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Abstract
Axonal injury is a common feature of central nervous system insults. Upregulation of amyloid precursor protein (APP) is
observed following central nervous system neurotrauma and is regarded as a marker of central nervous system axonal injury.
However, the underlying mechanism by which APP mediates neuronal death remains to be elucidated. Here, we used mouse
optic nerve axotomy (ONA) to model central nervous system axonal injury replicating aspects of retinal ganglion cell (RGC)
death in optic neuropathies. APP and APP intracellular domain (AICD) were upregulated in retina after ONA and APP
knockout reduced Tuj1+ RGC loss. Pathway analysis of microarray data combined with chromatin immunoprecipitation and
a luciferase reporter assay demonstrated that AICD interacts with the JNK3 gene locus and regulates JNK3 expression.
Moreover, JNK3 was found to be upregulated after ONA and to contribute to Tuj1+ RGC death. APP knockout reduced the
ONA-induced enhanced expression of JNK3 and phosphorylated JNK (pJNK). Gamma-secretase inhibitors prevented
production of AICD, reduced JNK3 and pJNK expression similarly, and protected Tuj1+ RGCs from ONA-induced cell
death. Together these data indicate that ONA induces APP expression and that gamma-secretase cleavage of APP releases
AICD, which upregulates JNK3 leading to RGC death. This pathway may be a novel target for neuronal protection in optic
neuropathies and other forms of neurotrauma.

Introduction

Optic neuropathies are diseases characterized by visual loss
due to damage to the optic nerve resulting in loss of retinal
ganglion cells (RGCs). Optic neuropathies can result from
various causes, including glaucoma, ischemia and trauma
[1], but axonal injury underlies RGC death in most cases
[2]. Lack of clinically applicable treatment for optic

neuropathies [3] drives the need for further research into the
underlying mechanisms. Axonal injury also occurs in many
other forms of central nervous system insult such as stroke
and traumatic brain injury. Optic nerve axotomy (ONA)
offers a simplified model of CNS axonal injury that allows
for reproducible injury of a relatively homogenous popu-
lation of axons. Thus, ONA is a reproducible model for
analyzing neuron degeneration in response to axon injury
[4,5]. Additionally, ONA models characteristics of the
specific kind of axonal degeneration that occurs in optic
neuropathies. This model is particularly attractive because
the vitreous chamber of the eye permits experimental
manipulations via intraocular injections. As the ganglion
cell layer is a monolayer, RGC densities can be directly
quantified in flat-mounted tissue with accuracy, without the
need for stereology [6]. RGC apoptosis has a characteristic
time-course whereby cell death is delayed until 3–4 days
post-axotomy, after which the cells rapidly degenerate.
This provides a time window for experimental manipula-
tions directed against pathways involved in apoptotic cell
death [7,8].
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Amyloid precursor protein (APP) is best known for its
involvement in the pathogenesis of Alzheimer disease (AD).
However, APP can also be detected immunocytochemically
at sites of axonal injury in the brain, and has long been used
as a general marker for axonal injury [9,10]. APP accumu-
lation was also found in demyelinated axons in multiple
sclerosis [11]. APP is transported by fast anterograde axonal
transport [12], and is thought to accumulate in injured axons
due to axonal transport failure. It was reported that high Aβ
and APP levels were detected in chronic ocular hypertension
glaucoma models [13]. APP intracellular domain (AICD) is
derived by proteolytic processing of APP [14]. Recently,
there has been considerable interest in the putative roles of
AICD in the pathogenesis of AD and neurodegeneration
[15]. AICD peptides were originally identified in the brains
of AD patients. They have been implicated both in induction
of apoptosis and in enhancement of responses to other
apoptotic stimuli [14]. AICD translocates to the nucleus and
acts as a transcription factor or in concert with other tran-
scription factors signaling to the nucleus [16].

In RGCs, the JNK pathway is activated by many apop-
totic stimuli [17,18]. The active phosphorylated form of
JNK is detected in RGCs in human glaucoma [19]. JNK3 is
the major JNK isoform expressed in neural tissue [20].
JNK3 deficiency protects neurons from insults such as
excitotoxicity or ischemia [21,22]. While in a mouse model
of chronic ocular hypertension, increased ocular pressure
resulting in apoptosis of RGCs was associated with
increased expression of JNK3 [23].

In summary, although axonal injury is known to upre-
gulate APP expression in axons, it is not known whether
this upregulation of APP occurs in RGCs and whether it
mediates axon injury-associated neuronal death, which
likely involves JNK3. We hypothesized that axon injury
induces upregulation of APP expression in RGCs and that
APP, in turn, activates JNK3-mediated neuronal death. Here
we report that APP regulates JNK3 gene expression via
gamma-secretase-dependent release of AICD and plays a
role in RGC degeneration after ONA in the mouse.

Results

APP is upregulated and involved in RGC death after
ONA

APP is upregulated on neural injury and has long been
regarded as a marker for axonal degeneration [24,25]. RGC
death after ONA is caused by axon injury [5,26], so we
wondered whether APP plays a role in ONA-induced cell
death. To identify the role of APP in RGC degeneration, we
first detected APP expression after ONA. Mouse retinae were
harvested 1 day, 7 days and 14 days after intraorbital ONA.

The number of RGCs in ONA-injured retinae remained
similar to those in control retinae until day 7 after which most
of the RGCs were lost by day 14 [5]. Our results showed that
1 day after ONA, APP protein levels were upregulated by
twofold and were still elevated, although slightly decreased
comparing with day 1 post-ONA, 7 days and 14 days after
ONA (Figs. 1a, b), and AICD production was also increased
(Fig. S1a). Additional immunostaining in mouse retina sec-
tions showed that APP was upregulated in RGCs after ONA
(Fig. S2). Next, we investigated whether APP contributed to
RGC loss in ONA-injured eyes by counting Tuj1+ RGCs in
wild-type and APP-null mice. The mice were perfused with
4% paraformaldehyde (PFA) and their retinae were har-
vested. The flat-mounted retinae were stained using mouse
anti-Tuj1 monoclonal antibody to label RGCs (Fig. 1d), and
then were analyzed by the counting method shown in Fig. 1c.
The Tuj1+ RGC number in intact retinae from wild-type or
APP-null mice was not significantly different (wild-type
2123± 85 cells/mm2, APP-null 2052± 171 cells/mm2, p>
0.05, n= 3 for each genotype); whereas the number of sur-
viving Tuj1+ RGCs in APP-null mice was significantly more
than that of wild-type mice 1 week or 2 weeks after ONA
(Figs. 1d, e). The Tuj1+ RGC densities observed in intact
retinae were consistent with previously reported Tuj1+ RGC
numbers [27] although lower than RGC numbers measured
by OHSt (hydroxystilbamidine methanesulfonate) retrograde
labeling [28]. We also performed terminal deoxynucleotidyl
transferase-mediated, dUTP nick end labeling (TUNEL) to
test whether the RGC death is through the apoptosis pathway
(Fig. S3). The detection of TUNEL-positive apoptotic cell
death peaked (2–3 positive RGCs per section) at 6–7 days
after ONA, which indicates that most of the ONA-induced
cell death was through necrosis, instead of apoptosis.
Nevertheless, APP deficiency also protected RGCs from
apoptosis. We did not observe TUNEL-positive RGCs in
intact wild-type or APP-null retina sections, which excluded
a basal level difference between genotypes.

ONA selectively injures the axons of RGCs. To inves-
tigate whether this injury led to RGC death specifically or
influenced other cell types in ganglion cell layer as well, we
examined the survival of astrocytes using an anti-GFAP
(glial fibrillary acidic protein) antibody. No significant dif-
ference in GFAP+ cells was observed between intact retinae
and retinae 14 days after ONA (Fig. 1f), which is consistent
with previous studies [7,29]. Thus, we showed that APP
was upregulated following ONA and that APP knockout
reduced Tuj1+ RGC death induced by ONA.

Identification of JNK3 as an APP downstream
effector

To identify the possible downstream effector of APP, we
performed microarray and chromatin immunoprecipitation
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(ChIP)-seq screening using APP695-overexpressing SH-
SY5Y cells or control SH-SY5Y cells. SH-SY5Y cells are a
commonly used human-derived neural cell line that
expresses Fe65 and Tip60, important co-factors of AICD in
the AICD transcriptional complex [30]. In our microarray
experiment, we identified 1291 genes that were differen-
tially expressed in APP695-overexpressing SH-SY5Y cells
vs. control. Pathway analysis revealed a number of these
genes belonging to the MAPK pathway (Fig. 2a). JNKs are
an important subgroup of MAPKs involved in injury-

induced stress responses and apoptosis [31]. In the ChIP-seq
screening, we identified interaction of AICD at the fourth
intron of JNK3 in human chromosome 4 (Fig. 2b), which
suggested that JNK3 was potentially regulated by AICD.
We also performed an independent ChIP-PCR experiment
with a highly specific anti-V5 antibody to immunoprecipi-
tate V5-tagged AICD59 overexpressed in SH-SY5Y cells
transfected with pcDNA4/V5-His or pcDNA4/V5-His-
AICD59 for 48 h (Fig. 2c). Using primers targeting the
fourth intron of JNK3, we validated that AICD interacts

Fig. 1 APP is upregulated and involved in Tuj1+ RGC death after optic
nerve axotomy (ONA) in mice. a Representative western blots showing
APP expression after ONA. Intact mouse retinae or retinae 1 day (1 d),
1 week (1 w) or 2 weeks (2 w) after ONA were harvested, lysed and
immunoblotted using antibodies against APP or GAPDH (internal
loading control). The location of molecular weight markers is shown in
kDa on the right. b The bar chart shows quantitative analysis of relative
APP expression after ONA. The density of the western blot bands was
normalized to the internal loading control and then normalized to
control mice. Data were analyzed by one-way ANOVA followed by
post-hoc Bonferroni tests: *p< 0.05; **p< 0.01 (n= 3 for each time
point). c Method for quantifying Tuj1+ RGCs in the whole-mounted
retina. For each retina, images were obtained from eight 20× fields
along two perpendicular retinal diameters. The average number of the

Tuj1+ RGCs was obtained by averaging the counts for the 16 fields for
each retina. d Representative fluorescence microscope images showing
flat-mounts of intact retinae or retinae 1 w, or 2 w after ONA from
wild-type or APP-null mice. The retinae were immunostained using
anti-tubulin beta III (Tuj1) antibody, a marker for RGC neurons in the
retina. Scale bar, 50 μm. e The bar chart shows quantitative analysis
of Tuj1+ RGC numbers from wild-type and APP-null mice after ONA
(n= 3 for each genotype). Student’s t-test: ** p< 0.01. Error bars
represent SEM. f Representative confocal images show
immunostaining of intact and injured (14 days after ONA) mouse
retina flat-mounts using anti-GPAP antibody, a marker for astrocytes.
No significant difference was observed in the astrocyte number
between intact and injured retina. Scale bar, 50 μm
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with this particular locus, which further confirmed the
finding that AICD59 is sufficient to interact with the intron
of JNK3. Furthermore, SH-SY5Y cells were transfected
with pcDNA4/V5-His or pcDNA4/V5-His-AICD59 for 48
h, and expression of JNK3 mRNA was measured by real-
time PCR. Our data confirmed that JNK3 expression was
induced by AICD59 overexpression (Fig. 2d). The inter-
acting locus of AICD in human chromosome 4 is about 7.4
kb downstream of transcription starting site of JNK3 gene
(inside the fourth intron). This locus is not probably a
promoter but may serve as the regulatory element where
AICD regulates JNK3 expression [32,33]. To further
investigate the role of AICD in JNK3 gene regulation, we
cloned this AICD-interacting locus together with flanking
regions in a 788 bp sequence and tested its enhancer
activity. We used the pGL4.23 reporter vector containing a
minimal promoter to detect enhancer activity. The luciferase
assay showed that the AICD-interacting locus was only
activated by the overexpression of AICD (Fig. 2e). Thus,
these data confirmed that AICD interacts with the JNK3
intron region and upregulates its gene expression.

APP and JNK3 are co-expressed in RGCs

Our results show that APP may regulate JNK3 function in
mouse RGCs. To investigate whether APP and JNK3 are

colocalized in RGCs, we performed an immunostaining
assay to detect their cellular localization in mouse retina.
Adult wild-type mice were perfused with 4% PFA, and the
retinae were harvested and post-fixed for 3 h. Paraffin-
embedded retinae were sectioned to 5 μm thick slices
longitudinally. The slices were then triple immunostained
with mouse anti-APP, rabbit anti-JNK3 and chicken anti-
Tuj1 antibodies. The results showed that APP and JNK3
were both expressed in most Tuj1+ RGCs (Fig. 3a). The
specificity of the antibodies was confirmed by the absence
of immunostaining in APP-null and JNK3-null retinal slices
(Fig. 3b). To further confirm the co-expression of APP and
JNK3 in RGCs, we also utilized a well-accepted method,
OHSt retrograde tracing, to label RGCs [28]. As only the
RGCs send axons out of the eye via the optic nerve, ret-
rograde tracing from the optic nerve is specific to RGCs.
Both APP and JNK3 were expressed in OHSt-labeled RGCs
in the ganglion cell layer (Fig. 3c). These results showed
that APP and JNK3 were co-expressed in mouse RGCs.

JNK3 is upregulated and involved in RGC death after
ONA

There are three isoforms of JNKs expressed in RGCs
(Figs. 4a, b). Each of the three JNK isoforms is thought to
have independent functions [34]. To determine the JNK

Fig. 2 Identification of JNK3 as a downstream effector of APP.
a Pathway analysis of microarray data on genes differentially
expressed between control and SH-SY5Y-APP cells. b ChIP-seq
screening results in SH-SY5Y cells showed that the region of AICD
interaction is in the fourth intron of the JNK3 locus in chromosome 4.
TSS, transcription starting site. c Validation of the ChIP-seq results.
SH-SY5Y cells were transfected with either pcDNA4/V5-His or
pcDNA4/V5-His-hAICD59 plasmid, and subjected to ChIP assay,
using normal mouse IgG as control. Input, 5% of the sonicated
chromatin. Left panel, real-time PCR results show V5, but not IgG

control interacts with the JNK3 intron region (n= 3). Right panel,
representative image shows the real-time PCR products resolved by
agarose gel. The molecular weight of the DNA ladder shown in bp on
the left. d Real-time PCR results showing the JNK3 mRNA level in
pcDNA4/V5-His (control) or pcDNA4/V5-His-hAICD59 (AICD)
transfected SH-SY5Y cells (n= 3). Student’s t-test: **p< 0.01. Error
bars represent SEM. e Luciferase assay showing the enhancer activity
of the AICD-interacting site. One-way ANOVA followed by post-hoc
Bonferroni test: **p< 0.01. Error bars represent SEM
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isoform involved in the RGC degeneration, the expression
levels of the respective isoforms were detected by real-time
PCR and western blot. At the RNA level, ONA-induced
slight upregulation of Jnk1 and Jnk2, which returned to
basal levels by day 14 after ONA (Fig. 4a). However, the
upregulation of Jnk3 was more significant and persisted
until 14 days after ONA (Fig. 4a). The expression profile of
JNK isoforms was further confirmed by western blot
(Fig. 4b). Additional immunostaining in mouse retina

sections showed that JNK3 was upregulated in RGCs after
ONA (Figure S2). Moreover, activated JNKs (phosphory-
lated JNK (pJNK)) were also upregulated until 14 days after
ONA in a similar pattern to JNK3 (Fig. 4b). Thus, these
results showed that JNK3 was the predominant isoform of
JNK upregulated after ONA at both RNA and protein
levels. We checked the survival of Tuj1+ RGCs after ONA
in JNK1, JNK2 or JNK3-null mice and found that, only in
JNK3-null mice, the number of surviving Tuj1+ RGCs was

Fig. 3 APP and JNK3 are co-expressed in mouse RGCs. a Intact retinae
from wild-type mice were fixed, paraffin-embedded and 5 μm thick
longitudinal sections were cut. The sections were stained with anti-
JNK3, anti-APP and anti-Tuj1 antibodies after antigen retrieval. The
inserts show lower magnification photomicrographs illustrating the
immunofluorescence signal distribution across all the cell layers of
the retina. APP and JNK3 were co-expressed in Tuj1+ RGCs. b Intact
retinae from wild-type, APP-null or JNK3-null mice were stained
with anti-APP or anti-JNK3 antibodies after antigen retrieval. The

inserts show lower magnification photomicrographs illustrating the
immunofluorescence signal distribution across all the cell layers of
the retina. The anti-APP and anti-JNK3 antibodies were specific as no
immunofluorescence signal is seen in the APP-null and JNK3-null
retinal sections, respectively. c Adult, wild-type mouse retinae were
retrogradely labeled with OHSt, fixed, and 5 μm thick sections were
cut. The sections were stained with anti-APP and anti-JNK3 anti-
bodies without antigen retrieval as antigen retrieval destroys the
OHSt signal. Arrow heads indicate several OHSt-labeled RGCs,
which co-express both APP and JNK3. Scale bar, 20 μm
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significantly higher than that of JNK1 or JNK2-null mice,
as well as wild-type mice (Figs. 4c, d). To exclude the
possibility of a larger Tuj1+ RGC population in intact
retinae in JNK3-null mice, we counted the Tuj1+ RGC
number of JNK3-null mice. No significant difference was
found between the Tuj1+ RGC number of JNK3-null and
wild-type (JNK3-null 1908± 178 cells/mm2, wild-type
1937± 61 cells/mm2, p> 0.05, n= 3 for each genotype).
These results indicated that JNK3 was the predominant JNK
isoform playing a role in mediating ONA-induced RGC
loss.

APP upregulated JNK3 expression and JNK3
function through AICD

To further identify the role of APP in JNK3 gene regulation,
we next detected JNK3 protein levels and JNK3 function in
APP-overexpressing SH-SY5Y cells. Overexpression of
APP upregulates JNK3 protein levels by 2.1-fold compared
with normal SH-SY5Y cells (Figs. 5a, b), and also led to
more AICD production (Fig. S1b). JNK activation involves
dual phosphorylation at the Thr-Pro-Tyr motif [35]. JNK
activation was probed in SH-SY5Y cells using a pJNK
(Thr183/Tyr185) antibody, which recognizes all three iso-
forms of JNK upon phosphorylation. To detect JNK3-
specific activity, we used anti-JNK3 antibody to immuno-
precipitate the JNK3 protein and then probed with the anti-
pJNK antibody. The JNK3 antibody specificity during
application in immunoprecipitation is shown in Fig. S4.
To measure the phosphorylative activation of
JNK3 specifically, we pulled down the JNK3 from equal

amounts cell lysate and detected with anti-pJNK or anti-
JNK3 antibody. Furthermore, we also detected the phos-
phorylation of c-Jun, one of the important downstream
substrates of JNK. Our results showed that overexpression
of APP increased the pJNK3 level significantly, through
upregulating JNK3 expression, which was manifest in the
increased pc-Jun73/c-Jun ratio in the cell lysate (Figs. 5c,
d). We also tested the JNK3 protein level and activity in
APP-null mice. Retinae from adult APP-null mice and wild-
type littermates were harvested, used to extract total pro-
teins for western blot analysis to detect JNK3 protein level
and JNK3 activity. JNK3 expression was reduced to 0.42-
fold, and the pc-Jun73/c-Jun ratio was reduced to 0.50-fold
in APP-null mice compared with wild-type littermates
(Figs. 5e, f and Figs. 5g, h, respectively). These results
indicate that APP upregulated JNK3 expression and overall
JNK3 function both in vitro and in vivo.

AICD is the product of APP cleavage by α- or β-
secretase and γ-secretase [36] and on binding with Fe65 and
Tip60 translocates to the nucleus to initiate transcription
[37], and AICD production was observed to be associated
with APP upregulation in vivo and in vitro (Fig. S1).
To further test whether APP exerted its function through
AICD, we transfected a human AICD59 construct into SH-
SY5Y cells and detected JNK3 expression after 48 h. JNK3
expression was upregulated approximately twofold in
AICD59-overexpressing cells compared with control
vector-transfected cells (Figs. 5i, j), and the pc-Jun73/c-Jun
ratio was also similarly increased by overexpression of
AICD59 (Figs. 5k, l). As AICD nuclear translocation is
essential for its transcriptional regulation, we also observed

Fig. 4 JNK3 is upregulated and involved in RGC death after ONA in
mice. a Quantitative analysis of relative mRNA levels of Jnks in intact
retinae or retinae 1 day (1 d), 1 week (1 w) or 2 weeks (2 w) after ONA
(n= 3 for each time point). b Representative western blots from at
least three biological repeats showing JNK expression after ONA.
Intact retina or retinae 1 d, 1 w, 2 w after ONA were harvested, lysed
and immunoblotted using antibodies against JNK1, JNK2, JNK3,
pJNK or GAPDH. The location of molecular weight markers is shown

in kDa on the right. c Representative fluorescence microscope images
show immunostaining of mouse retina flat-mounts from wild-type or
JNK1, JNK2, or JNK3-null mice (n= 6 for each genotype) 14 days
after ONA using an anti-Tuj1 antibody. d The bar chart shows
quantitative analysis of Tuj1+ RGC numbers 14 days after ONA. Scale
bar, 50 μm. One-way ANOVA followed by post-hoc Bonferroni test:
**p< 0.01. Error bars represent SEM
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the subcellular localization of AICD in RGCs. We used an
antibody against the APP C-terminal to detect the AICD-
like localization after ONA, because it is extremely difficult
to specifically immunolabel AICD in vivo rather than other
APP C-terminal fragments containing AICD (such as C83
and C99). Indeed, we observed that more C-terminal frag-
ments were accumulated in RGC nuclei on day 1 after ONA
(Fig. S5). Thus, we showed that APP upregulated JNK3
expression and overall JNK3 function through AICD.

APP deficiency abolished JNK3 upregulation and
overall phosphorylation of JNK after ONA

Our results above showed that JNK3 upregulation was
involved in loss of RGCs after ONA and that APP regulated
JNK3 expression and JNK3 function under physiological
conditions. Next, we asked whether APP regulates JNK3
expression and overall phosphorylative activation of JNK
under the pathological conditions of the ONA model. We
used APP-null mice and their wild-type littermates to test
the hypothesis. Approximately 2-month-old APP-null mice
and wild-type littermates were subjected to ONA [6,38] of
the left eye and then both retinae were harvested 1 day,
7 days or 14 days later. The retinae were then lysed and
subjected to western blot analysis to detect JNK3 expres-
sion and overall phosphorylative activation of JNK. In the

wild-type mice, JNK3 expression and phosphorylation of
JNK were upregulated in the ipsilateral retina (injured)
compared with the contralateral (uninjured) side 1 day,
7 days and 14 days after ONA but in the APP-null mice, the
JNK3 expression and overall phosphorylation of JNK were
almost the same in ipsilateral retinae compared with the
contralateral retinae (Figs. 6a, b). Thus, here we showed that
APP deficiency blocked JNK3 upregulation and overall
phosphorylative activation of JNK after ONA in vivo.

γ-Secretase inhibitors suppressed JNK3 expression
and inhibited overall phosphorylation of JNK

The results above showed that AICD-regulated JNK3
expression. AICD is the product of APP cleavage by α- or
β-secretase and γ-secretase [36]. Therefore, compounds that
reduce AICD production would be expected to suppress
JNK3 expression and overall phosphorylative activation of
JNK. To test the hypothesis, we used γ-secretase inhibitors
to reduce AICD production, and detected JNK3 expression
and overall phosphorylation of JNK. We first detect the
effect of γ-secretase inhibitors on AICD expression. L-685,
458 is a selective γ-secretase inhibitor (IC50= 17 nM) that
displays > 50-fold selectivity over a range of aspartyl, ser-
ine and cysteine proteases [39]. BMS 299897 is an oral
active, potent γ-secretase inhibitor (IC50= 12 nM), which

Fig. 5 APP upregulates JNK3 expression and function through AICD.
Representative western blots show JNK3 expression in a pcDNA3-
FLAG-APP695 transfected or pcDNA3 transfected SH-SY5Y cells,
e retinae from wild-type or APP-null mice, or i pcDNA4/V5-His-
AICD59 or pcDNA4/V5-His transfected SH-SY5Y cells. The samples
were lysed, resolved in SDS-page gel, and immunoblotted using
antibodies against JNK3 or GAPDH. b, f, j The bar charts show
quantitative analysis of relative JNK3 expression (n= 3 for each
experiment). Representative western blots show phosphorylative
activation of JNK3 in c APP695-overexpressing or normal SH-SY5Y

cells, g retinae from wild-type or APP-null mice, or k pcDNA4/V5-
His-AICD59 or pcDNA4/V5-His transfected SH-SY5Y cells. JNK3
was immunoprecipitated with anti-JNK3 antibody and then detected
for kinase activity with anti-phospho-JNK (pJNK) or anti-JNK3
antibody. Whole-cell lysate western blots show the downstream sub-
strate pc-Jun73 or c-Jun level. d, h, l The bar charts show quantitative
analysis of activated pJNK/mg lyate proteins or pc-Jun73/c-Jun ratio
(n= 3 for each experiment). Student’s t-test: *p< 0.05; **p< 0.01.
Error bars represent SEM
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exhibits no Notch toxicity and is brain penetrant [40]. We
used the γ-secretase inhibitor L-685, 458 or BMS 299897 to
treat APP-overexpressing SH-SY5Y cells for 48 h, and then
the cells were washed and lysed for western blot analysis.
We detected AICD production, JNK3 expression and
overall phosphorylation of JNK. The γ-secretase inhibitors
efficiently reduced AICD production, which lead to the
decrease of JNK3 expression and overall phosphorylative
activation of JNK (Figs. 7a–d). These results showed that γ-
secretase inhibitors suppressed JNK3 expression and
inhibited phosphorylative activation of JNK in SH-SY5Y
cells.

BMS 299897 suppressed phosphorylative activation
of JNK and promoted RGC survival after ONA

We next tested the effect of BMS 299897 on RGC survival
in mice in vivo. After ONA, BMS 299897 was admini-
strated twice a day by oral gavage for 14 days and then the
mice were euthanized. For biochemical analysis, the retinae
were fresh harvested. For RGC staining, the mice were
perfused with 4% PFA and the retinae were harvested and
subjected to Tuj1 staining. BMS 299897 suppressed the
elevation of JNK3 phosphorylation by ONA on day 14 after
axotomy (Fig. 7e). The Tuj1 staining results showed that
BMS 299897 protected RGCs against cell death induced by
ONA on day 14 (Figs. 7f, g). Thus, we showed that BMS
299897 suppressed phosphorylative activation of JNK3 and

promoted Tuj1+ RGC survival after ONA, which suggests a
potential drug target for neuroprotection via inhibiting
JNK3 signal cascades.

Discussion

APP is upregulated in neural injury and has long been
utilized as a marker for axonal degeneration [24,25].
According to the well-known amyloid hypothesis, accu-
mulation of Aβ in the brain is the primary influence driving
neural injury in AD pathogenesis [41]. Recent studies
strongly suggest that Aβ is not the sole product of APP
processing that may play a role in development of AD.
AICD is another product of APP processing by α- or β-
secretases and γ-secretase cleavage [36]. AICD binds with
Fe65 and Tip60, and translocates to the nucleus and initiates
transcription [37]. AICD/Fe65 double transgenic mice
showed alterations in cell signaling [42], impairments in
neuronal activity [43], memory deficits and neurodegen-
eration [15]. Interestingly, transcription of the GSK3B gene,
coding for an enzyme strongly implicated in neurodegen-
eration, is activated by AICD [43]. Here we show that JNK3
is a new target regulated by AICD. JNK3 is important in
axon injury-induced RGC death [44]. In the CNS, JNK
activation is involved in ischemia, stroke, AD, Parkinson's
disease and neurotrauma [45], suggesting that JNKs play a
pivotal role in neurodegeneration. AICD has previously
been reported to be involved in the regulation of JNK
activity via interactions with the JNK-interacting protein-1
[46]. In contrast, we found a new mechanism by which
AICD regulate JNK function via regulating JNK3 gene
expression (Fig. S6). Our study supplies a new mechanism
that explains how APP can exert functions in axon injury-
induced neurodegeneration by upregulating JNK function.

To find the downstream effectors of APP, we performed
microarray and ChIP-seq screening. Among these genes, we
identify JNK3 as an important downstream effector of APP.
It has been reported that both JNK2 and JNK3 are major
regulators of axonal injury-induced RGC death in the con-
trolled optic nerve crush model [44]. However, after ONA,
we only observed marked upregulation of JNK3 and JNK3
deficiency alone was sufficient to provide protection against
RGC loss after ONA. This discrepancy may be due to
differences between partial optic nerve injury in the nerve
crush model and complete optic nerve injury in the axotomy
model we employed. Our results indicate that JNK3 plays
important roles in axonal injury-induced neuronal death,
which is thought to be one of the major causes of RGC loss
in optic neuropathies, as well as neuronal death in other
central nervous system diseases [45]. As JNK3 is pre-
dominantly restricted to central nervous system neurons
[47], it is regarded as a potential target for drug screening

Fig. 6 APP deficiency suppresses the upregulation of JNK3 expression
and JNK function in mouse retina after ONA. a Representative western
blots show JNK3 expression and overall phosphorylative activation of
JNK in retinae from wild-type or APP-null mice 1 day (1 d), 1 week
(1 w) and 2 weeks (2 w) after ONA (n= 3 for each time point). Anti-
JNK3, anti-pJNK and anti-GAPDH antibodies were used to detect the
respective protein expression. b The bar charts show quantitative
analysis of relative JNK3 expression or overall phosphorylative acti-
vation of JNK in the ipsilateral-injured retinae vs. the contralateral-
uninjured retina. One-way ANOVA followed by post-hoc Bonferroni
test: **p< 0.01. Error bars represent SEM
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for neurodegenerative diseases [48]. Drugs that specifically
inhibit JNK3 activity are not available so far, due to the
high similarity among JNK1, JNK2 and JNK3. Here we
found that APP is the upstream regulator of JNK3, and
showed that γ-secretase inhibitors suppress JNK3 expres-
sion and overall phosphorylation of JNK (a measure
thought to reflect phosphorylative activation of JNK), and
protect against RGC death after ONA (Fig. 8). As APP is
unlikely the only regulator of JNK3, APP deletion or
blockade should have weaker effects than JNK3 deletion in
RGC protection. This can explain why the JNK3 deletion
protected RGCs better than APP deletion or inhibitors of
APP cleavage in our experiment.

In summary, we show for the first time that ONA leads to
upregulation of APP protein expression as previously
described for other forms of axonal injury [24,25]. γ-
Secretase-dependent cleavage of APP then releases AICD,
which translocates to the nucleus and upregulates JNK3
expression. Subsequently, phosphorylated JNK3 con-
tributes to RGC death, likely by the cell death mechanisms
previously described [17,18]. Our study provides a link
between upregulation of APP and JNK3-mediated cell
death on axonal injury. Although we have in vitro data to
show that AICD overexpression increased JNK3 expression
both at the mRNA level and the protein level, and increased

its function, we cannot exclude the contribution of Aβ or
other peptides released by γ-secretase activity in the in vivo
animal model. Nevertheless, our results suggest an alter-
native way to protect against axon injury-induced RGC
death via inhibiting JNK3 signal cascades.

Materials and methods

Mice and surgery

APP-null [49] mice were as previously described [50].
JNK1, JNK2 and JNK3-null mice were from the Jackson
Laboratory. The generation of JNK1, JNK2 and JNK3-null
mice has been reported previously [22,51,52]. The mice
were housed under a 12:12-h light–dark cycle at 22–26 °C,
with free access to water and food. The ONA model was as
previously described [8]. Briefly, adult mice of either sex (n
= 4–6 in each group) were anesthetized by intraperitoneal
injection of ketamine (75 mg/kg) and xylazine (10 mg/kg).
After anesthetization, the animal was place on the stage of
an operating microscope with the left eye facing up. A 0.5
cm incision was made in the skin above the left orbit with a
surgical knife. After that, the soft tissue and superior rectus
were separated by forceps. The optic nerve, which was

Fig. 7 γ-Secretase inhibitors suppress JNK3 expression and JNK
function and protect RGC survival after ONA. a–d Representative
western blots show JNK3 expression and overall phosphorylative
activation of JNK in SH-SY5Y-APP cells treated with vehicle or γ-
secretase inhibitors a L-685,458 (5 μM) or c BMS 299897 (1 μM). b, d
The bar charts show quantitative analysis of relative JNK3 expression
and overall phosphorylative activation of JNK normalized to the
GAPDH (n= 3 for each treatment). e Representative western blots
show phosphorylative activation of JNK3 in retinae from vehicle-

treated or γ-secretase inhibitor BMS 299897 treated mice 2 weeks after
ONA. f Representative fluorescence microscope images show immu-
nostaining of mouse retina flat-mounts from vehicle or γ-secretase
inhibitor BMS 299897 treated mice 2 weeks after ONA using anti-
Tuj1 antibody. Scale bar, 50 μm. g The bar chart shows quantitative
analysis of the surviving Tuj1+ RGC number in injured mouse retinae
14 days after ONA (n= 4 for each treatment). Student’s t-test: **p<
0.01. Error bars represent SEM
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observable as a bundle of white tissue connecting with the
eyeball, was exposed. Using fine eye scissors, the optic
nerve was cut 1 mm behind the nerve head, avoiding injury
to the ophthalmic artery. The vascular integrity of the retina
was verified by fundoscopic examination. The incision was
closed with a 5–0 suture and wiped with 70% ethanol. For
RGC labeling, a retrogradely transported tracer, hydro-
xystilbamidine bis(methanesulfonate) (OHSt, also known as
FluoroGold, Molecular Probes) was used. OHSt was diluted
at 5% in sterile 0.9% NaCl/10% dimethyl sulf-
oxide (DMSO). A strip of gelatin sponge (GELITA-tam-
pon, B. Braun Singapore) soaked in the OHSt solution was
applied to the cut optic nerve and the mice were allowed to
recover for 2 days [53]. Analgesic and antibiotic were
administered subcutaneously after the surgery. BMS
299897 was purchased from AdooQ BIOSCIENCE (catalog
no. A12444) and dissolved in 100% polyethylene glycol
400 (PEG400) to make a 20 mg/ml solution. The drug was
administered (100 mg/kg) by oral gavage in a dosing
volume of 5 ml/kg once before surgery and twice a day for
14 days after surgery [40]. All procedures on animals were
approved by the Institutional Animal Care and Use Com-
mittee (IACUC), National University of Singapore, and
were carried out in accordance with the Guidelines on the
Care and Use of Animals for Scientific Purposes developed
by the National Advisory Committee For Laboratory Ani-
mal Research, Singapore; the European Communities
Council Directive of 24 November 1986 (86/609/EEC); and
the Guidelines laid down by the National Institute of Health
(NIH) in the USA regarding the care and use of animals for
experimental procedures.

Immunofluorescence staining

The mice were given a lethal overdose of anesthesia and
were transcardially perfused with saline, followed by 4%
paraformaldehyde. For paraffin-embedded sectioning, reti-
nae were dissected away from connective tissue, post-fixed
for 3 h and dehydrated in ethanol. The tissue was immersed
in xylene followed by xylene/paraffin (1:1) mixture and
then submerged in paraffin for 2 h at 60 °C. Embedding was
performed with a Modular Tissue Embedding Center EC
350 (Thermo Scientific). Paraffin sections of retina (5 μm)
were cut longitudinally on a microtome (Microm HM 325,
Thermo Scientific) and mounted onto coated glass slides.
The slices were deparaffinized and rehydrated before
staining. For immunolabeling, antigen retrieval was per-
formed with an antigen-retriever (2100, Aptum Biologics,
UK) before antibody incubation. The sections were incu-
bated overnight with mouse antibody against APP (1:200,
catalog no. MAB343, Millipore) [16], rabbit antibody
against JNK3 (1:200, catalog no. 2305, Cell Signaling
Technology) [54], or chicken antibody against Tuj1 (1:200,
catalog no. NB100–1612, Novus Biologicals) [55] in pri-
mary antibody dilution buffer (1% v/v BSA, 0.3% v/v
Triton× 100 and 0.01% w/v NaN3 in phosphate-buffered
saline (PBS)) at 4 °C. After three washes with PBS, the
sections were incubated with a mixture of Alexa Fluor 488
donkey anti-mouse IgG antibody (1:200; Invitrogen), Alexa
Fluor 555 donkey anti-rabbit IgG antibody (1:200; Invi-
trogen) and Alexa Fluor 647 donkey anti-chicken IgG
antibody (1:200; Invitrogen) for 40 min at room tempera-
ture. After three washes with PBS, the sections were

Fig. 8 Schematic representation of the proposed mechanism of APP-
and JNK3-dependent ONA-induced RGC death. ONA induces upre-
gulation of APP expression. APP is sequentially cleaved by α- or β-
secretase and γ-secretase, producing several fragments and AICD,

which is inhibited by APP deficiency or BMS 299897. AICD is
translocated to the nucleus and upregulates JNK3 expression (probably
functioning with other partners). Phosphorylated JNK3 then con-
tributes to RGC death
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mounted in FluorSave reagent (Merk Millipore) and dried
overnight in a dark place. For the whole-mounted retina
staining, after perfusion and post-fixation, the retinae were
washed three times in PBS with 0.3% Triton X-100 for 10
min each, and then blocked in 10% normal goat serum and
0.3% Triton for 1 h. Primary mouse antibody against Tuj1
(1:400, catalog no. MMS435P, Covance) [56] or sheep
antibody against GFAP (1:200, catalog no. AF2594, R&D
Systems) was added into the blocking solution and incu-
bated over two nights at 4 °C. After three 10-min washes in
PBS, the retinae were incubated with Alexa Fluor 488
donkey anti-mouse IgG antibody (1:200; Invitrogen) or
Alexa Fluor 647 donkey anti-sheep IgG antibody (1:200;
Invitrogen) overnight at 4 °C. After three washes with PBS,
the retinae were mounted onto the slides in FluorSave
reagent (Merk Millipore) and slides are subjected to RGC
cell number counting. RGC density varies greatly with
respect to location within the retina. Therefore, for each
retina, images were obtained from four 20× fields in each
quadrant along two perpendicular retinal diameters
(Fig. 1c). The numbers of RGCs immunolabelled with Tuj1
in each image were quantified manually using the cell
counter tool in ImageJ. For each individual retina, the total
count of surviving RGCs was obtained by averaging the 16
counts for each retina. RGC survival data from each group
of animals are presented as the mean number and SEM for
n= 3–6 retinae. The slices were visualized using a confocal
microscope system (LSM 510, Carl Zeiss Microimaging
GmbH, Germany) or a normal fluorescence microscope.

TUNEL detection

TUNEL assay was performed according to the manu-
facturer’s protocol (catalog no. 11684795910, Roche).
Briefly, 8 µm-thick frozen retina sections were rinsed in Tris-
buffered saline (TBS; 10mM Tris-HCl, 150 mM NaCl, pH
8.0), followed by 15-min permeablization in 0.3% Triton in
TBS. Sections were then washed for 5 min in TBS and
incubated with TUNEL reaction mixture in a humidified dark
chamber for 60min at 37 °C. Then sections were washed
three times in TBS, coverslipped with anti-fade mounting
medium with DAPI (ProLong Gold; Invitrogen), and the
fluorescent signal visualized using an Olympus FV3000
confocal microscope. The negative control for the TUNEL
assay was incubating permealblized sections without terminal
transferase in reaction mixture, and the positive control was
inducing DNA-strand breaks in the permealblized sections by
DNase I prior to labeling procedures.

Plasmids, cell culture and transfection

pcDNA3-flag-hAPP695 was as previously described [50].
pcDNA4/V5-His-hAICD59 expressing the C-terminal 59

amino acid was subcloned from full-length hAPP695. SH-
SY5Y cells were obtained from ATCC and grown in Dul-
becco’s modified Eagle’s medium supplemented with 10%
(v/v) FBS. SH-SY5Y cells were transfected with various
plasmids using the Lipofectamine 2000 reagent (Invitrogen)
according to the instructions of the manufacturer. Two days
after transfection, the cells were used for experiments. The
SH-SY5Y cell line-overexpressing APP (SH-SY5Y-APP)
was generated by transfection with a pcDNA4 plasmid
construct (Invitrogen) carrying APP695 and a Zeocin resis-
tance gene followed by selection for Zeocin resistance. To
inhibit AICD degradation, the cells were treated with 10mM
NH4Cl overnight in the culture medium [57]. L-685,458 (5
μM final concentration; Tocris, catalog no. 2627) or BMS
299897 (1 μM final concentration; Tocris, catalog no. 2870)
were administered to the cells in culture medium for 24 h.

Real-time PCR

RNA from ONA retinae was isolated using an RNeasy Mini
kit (Qiagen). The reverse transcription kit, the assay probes
and other related reagents were ordered from TaqMan. The
real-time PCR procedures were based upon the manual
protocol provided by the company. The primer sequences to
detect the gene expression in mice were: Jnk1 F 5′-AAA
CAGGCCTAAATACGCTGGA-3′, R 5′-GACGGCTGCC
CTCTTATGAC-3′; Jnk2 F 5′-GAGCTGGTGAAAGGTTG
TGTGATATTCCA-3′,R 5′-AACAGTAATATACGGGTG
GCGCAAG-3′; Jnk3 F 5′-AACAATCGCTACACCTCCA
AAGAC-3′, R 5′-TGGCAATAGATGACACATCCAGG-
3′; Gapdh F 5′-ATGGTGAAGGTCGGTGTGAACG-3′, R
5′-CGCTCCTGGAAGATGGTGATGG-3’. The primer
sequences to detect the gene expression in SH-SY5Y were:
JNK3 F 5′-GGGAGAAATGGTTCGCCACA-3′, R 5′-
GGTGAGTCCCGCATACTTGG-3′; GAPDH F 5′-CAT
GTTCGTCATGGGTGTGAACCA-3′, R 5′-AGTGATGG-
CATGGACTGTGGTCAT-3’.

Microarray

Briefly, SH-SY5Y and SH-SY5Y-APP cells were har-
vested, processed and read on an Illumina microarray
platform. Total RNA was extracted from three biological
replicates. Cells were washed twice, scraped in ice-cold
PBS and centrifuged for 5 min at 500 g, 4 °C. The cell pellet
obtained was resuspended in TRIzol Reagent (Invitrogen)
for RNA extraction, followed by purification using the
RNeasy Mini kit (Qiagen) according to the instructions of
the manufacturer. DNA contamination was removed by
DNase treatment using the RNase-Free DNase Set (Qiagen)
during the RNA purification step. RNA quantification was
carried out using a Nanodrop spectrophotometer. Biotiny-
lated complementary RNA was then generated from 400 ng
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of the harvested RNA using the Illumina TotalPrep RNA
Amplification Kit, and hybridized to the HumanHT-12 v4
Expression BeadChips (Illumina), which contains 47 231
probes against known genes. Data collection was carried out
by scanning in an Illumina BeadStation array reader. The
data were processed and controlled for quality using
BeadStudio 3.2 (Illumina), and subsequently imported into
GeneSpring GX 11.5 (Agilent) for analysis. Differential
gene lists were generated based on a fold change of >1.5.
Statistical significance was established at p-value < 0.05
according to the unpaired Student’s t-test with the
Benjamini–Hochberg multiple testing correction.

Functional annotation clustering analysis

A total of 1291 differentially expressed genes were identi-
fied in microarray analysis, with fold change > 1.5, p-value
< 0.05. This list of genes was used as the input for analysis
by the David Functional Annotation Clustering website
(http://david.abcc.ncifcrf.gov/home.jsp), using the default
setting of medium classification stringency. The results of
the clustering analysis were replotted in a pie graph.

ChIP and deep sequencing (ChIP-seq)

ChIP-seq was performed as described previously [58], and
was done in biological duplicates with independent
experiments for each replicate. Briefly, for cross-linking and
chromatin extract preparation, SH-SY5Y-APP cells were
treated with 20 mM NH4Cl for 18–24 h prior to harvesting.
Cells were harvested by rinsing with PBS. Cross-linking
was performed by incubating the cells in 2 mM dithiobis
(succinimidylpropionate) (Thermo Scientific) in PBS for 45
min, followed by a brief rinse in PBS, and a second cross-
linking step with 1% (v/v) formaldehyde for 10 min. Gly-
cine (final concentration of 0.2 M) was then added to
quench the reaction. After rinsing twice with PBS, the cells
were collected by scraping. The nuclear fraction was iso-
lated by washing the cells in cell lysis buffer (10 mM Tris
pH 8, 0.25% Triton× 100, 10 mM EDTA, 0.1 M NaCl),
lysing the nuclei in high sodium dodecyl sulfate (SDS) lysis
buffer (50 mM HEPES pH 7.5, 150 mM NaCl, 2 mM
EDTA, 1% Triton X-100, 0.1% sodium deoxycholate, 1%
SDS), and washing the chromatin twice in low SDS lysis
buffer (50 mM HEPES pH 7.5, 150 mM NaCl, 2 mM
EDTA, 1% Triton X-100, 0.1% sodium deoxycholate, 0.1%
SDS). Complete protease inhibitor (Roche) was added to all
lysis buffers. Chromatin extracts were then sheared by
sonication for eight cycles (30 s on, 30 s off) using a
Bioruptor, to obtain chromatin fragments of 500 bp and
below. The sonicated chromatin extract was pre-cleared
with protein G-sepharose beads for 3 h at 4 °C. Six μg of
rabbit anti-AICD antibody (BR188), a generous gift from

Dr M. Goedert (Cambridge, UK), was incubated with pro-
tein G-sepharose beads for 3 h at room temperature. On the
next day, the beads were washed and the chromatin–
protein–antibody complexes eluted from the beads at 68 °C
for 30 min, with shaking at 1400 rpm. The cross-links were
reversed and protein was degraded using pronase (0.8 mg/
ml) by incubating the samples at 42 °C for 2 h, followed by
68 °C overnight. The eluted ChIP DNA was then purified
by phenol–chloroform extraction and resuspended in 30 μl
of nuclease-free water. ChIP-Seq was performed on an
Illumina Solexa platform. ChIP-Seq libraries were prepared
using the ChIP-seq DNA Sample Prep Kit (Illumina),
according to instructions of the manufacturer. ChIP DNA
was quantified using the Quant-iT PicoGreen dsDNA assay
(Invitrogen) and 6.5 ng of ChIP DNA was used as input for
each sample library preparation. In brief, DNA was sub-
jected to end repair and adaptor ligation, followed by DNA
size selection by running the DNA on agarose gel and
cutting out the area corresponding to 200–300 bp DNA
fragments. The DNA was then extracted and purified using
a Qiagen gel extraction kit, and PCR-amplified for 18
cycles. The quality of the ChIP-seq library was then vali-
dated using a Bioanalyzer 2100 (Agilent) and 5 nM was
submitted for sequencing. Short reads of 36 bp were
sequenced and aligned to the hg19 Human Genome
Assembly (GRCh37, February 2009). AICD interaction
sites, represented by peaks, were then identified by the
MACS (Model-based Analysis for ChIP-seq) peak-calling
algorithm.

ChIP and PCR

Cells were cross-linked by addition of formaldehyde to the
culture medium at a final concentration of 1% for 10 min
followed by quenching with 0.125M glycine for 5 min.
After cell lysis, chromatin extracts were fragmented by
sonication (40% amplitude, 20 s on, 40 s off for 10 cycles,
Vibra cell sonicator) to fragments of ~ 200–500 bp and then
pre-cleared with protein G agarose beads. The pre-cleared
chromatin extracts were subsequently incubated with anti-
V5 antibody (catalog no. R96025, Invitrogen) or normal
mouse IgG (catalog no. sc-2025, Santa Cruz Biotechnol-
ogy) overnight at 4 °C, and then incubated with pre-washed
Protein G for 4 h at 4 °C. The beads were then washed, and
the chromatin–protein–antibody complexes were eluted.
After treatment with proteinase K (Sigma-Aldrich), cross-
link reversal was done by incubating at 65 °C for 8 h, the
eluted DNA was purified by phenol:chloroform extraction
and ethanol precipitation, and analyzed by RT-PCR with
primers specific to the JNK3 locus (F 5′-GGGTCA-
TACCAACTGCCTATTC-3′, R 5′-GCTCCCACTGAGAA
GAATGAAA-3′). Quantitative PCR reaction mixes were
assembled using SYBR Green master mix (Kapa
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Biosystems). The reactions were performed on an ABI7500
System (Applied Biosystems) using the following cycling
parameters: 95 °C for 10 min, and then 40 cycles of 95 °C
(10 s), 60 °C (10 s) and 72 °C (10 s) followed by a melting
curve analysis. All reactions were performed with three
technical replicates, and at least three biological repeats
were done. Fold change values were normalized against
input DNA and compared with the mouse IgG control.

Luciferase assay

The putative AICD-interacting locus on the human JNK3
gene was identified by ChIP-seq. The DNA fragment
flanking this locus was amplified and cloned into the
PGL4.23 vector (Promega) to test potential enhancer
activity. Primers (F 5′-ATATCTCGAG TTCCACC-
TAAAGAAGCA-3′, R 5′-TATAAAGCTTGGCGGAT-
TACTTGAGGTCAG-3′) were used to amplify the DNA
fragment, and all cloned sequences were verified by DNA
sequencing. SH-SY5Y cells were transfected with pGL4.23,
or pGL4.23-JNK3 enhancer luciferase reporter vectors,
pcDNA4-AICD59 (or pcDNA4B empty vector), and
pCMV-LacZ vectors using Lipofectamine 2000 (Invitro-
gen). After 48 h, the cells were harvested for firefly luci-
ferase activity assay using the One-Glo Luciferase Assay
System and β-Galactosidase Enzyme Assay System (Pro-
mega). Each experiment was carried out at least in triplicate
and repeated at least three times. The efficiency of trans-
fection was normalized to the β-galactosidase activity.

Western blot analysis

For preparation of mouse retina lysates, mouse retinae were
harvested, briefly rinsed in PBS and put into lysis buffer
(150 mM NaCl, 30 mM HEPES, 10 mM NaF, 1% v/v Tri-
ton X-100, 0.01% w/v SDS and complete protease inhibitor
cocktails; pH 7.5), homogenized and rotated at 4 °C for 1.5
h. To prepare total cell lysates, cultured cells were rinsed
with PBS, and lysed in the lysis buffer. After centrifugation
(16 000 g, 4 °C, 10 min), the supernatants were collected,
mixed with 4× protein loading buffer and stored at −20 °C
for future use. Equal amounts of protein were resolved in
acrylamide gels and transferred onto nitrocellulose mem-
branes. For AICD detection, the proteins were transfer to
PVDF membranes [16]. Rabbit antibodies against APP
(Y188, Abcam) [50], JNK1 (catalog no. MAB17761, R&D
Systems), JNK2 (catalog no. MAB1846, R&D Systems)
[59], JNK3 (catalog no. 2305, Cell Signaling Technology),
p-cJun73 (catalog no. 9164, Cell Signaling Technology)
and c-Jun (catalog no. 9165, Cell Signaling Technology);
mouse antibodies against GAPDH (catalog no. ab8245,
Abcam) [50], V5 (catalog no. R96025, Invitrogen), pJNK
(catalog no. 9255, Cell Signaling Technology) [60] and

JNK3 (catalog no. CP10162, Cell Applications) were used.
AICD was detected using an anti-APP C-terminal antibody
(catalog no. A8717, Sigma). Either anti-mouse IgG or anti-
rabbit IgG peroxidase-conjugated secondary antibodies
were applied at 1:10 000 and blots were visualized with
West Pico (Thermo Scientific) or Luminata Forte (Milli-
pore) ECL detection kits.

Immunoprecipitation

The mouse retina or cell lysate was incubated overnight at
4 °C with rabbit anti-JNK3 antibody (Cell Signaling Tech-
nology) or normal rabbit IgG control (Cell Signaling
Technology), followed by incubation with pre-washed
protein G-Sepharose 4 Fast Flow (GE Healthcare) for 3 h
at 4 °C. The immunoprecipitates were washed efficiently
with lysis buffer and analyzed by western blotting. Each
experiment was repeated at least three times.

Statistics

Data are presented as mean± SEM. The densities of the
western blot bands were normalized to the internal loading
controls and then normalized to control plasmids or treatments.
Student’s t-test was used for two group comparisons, and one-
way analysis of variance (ANOVA) was used for multigroup
comparisons, followed by appropriate post-hoc tests.
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