 71 6.2

31 ucsb X5658 AD F 70 6.2

32° UMiami HCTZZA_16_009 Normal M 89

33 UMiami HCTZZC_16_009 Normal F 82

34 UMiami HCTZZH_16_010 Normal F 65

35 UMiami HCTZZV_16_001 Normal F 86

36 UMiami HBDE16_16_03 Normal M 83

37 UMiami HCTZZR_16_006 AD M 86 -1V

38 UMiami HBCG_16_003 AD F 90 -1V

39 UMiami HBED_16_004 AD F 71 -1

40 UMiami HBEK_16_001 AD F 77 V-VI

41 UMiami HBFF_16_004 AD M 85 -

42 UMiami HBFP_16_001 AD F 83 V-VI

43 UMiami HBFR_16_001 AD F 69 V-VI

44 UMiami HCTYH_16_013 Normal F 71

45 UMiami HCTYP_16_019 Normal M 75

46 UMiami HCTYY_16_006 Normal M 90

47 UMiami HCTZL_16_005 Normal F 65

48 UMiami HCT15HAB16_016 Normal M 67

49 UMiami HCTZT_16_006 Normal M 76

50 UMiami HCTYN_16_001 AD F 80 V-VI

51 UMiami HCTZX_16_001 AD M 95 V-Vi

52 UMiami HCTZZF_16_004 AD F 103 -1v

53 UMiami HBBX_16_001 AD F 94 V-VI

54 UMiami HBDA_16_001 AD M 80 V-VI

55 UMiami HBDM_16_001 AD M 60 V-VI

56 UMiami HBEC_16_001 AD M 71 V-VI

UCSD, University of California, San Diego; UMiami, University of Miami.
232-43 are samples (in order, left to right) in Fig. 7; 44-56 are samples in Fig. S4.
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