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Alterations in amyloid beta precursor protein (APP) have been
implicated in cognitive decline in Alzheimer’s disease
(AD), which is accelerated in Down syndrome/Trisomy 21
(DS/TS21), likely due to the extra copy of the APP gene, located
on chromosome 21. Proteolytic cleavage of APP generates am-
yloid-b (Ab) peptide, the primary component of senile plaques
associated with AD. Reducing Ab production is predicted to
lower plaque burden and mitigate AD symptoms. Here, we
designed a splice-switching antisense oligonucleotide (SSO)
that causes skipping of the APP exon that encodes proteolytic
cleavage sites required for Ab peptide production. The SSO
induced exon skipping in Down syndrome cell lines, resulting
in a reduction of Ab. Treatment of mice with the SSO resulted
in widespread distribution in the brain accompanied by APP
exon skipping and a reduction of Ab. Overall, we show that
an alternatively spliced isoform of APP encodes a cleavage-
incompetent protein that does not produce Ab peptide and
that promoting the production of this isoform with an SSO
can reduce Ab in vivo. These findings demonstrate the utility
of using SSOs to induce a spliced isoform of APP to reduce
Ab as a potential approach for treating AD.
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INTRODUCTION
Alzheimer’s disease (AD) is the most prevalent neurodegenerative
disorder, accounting for 60%–80% of the more than 40 million cases
of dementia worldwide.1–3 One pathological hallmark of AD is the
accumulation of amyloid-b (Ab) peptide as extracellular plaques in
the brain.4–6 Ab is a 38- to 42-amino acid peptide that is produced
by proteolysis of amyloid precursor protein, APP. Some forms of
Ab are prone to aggregation and plaque formation, which is thought
to initiate a cascade of pathological events associated with the devel-
opment and progression of AD.6 Thus, targeting Ab has been a major
focus of therapeutic development for AD.1,3,7

APP is a member of a conserved protein family that also includes
amyloid precursor-like proteins 1 and 2 (APLP1, APLP2).8–10 The
proteins in this family are type I single-pass transmembrane glyco-
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proteins with receptor-like structural features but not entirely clear
cellular functions.11–14 These proteins have conserved structural
motifs and proteolytic processing pathways and may have functional
redundancy, though only APP contains the Ab sequence associated
with amyloid plaques. Two proteolytic pathways account for the
majority of APP processing.15,16 One pathway is considered non-
amyloidogenic and occurs via an initial APP cleavage in the mem-
brane-proximal region by a-secretase activity (Figure 1A).17 The
scissile bond for this activity lies within the Ab sequence and gener-
ates an extracellular, soluble APP fragment (sAPPa) and a mem-
brane-bound C-terminal fragment (CTFa). CTFa is a substrate for
the intramembrane protease, g-secretase, which cleaves CTFa to
yield an extracellular soluble fragment, termed P3, and the intracel-
lular APP domain (AICD). Because a-secretase cleavage occurs
within the Ab sequence, this pathway precludes generation of the
Ab peptide. The second, amyloidogenic pathway, involves b-secretase
(BACE1) cleavage of APP to liberate a soluble peptide (sAPPb). The
remaining membrane-bound C-terminal fragment (CTFb) is subse-
quently cleaved by g-secretase, generating the Ab peptide and
AICD.18–20 g-Secretase cleaves CTFb at multiple sites, essentially
trimming the peptide into shorter, more soluble and benign forms
of Ab.21 While the primary species of Ab is the 40-amino-acid
form (Ab40), inefficient cleavage can result in the release of the longer
and more aggregation-prone Ab42, which is associated with neuro-
toxic amyloid plaque formation.20,22 Because of their role in the gen-
eration of Ab, b- and g-secretase inhibitors have been a major focus
of drug development for AD, though therapeutically targeting these
proteases has been challenging.23,24

Evidence supporting a direct role for APP and Ab in the development
of AD comes from cases of autosomal-dominant forms of early-onset
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Figure 1. Deletion of APP Exon 17 Eliminates Ab

Production

(A) Schematic of reducing Ab production and oligomeri-

zation associated with AD by using SSOs to cause APP

exon 17 splicing, thereby eliminating the g-secretase

cleavage sites encoded by the exon. Arrowheads indicate

the a-, b-, and g-secretase cleavage sites encoded by

exons 16, 17, and 18. Exon 17 encodes amino acids

within the transmembrane domain (TM) and g-secretase

cleavage sites required for Ab release from themembrane.

Boxes represent exons, lines are introns, and ovals depict

protein. (B) RT-PCR analysis of mRNA from HEK293T

cells transfected with plasmids that express full-length

human APPwith the Swedish and Indianamutations (APP)

or APP lacking exon 17 (Dex17). RNA from mock-

transfected cells was analyzed as a control to detect

endogenous APP. APP was normalized to GAPDH to

assess expression. Full-length (FL) and Dex17 refers to

APP mRNA that includes or lacks exon 17, respectively. +

and � RT indicates addition or omission of reverse tran-

scriptase from the reaction, respectively. Immunoblot of

APP with an antibody to detect the (C) N terminus or (D) C

terminus of the protein in lysate or culture media from cells

transfected with APP or APPDex17 expression plasmids.

FL designates full-length mature APP, and Dex17 refers to

the protein produced from APPDex17. The putative sol-

uble form of APP (sAPP) that is released into the extra-

cellular environment following secretase cleavage and the

C-terminal fragment (CTF) that remains in cells after

cleavage are labeled. * represents a nonspecific protein

band. (E) ELISA analysis of Ab42 abundance in media

from HEK293T cells transfected with the APP or APPD17

plasmid. Mean Ab42 levels for each group are graphed

(±SEM; ****p < 0.0001, one-way ANOVA with Tukey’s

multiple comparisons test; n = 2).
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familial AD (eFAD/early onset AD [EOAD]), which are associatedwith
mutations in APP or components of the g-secretase enzyme (PSEN1
and PSEN2). These mutations alter APP cleavage resulting in an in-
crease in total Ab production or the ratio of Ab42:Ab40.7,25,26 Further-
more, genetic variants in proteins involved inAPP cleavage can increase
2 Molecular Therapy Vol. 26 No 6 June 2018
the risk of late-onset AD (LOAD).27 In addition, a
mutation in APP that decreases b-secretase cleav-
age protects against the development of AD.28 A
direct role for APP in AD is also suggested by
the high incidence of the disease in individuals
with Down syndrome/Trisomy 21 (DS/Ts21), a
phenomenon that has been widely attributed to
the presence of three copies of APP, which is
located on chromosome 21.29,30 APP expression
has also been associated with traumatic brain
injury (TBI) andhas been suggestedas a key factor
in the development of dementia resulting from
repeated injury.3,31,32 Although distinguished by
their genetic or environmental causes and time
of onset, all of these forms of AD as well as
LOAD, which has risk factors but no known sin-
gle genetic cause,33,34 are considered to be the same disease with a
similar sequence of symptoms and impairments. Given the over-
whelming evidence for a function of APP and Ab production in AD,
strategies to downregulate APP expression or the production of Ab
are expected to have therapeutic value in disease treatment.
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Here, we develop a new approach for targeting APP in AD using
splice-switching antisense oligonucleotides (SSOs) that specifically
target and modulate APP expression in a manner that reduces Ab
production. SSOs are short, single-stranded antisense oligonucleo-
tides (ASOs) that are designed to form Watson-Crick base pairs
with a specific RNA target. SSOs can be designed to base-pair to
pre-mRNA and block interactions between RNA and RNA-binding
proteins involved in splicing.35,36 In this way, the SSOs can alter
splice-site recognition and modulate splicing in a directed manner.
SSOs are distinct from RNase H targeting ASOs, which result in
degradation of the targeted RNA. Our SSOs have 20-O-methoxyethyl-
ribose nucleotides and a phosphorothioate-modified backbone, are
water soluble, resistant to exonucleases, and highly diffusible.37

SSOs can be delivered to the brain by intracerebroventricular (i.c.v.)
injection, thereby targeting the cells of interest and limiting dose
and systemic exposure. SSOs delivered in this way have widespread
distribution and cellular uptake and have a remarkably long duration
of action.38 For these reasons, SSOs are not only useful as research
tools for manipulation of gene expression, they are also a favorable
therapeutic platform that has been developed for the treatment of
disease.36,39 An SSO drug (Spinraza; Biogen) has recently been
approved by the Food and Drug Administration for the pediatric
neurodegenerative disease spinal muscular atrophy.40–42

We designed SSOs that block APP exon 17 splicing and induce the
production of an alternatively spliced APP mRNA lacking exon 17
(APPDex17). APPDex17 mRNA encodes an APP protein isoform
that lacks 49 amino acids including the g-secretase cleavage
sites that give rise to the toxic, AD-associated Ab42 peptide. We
confirmed that APPDex17 does not produce Ab42 and demonstrate
SSO-induced skipping of APP exon 17 in Down syndrome fibroblast
cell lines. These DS fibroblasts overexpress APP mRNA and protein
and produce more Ab42 than karyotypically normal fibroblast cells
as a result of the presence of three APP genes. Our APP-targeted
SSO reduced the amount of Ab42 secreted by these cells demon-
strating that APP lacking exon 17-encoded amino acids cannot be
cleaved to produce Ab42. The SSO also induced long-term suppres-
sion of APP exon 15 splicing in mice, the exon in mouse APP encod-
ing the g-secretase cleavage sites, and resulted in a dramatic reduction
in Ab42. Together, our results demonstrate that SSOs can induce
alternatively spliced isoforms of APP that reduce amyloidogenic
Ab42. This SSO-based approach to reducing Ab may be therapeuti-
cally beneficial in cases of dementia associated with alterations in
APP abundance or activity.

RESULTS
APP Lacking Exon 17-Encoded Amino Acids Does Not Produce

Ab Peptide

Exon 17 of human APP encodes g-secretase cleavage sites.21 Removal
of exon 17 from APP mRNA results in an in-frame deletion of
49 amino acids that leaves the a- and b-secretase cleavage sites intact
and eliminates the g-secretase sites. Thus, the resulting APP isoform
lacking the sequence encoded by exon 17 (APPDex17) cannot pro-
duce Ab (Figure 1A). To confirm the predicted proteolytic processing
of APPDex17, we expressed cDNA encoding either the full-length
APP (APP-FL) or the APPDex17 isoform from plasmids transfected
into HEK293T cells and analyzed the resulting APP mRNA and
protein products. Cells transfected with APP-FL and APPDex17 pro-
duced similar amounts ofmRNA, which was in excess over the endog-
enous mRNA levels (Figure 1B). To examine APP protein and its
metabolites, we used first an antibody that recognizes the N terminus
of the protein.43 APP-FL produced a protein product consistent in
size to that expected of APP (Figure 1C). Expression of APPDex17
resulted in the production of a cellular protein that migrated faster
than the APP-FL protein by gel electrophoresis, consistent with the
deletion of the 49 amino acids encoded by exon 17 (Figure 1C, left).
The APPDex17 was not only detected in cell lysates, but also in culture
media (Figure 1C, right), suggesting that APPDex17 is released from
cells, as expected due to the deletion of the transmembrane domain.
Whereas APP-FL in cell lysates is larger than APPDex17, the APP
detected in the culture media from cells transfected with APP-FL mi-
grates faster than the APPDex17 protein product in the media. This
result is consistent with the release of soluble forms of APP (sAPPa
and sAPPb), which lack the entire C-terminal fragment domain after
cleavage by a- or b-secretases. In contrast, there is no apparent shift in
the migration of APPDex17. The presence of an apparently unpro-
cessed APPDex17 in the culture media implies that the protein is
released from the cell intact (Figure 1C).

To further characterize APP-FL and APPDex17 cleavage, we
performed immunoblot analysis of APP protein products using an
antibody that recognizes the APP C terminus.44 In cell lysates, this
antibody detected an APP protein product generated from cells ex-
pressing APP-FL that is consistent in size with full-length APP, as
well as an APP protein that is consistent in size with the CTF that
is expected if the protein is cleaved by a- or b-secretases (Figure 1D,
left). The full-length APP protein and the CTF peptide are detected
only in the cell lysate and not in the culture media using the C-termi-
nal antibody (Figure 1D, right). Cells expressing APPDex17 produced
an APP protein migrating faster than the APP-FL protein, consistent
with the deletion of 49 amino acids encoded by exon 17. No APP
cleavage products were detected from cells expressing APPDex17,
suggesting that this protein isoform is not cleaved by b-secretase.
The APPDex17 protein was detected both in the cell lysates and in
the cell culture media using the C-terminal antibody, indicating
release of the APPDex17 isoform from cells and into the extracellular
space (Figure 1D).

To confirm that APPDex17 was not an integral membrane protein,
we isolated membranes from HEK293T cells expressing either APP
or APPDex17 and assessed the presence of the proteins in either sol-
uble or membrane fractions (Figure S1). Membranes were washed
with sodium-carbonate to open vesicles and dissociate peripheral
membrane proteins.45 As expected, full-length APP was present in
the membrane fraction, and, to a lesser degree, in the sodium carbon-
ate soluble fraction (soluble 2), likely due to release of a small amount
during conversion of membrane vesicles into sheets (Figure S1). In
contrast, APPDex17 was detectable in the soluble fractions only,
Molecular Therapy Vol. 26 No 6 June 2018 3
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Figure 2. Splice-Switching Antisense

Oligonucleotides Induce Human APP Exon 17

Skipping

(A) Diagram of SSO target sites on human APP exon 17

pre-mRNA. SSOs (horizontal lines) are numbered

sequentially from the 50 to 30 end of the target region. Gray

box indicates exonic region and lines are introns. (B)

Radiolabeled RT-PCR analysis of RNA from HEK293T

cells transfected with individual SSOs shown in (A). FL

denotes APP mRNA with exon 17 and D17 denotes

mRNA lacking exon 17 (skipped). Numbers above gel

image designate SSO number and quantification of exon

skipping (D17 /(D17 + FL)*100) is shown below gel. “C”

indicates a sample from vehicle-treated control cells, and

“�” represents untreated cells. (C) Alignment of the most

active SSOs (17-3 and 17-4) with the target region of

hAPP. Exonic and intronic sequences are depicted in

capital and lowercase letters, respectively. The 30 splice
site cleavage site is denoted. (D) RT-PCR analysis of APP

mRNA from HEK293T cells treated with increasing

concentrations of SSO 17-3 and 17-4. Graphs show

quantitation of exon 17 skipping, and the half-maximal

effective concentration (EC50) was calculated.
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with no detectable signal in the membrane fraction. The bulk of
APPDex17 is found in the first soluble fraction, while the remaining
protein is released from membranes during the sodium carbonate
wash, suggesting that some protein either remained membrane asso-
ciated through interactions with other membrane components or was
contained within small vesicles that were not sheared during the
initial fractionation. Regardless, the absence of APPDex17 from the
membrane fractions in this case suggests that it is not an integral
membrane protein.

To determine whether Abwas produced from APPDex17, we used an
Ab42 ELISA to quantify abundance of the peptide in the culture
media of cells transfected with the APP-FL or APPDex17 expression
plasmid. Ab42 levels were high in the supernatant of cells expressing
APP-FL and absent in the media of cells expressing APPDex17, indi-
cating that Ab42 is not produced from APPDex17 (Figure 1E).
4 Molecular Therapy Vol. 26 No 6 June 2018
SSOs Induce APP Exon 17 Skipping

An APP isoform lacking exon 17 does not pro-
duce the toxic Ab42 peptide and thus, inducing
the production of this isoform may be an effec-
tive way to lower Ab42 and ultimately reduce
Ab plaque formation. To this end, we designed
SSOs to block splicing of exon 17 and induce
skipping of the exon in the APP mRNA. The
SSOs are 20-O-methoxyethyl (20MOE)/phos-
phorothioate (PS) modified 18-mers that base-
pair with the targeted pre-mRNA sequence
and create a steric block to the spliceosome,
thereby disrupting splicing.35 We tested a series
of 36 18-mer SSOs, tiled along the intron/
exon 17 region such that each subsequent SSO
overlapped the preceding SSO by five nucleotides (Figure 2A). Each
SSO was individually transfected into HEK293T cells, and RNA
was isolated 48 hr later and analyzed for APP exon 17 splicing by
RT-PCR. SSOs 17-3 and 17-4 were the most active at inducing
exon 17 skipping (Figure 2B). Both SSOs base pair at the 30 splice
site, likely causing exon 17 skipping by blocking spliceosomal recog-
nition of the site (Figure 2C). The SSOs induce exon skipping in a
dose-dependent manner with half-maximal effective activities
(EC50) of 43.3 and 54.9 nM, respectively (Figure 2D).

SSO-Mediated Exon 17 Skipping Reduces Ab42 in Down

Syndrome Patient Fibroblast Cells

To test whether SSOs that cause exon 17 skipping can lower Ab42
abundance in a pathological model system in vitro, we assessed
APP expression in fibroblasts from Down syndrome individuals.
Down syndrome/Trisomy 21 (DS) cells have three copies of APP



Figure 3. APP mRNA, Protein, and Ab42 Levels Are Elevated in Down

Syndrome Fibroblast Cells

(A) qPCR analysis of APP mRNA from DS (n = 4) and non-DS (n = 5) human

fibroblast cells normalized to b-actin. Graph depicts the mean relative quantity (RQ)

of APP (±SEM, *p < 0.05, unpaired, two-tailed Student’s t test). (B) Representative

immunoblot of APP overexpression in DS (n = 3) and control non-DS cell lines (n = 4)

using an antibody that detects the N terminus of APP. FL* designates full-length

mature APP (N- and O-glycosylation), and FL represents full-length immature

APP (N-glycosylation). Quantitation of all forms of APP is shown in graph (±SEM,

***p < 0.001, unpaired, two-tailed Student’s t test). (C) Quantitation of Ab42 in

control (n = 2) and DS fibroblast (n = 4) cell lines by ELISA. Graph depicts

mean ±SEM (**p < 0.01, unpaired, two-tailed Student’s t test).
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due to the triplication of chromosome 21 and thus are a relevant
model for APP overexpression and elevated Ab42 levels. First, we
analyzed APP mRNA expression in a number of different DS and
non-DS control (C) cell lines and determined that APP mRNA was
more than two times more abundant in DS fibroblast cell lines
compared to control fibroblast cells (Figure 3A). The increase in
mRNA abundance in DS cells relative to non-DS cells correlated
with an increase in APP protein abundance in these cells (Figure 3B).
Quantitation of Ab42 by ELISA of the culture media revealed a signif-
icant elevation of Ab42 levels in the DS fibroblast cells compared to
non-DS cells (Figure 3C).

Next, we analyzed APP mRNA and protein expression in DS cells
following transfection with increasing amounts of SSO 17-3. SSO
17-3 induced a dose-dependent decrease in full-length APP mRNA
and an increase in APPDex17 mRNA, with an EC50 of 12.2 nM
(Figure 4A). Immunoblot analysis of APP protein in lysates from cells
transfected with SSO 17-3 revealed a lower migrating band consistent
with the expected size of APPDex17 (Figure 4B). As expected, full-
length APP protein levels were reduced and APPDex17 protein
increased (Figure 4C, top), but total APP protein abundance did
not change with SSO treatment (Figure 4C, bottom).

Importantly, SSO 17-3 reduced and normalized Ab42 peptide levels
in the culture media from DS fibroblasts compared to media from
cells treated with a control, untargeted SSO (SSO-C) (Figure 4D).
Specifically, SSO 17-3 treatment resulted in a 45% decrease in Ab42
in the media of DS cells, bringing Ab42 to a level that was not signif-
icantly different than the level in karyotypically normal cells (Fig-
ure 4D). Together, these results demonstrate that SSO-induced
skipping of APP exon 17 lowers Ab concentration in DS cells without
affecting overall APP protein levels.
SSO-Induced Exon Skipping Decreases Ab Abundance in Mice

To test whether SSOs targeting APP splicing can lower Ab in vivo, we
designed SSOs targeted to the murine APP exon 15, which is homol-
ogous to human APP exon 17 and encodes the g-cleavage sites. SSOs
were first screened for activity in vitro in a mouse kidney cell line (Fig-
ure 5A).46 We identified several SSOs that induced exon 15 skipping.
The most active, SSO 15-3 and 15-31, resulted in 35% and 55% APP
mRNA with exon 15 skipped, respectively (Figure 5B). SSO 15-3 base
pairs at the 30 splice site and 15-31 at the 500 splice site of exon 15 (Fig-
ure 5C). Both SSOs induce exon 15 splicing in a dose-dependent
manner (Figure 5D). SSO 15-31 treatment resulted in the most
exon 15 skipping and was used in subsequent experiments.

To test SSO 15-31 activity in vivo, we administered the SSO to wild-
type mice by i.c.v. injection. Neonate pups were injected with 25 or
50 mg of SSO 15-31 or a SSO-C at post-natal day 1 or 2 (P1–P2)
and cortex, and hippocampus were collected from the mice 3 weeks
later (Figure 6A). RT-PCR analysis of the RNA isolated from the tis-
sues demonstrated significant APP exon 15 skipping in both regions
of the brain from mice treated with SSO 15-31. There was a subtle
increase in skipping in mice treated with 50 mg of ASO compared
to the 25-mg dose (Figure 6B). To assess SSO distribution in the brain,
we visualized SSO- and saline-treated tissue slices by immunohisto-
chemistry using an antibody that specifically detects the antisense
oligonucleotide.47 We observed widespread distribution of SSO in
the hippocampus (Figure 6C) and cortex (Figure 6D) of 3-week
old mice that were treated with SSO as neonates and prominent
Molecular Therapy Vol. 26 No 6 June 2018 5
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Figure 4. SSO-Induced APP Exon 17 Skipping

Reduces Ab42 in DS Cells

(A) RT-PCR analysis of APP mRNA from a representative

DS patient fibroblast cell line (GM02767) treated with

increasing concentrations of SSO 17-3. Graph represents

the percent of APP mRNA that lacks exon 17 (exon 17

skipped [%]) related to the log of the SSO dose. The half-

maximal effective concentration (EC50) is shown. Error

bars are SEM, n = 3 different DS cell lines. (B) Repre-

sentative immunoblot analysis of SSO dose response in

DS fibroblast cell lysates. b-actin was measured as a

loading reference. FL* designates full-length mature APP

(N + O glycosylation), and FL represents full-length

immature APP (N glycosylation).Dex17 indicates the exon

17 skipped isoform. (C) Graphs display quantitation of the

percent of all APP protein isoforms that is FL or FL* (top)

and the amount of all APP protein isoforms, shown as the

ratio of APP to b-actin (bottom). One-way ANOVAs with

Tukey’s post-test (n = 3 different DS cell lines) showed no

significant difference in APP among the samples. Error

bars are ±SEM. (D) ELISA analysis of Ab42 secreted from

control (C), non-DS untreated (�, n = 2) and DS fibroblast

cell line treated with a control SSO (C, n = 4) or SSO 17-3

(n = 4). Error bars are ±SEM. One-way ANOVA with

Tukey’s multiple comparisons test (*p < 0.05, **p < 0.01).
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co-localization of the SSO with the neuronal protein NeuN as well as
in other non-neuronal cell types.

To determine whether SSO 15-31-induced APP exon 15 skipping
can lower Ab42 in vivo, we treated P1 mice with SSO 15-31 or
SSO-C by i.c.v. injection and collected brain tissue 3 months later,
a time point which should be sufficient to allow some normal accu-
mulation of Ab in wild-type mice and would also test the duration
of SSO activity (Figure 7A).48,49 We first confirmed that SSO is still
present in the hippocampus and cortex of 4-month-old mice that
were injected a single time with SSO at P1 (Figure S3), which is
consistent with previous reports using ASOs.38 The SSO did not
have any overt adverse effects on the mice. Weights did not differ
significantly between SSO 15-31- and SSO-C-treated animals (Fig-
ure S2A). There was also no evidence of endoplasmic reticulum
(ER) stress from expression of the APP isoform as indicated by
the absence of XBP1 splicing, which occurs as a part of the unfolded
protein response50 (Figure S2B), and there was no change in glial
fibrillary acidic protein (GFAP) or allograft inflammatory factor 1
(AIF1) expression, which would indicate astrogliosis or microgliosis,
respectively (Figure S2C).

Remarkably, RT-PCR analysis of RNA collected from cortical tissue
showed APP exon 15 skipping at a similar level to that seen from
samples collected 3 weeks after treatment, indicating a long-term, sus-
tained effect of the SSO (Figures 7B and 7C). ELISA analysis of
hippocampal samples revealed that SSO 15-31 treatment resulted in
a 57% reduction in Ab42 compared to mice treated with SSO-C (Fig-
ure 7D). These results indicate that sustained SSO-induced exon
skipping that eliminates APP cleavage required to generate Ab is an
effective approach for lowering Ab42 production in vivo.
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These results demonstrate the long-term effects of SSO treatment on
Ab42 levels when treatment begins at birth. However, an AD thera-
peutic would likely be administered in adulthood. Thus, we tested
SSO 15-31 activity in adult mice treated at 2 months of age by i.c.v.
injection (Figure 8A). The hippocampus and cortex were
collected 3 weeks after treatment for analysis. Similar to results
with neonatal treatment, SSO administration to adult mice resulted
in exon 15 skipping (Figures 8B and 8C) and a significant reduction
in Ab42 compared to mice treated with SSO-C (Figure 8D).

DISCUSSION
Aberrant APP expression and Ab production has been implicated in
many forms of dementia, including eFAD/EOAD, DS/Ts21, LOAD,
and TBI. Hence, a method to lower Ab is a promising therapeutic
approach for these conditions. Here, we demonstrate that an isoform
of the human APP protein that lacks exon 17, APPDEx17, does not
produce the toxic Ab peptide (Figure 1). The APPDEx17 isoform
can be induced in cells using an SSO, SSO 17-3, that base pairs at
the 30 splice site of the exon, blocks splicing at the site and redirects
splicing to exon 18, effectively removing exon 17 from the mRNA
(Figure 2). We show that treatment with SSO 17-3 lowers full-length
APP mRNA and normalizes Ab42 production in Down syndrome
patient fibroblast cell lines (Figure 4), which overexpress APP and
consequently overproduce Ab (Figure 3). We further demonstrate
that a similar SSO, targeting mouse APP, can induce exon skipping
inmice (Figures 5 and 6) and reduce Ab42 abundance in vivo (Figures
7 and 8). Together, this study introduces a new antisense strategy to
reduce the production of the Ab peptide that is implicated in the
pathology and progression of forms of dementia associated with
APP mutations in familial AD, APP triplication in DS, as well as
with sporadic AD.



Figure 5. SSOs Induce Skipping of Murine APP Exon

15 Encoding the g-Secretase Cleavage Sites

(A) Diagram of SSO target sites in the mouse APP exon 15

region, equivalent to human APP exon 17. SSOs (hori-

zontal lines) are numbered sequentially from the 50 to 30

end of the target sequence. The gray box indicates the

exonic region of exon 15, and lines adjacent represent

introns. (B) Radiolabeled RT-PCR analysis of mRNA iso-

lated from a mouse kidney cell line (208ee) transfected

with individual SSOs shown in (A). FL designates full-

length mAPP with exon 15 included, and Dex15 is mRNA

lacking exon 15 (skipped). Numbers above gel image

designate SSO number or untreated control (�), and

quantification of exon skipping (% skipped = (Dex15/

(Dex15+FL)*100) is shown below. (C) SSO 15-3 and 15-

31 sequences aligned to target region of mAPP. Exonic

and intronic sequences are depicted in capital and

lowercase letters, respectively. (D) RT-PCR analysis of

mAPP mRNA from mouse cells treated with increasing

concentrations of SSO 15-3 or SSO 15-31. Graph rep-

resents the percent of APP mRNA that lacks exon 15

related to the log of the SSO dose. The potency of each

SSO was determined using the half-maximal effective

concentration (EC50).
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Overwhelming genetic evidence supports a causative role for Ab
accumulation in the initial stages of AD pathogenesis.51,52 Currently,
there are more than 50 different mutations in APP that are associated
with AD (http://www.molgen.ua.ac.be/ADMutations).53 The most
common AD-associated APP mutation, V717I, results in an increase
of the Ab42 peptide.54 Less common APP mutations are also associ-
ated with an increase in production of Ab42. In addition, more than
200 PSEN1 or PSEN2 mutations have been identified in early onset
AD, which lead to the overproduction of Ab42.53 Furthermore, a mu-
tation in APP that lowers Ab cleavage efficiency protects against the
development of AD.28 A role for APP in AD is further suggested by
the prevalence of AD in DS/Trisomy 21, which constitutes the largest
fraction of people with EOAD.29 Rare cases of APP duplication in
otherwise karyotypically normal individuals
have also been associated with EOAD.55,56 Simi-
larly, DS individuals with partial trisomy of
chromosome 21 that excluded APP did not
develop EOAD and had no evidence of the
plaques and tangles characteristic of the dis-
ease.57,58 Other conditions also implicate APP
expression in AD. For example, APP expression
following TBI has been implicated in the devel-
opment of AD.31,59 Overall, the fact that EOAD,
LOAD, DS, and TBI all have been associated
with Ab plaque pathology suggests the signifi-
cance of APP dosage in AD pathology.

Despite clear evidence of a causative role for Ab
in AD, Ab-mediated toxicity alone is insuffi-
cient to explain all facets of fully manifested
AD.52 Indeed, a recent report found that two familial AD mutations
in PSEN1, PSEN-L435F and PSEN-C410Y, resulted in a dysfunc-
tional protein that does not cleave APP, suggesting a possible Ab-in-
dependent mechanism of AD.60 However, follow-up experiments by
Veugelen et al.,61 demonstrated proteolytic activity from proteins
with these mutations. Moreover, in these mutants, the loss of proces-
sive carboxypeptidase activity resulted in longer Ab peptides, which
are highly competent for seeding amyloid aggregates, consistent
with in vivo observations of AD-related presenilin activity.62

Antisense strategies targeting APP expression in vivo have been pre-
viously explored.63–65 For example, Kumar et al.63 reported that
administration of an APP-targeted ASO to mice lowers APP protein
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Figure 6. SSOs Induce APP Exon Skipping and Reduce Ab42 Abundance In Vivo

(A) Schematic of experimental protocol with i.c.v. ASO administration at post-natal day 1 (P1) and analysis of ASO and splicing in tissue of treatedmice 3 weeks later (P21). (B)

Radiolabeled RT-PCR analysis of APP mRNA isolated from the cortex and hippocampus of mice (P21) that were injected at P1 or P2 with 25 or 50 mg of SSO 15-31. Graph

depicts the mean ±SEM of exon 15 skipping (%) in indicated tissue from mice treated with SSO-C (n = 7) or SSO 15-31 (n = 9). Student’s t test analysis indicated p > 0.05

between the two doses. Immunofluorescent microscopy images of SSO (green) in (C) hippocampus and (D) cortex (right) at 10� (top) and 60� (bottom) magnification from

tissue isolated frommice injected with SSO 15-31 (+SSO) or saline vehicle (�SSO) and collected at P21. NeuN (red) marks neurons and Hoechst stain (blue) identifies nuclei.

Scale bars in 10� = 220 mm; 60� = 20 mm.
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and Ab peptide levels and ameliorates physiological and behavioral
pathology in animal models of aging and AD. However, it is impor-
tant to note that ASOs used in previous studies are comprised, at least
in part, of deoxynucleotides, which, upon base pairing to RNA create
a substrate for RNase H, resulting in cleavage of the duplexed RNA
and a predicted overall decrease in APP protein levels.66 Our use of
SSOs to induce APP alternative splicing and production of an
mRNA that encodes an APP protein that cannot produce Ab is a
novel approach for downregulating APP and APP proteolysis that
does not alter total APP protein levels.

The SSOs that we have designed induce skipping of the APP exon
that encodes the cleavage sites necessary to generate toxic Ab
species. However, the majority of APP is intact in the APPDex17
8 Molecular Therapy Vol. 26 No 6 June 2018
protein. Although the function of APP is not entirely clear, there
is evidence to suggest that it acts as a receptor, given its similarities
in structure to other type I transmembrane receptors as well as the
discovery of receptor-like proteins that bind APP.8,9,67 APP has also
been implicated in cell adhesion.68 Importantly, our antisense
approach is aimed at downregulating pathological overexpression
of APP in order to normalize APP levels and is not expected to
produce a complete switch to the APPDex17 protein isoform.
Thus, there will be full-length APP available to perform important
functions of the intact protein after SSO treatment. The homologs
of APP, APLP1 and APLP2, will also likely offer some functional
redundancy. One important factor in our approach is that the
APPDex17 protein does not appear to result in a gain of toxic func-
tion. We did not observe overt signs of toxicity in the SSO-treated



Figure 7. Long-Term Reduction of Ab42 In Vivo

following Treatment of Neonatal Mice with SSO 15-31

(A) Schematic of experimental protocol with i.c.v. ASO

administration at P1 and analysis of splicing and Ab42 in

tissue from treated mice collected 3 months after treatment

(P90). (B) Radiolabeled RT-PCR analysis of RNA isolated from

the cortex of 3-month-old mice that were treated as neonates

(P1/P2) with 25 mg of SSO-C (n = 8) or SSO 15-31 (n = 7). (C)

Graph shows quantitation of APP exon 15 skipping in cortical

tissue. Error bars are ±SEM, ****p < 0.0001, unpaired, two-

tailed, Student’s t test. (D) ELISA analysis of Ab42 in the

hippocampus from the same mice analyzed in (B) and (C).

Graph represents the mean ±SEM, *p < 0.05, unpaired, two-

tailed, Student’s t test.
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mice expressing APPDex17 (Figure S2). In addition, we demonstrate
that the APPDex17 isoform is secreted into the culture media (Fig-
ure 1) and thus may preserve some of the functions of secreted APP,
which have been reported to be neuroprotective and involved in the
enhancement of long-term potentiation and memory.69 More
detailed studies investigating long-term effects of APPDex17 expres-
sion in vivo will be needed to more definitively assess any potential
toxic or beneficial affects associated with expression of the novel
APP isoform.

AD treatments have struggled in clinical trials with few drugs
advancing toward the market in the past 30 years. There are currently
six FDA approved drugs for AD, though these treatments only
temporarily improve symptoms and do not target the underlying
causes of the disease that lead to fatal neurodegeneration.3 There
are a number of anti-amyloid antibodies in clinical development
that have shown promise in clinical trials, further demonstrating
the therapeutic value of targeting Ab.1,70 As an alternative to antibody
and small-molecule therapeutic development, SSOs are a good
platform for the treatment of neurological disorders, offering safe,
long-lasting alterations in the gene expression following direct
administration to the central nervous system.36,38,66 Indeed, an SSO
has recently been approved for the treatment of the fatal pediatric
neurodegenerative disease spinal muscular atrophy (SMA).40,71 The
study presented here provides the basis for a therapeutic strategy
for reduction of Ab by modulation of APP pre-mRNA splicing to
produce a cleavage-deficient protein isoform, offering an innovative
approach for the treatment of AD.
MATERIALS AND METHODS
SSOs and Primers

All SSOs were uniformly modified with 20-MOE and PS backbone as
described previously.72 A BLAST search for SSO 17-3 and SSO 15-31
complementary sequences identified no other sequence matches in
the human or mouse genome. SSO-C also did not have any matches
to genomic sequences. SSOs were formulated in sterile 0.9% saline.
Primer and SSO sequences are provided in Table S1.
Expression Plasmids

The hAPP pCMV-AIP expression plasmid, used to produce human
APP in culture, has been described elsewhere.73 In brief, this plasmid
co-expresses human APP with Swedish/Indiana mutations and a
mutated formof presenilin (PS1DelE9) fromaCMVpromoter andpro-
duces both proteins through the use of an IRES sequence.73 APPD17
was generated from this plasmid using the Q5 Site-Directed Mutagen-
esis Kit (New England BioLabs) to delete exon 17. TheDex17 construct
was made using primer set AIPdeltaex17F and AIPdeltaex17R (Table
S1). Deletion of exon 17 was confirmed by sequence analysis.

Cell Culture and Transfection

Individual SSOs targeting either human APP exon 17 or mouse APP
exon 15 were transfected into HEK293T or a mouse primary kidney
cell line (208ee),74 respectively, at a final concentration of 100 nM.
Cells were collected in TRIzol reagent (Life Technologies) 48 hr after
transfection and analyzed for exon skipping.

DS fibroblasts (GM02571, GM02767, GM04928, AG04823,
AG08942) along with chromosomally normal non-DS control
fibroblast cell lines (GM03814, GM24590, GM24591, Coriell Cell
Repository, and J-WT). SSOs for exon 17 skipping and control
SSOs (final concentration 50 nM) were transfected into both DS
and control non-DS fibroblasts and collected 48 hr after transfection.
Three DS cell lines (GM02571, GM02767, GM04928) were analyzed
for the dose response and immunoblot experiments. All cells were
cultured in 10% fetal bovine serum (FBS) DMEM and maintained
in a 37�C incubator with 5% CO2 and transfected using
Lipofectamine 2000 reagent (Life Technologies).

Mice

Mice (male and female C57BL/6J) (Jackson Laboratories) were bred,
treated, and housed at Rosalind Franklin University of Medicine and
Science. All animals were used and cared for in accordance with NIH
guidelines and protocols reviewed and approved by the Institutional
Animal Care and Use Committee at Rosalind Franklin University of
Medicine and Science.
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Figure 8. SSO 15-31 Reduces Ab42 Abundance in Mice

Treated as Adults

(A) Schematic of experimental protocol with i.c.v. ASO

administration to adult mice (P65) and analysis of splicing and

Ab42 in tissue of treated mice 3 weeks after treatment (P86).

(B) RT-PCR of RNA from mouse cortex 3 weeks post-treat-

ment at 2 months of age. FL denotes full-length mAPP with

exon 15 included, and Dex15 indicates transcripts with exon

15 skipped. (C) Quantitation of splicing from cortical tissue.

Error bars are ±SEM. **p < 0.01, unpaired, two-tailed Stu-

dent’s t test. (D) Ab42 ELISA analysis of adult i.c.v. mouse

hippocampus treated with ASO 15-31 or vehicle control. Error

bars are ±SEM. ****p < 0.0001, unpaired, two-tailed, Student’s

t test.

Molecular Therapy

Please cite this article in press as: Chang et al., Targeting Amyloid-b Precursor Protein, APP, Splicing with Antisense Oligonucleotides Reduces Toxic
Amyloid-b Production, Molecular Therapy (2018), https://doi.org/10.1016/j.ymthe.2018.02.029
i.c.v. Injections

Neonatal mouse injections were performed as previously
described.38,46 In brief, neonatal mice were injected via i.c.v. injection
with 25 or 50 mg of SSO 15-31 or SSO-C at P1 or P2. SSOs were
diluted in sterile 0.9% saline with 0.01% Fast Green FCF, and
2.5 mL was injected into the left ventricle using a 33G needle fixed
to a glass Hamilton syringe approximately 2.5 mm anterior to the
lambda suture and 1 mm lateral to the sagittal suture to a depth of
2 mm. Brain tissue collection was performed on ice-cold PBS, and
hippocampus and cortex tissue were either snap-frozen in liquid
nitrogen or placed in 1 mL TRIzol reagent for immediate RNA
extraction. RNA was extracted from tissues using TRIzol reagent
(Life Technologies), and radioactive RT-PCR was performed using
primers Mouse APP exon 14 F and Mouse APP exon 16 R (Table
S1). Products were separated on a 6% non-denaturing polyacrylamide
gel and quantified using a Typhoon 7000 phosphorimager (GE
Healthcare).

For adult mouse i.c.v. injections, experiments were performed as
previously described.38 In brief, 3-month-old mice were secured in
a stereotaxic frame and anesthetized with 2% isofluorine. A 10 mL
Hamilton microsyringe with a 26G Huber point needle was used to
administer 5 mL of SSO solution into the right lateral ventricle at
0.2 mm posterior and 1.0 mm lateral to the bregma lowered to a depth
of 3 mm.

RT-PCR

RNA was extracted from tissue using TRIzol according to manufac-
turer’s instructions. cDNA was generated using 1 mg of total RNA
and GoScript Reverse Transcription System (Promega). Splicing
was analyzed by radiolabeled PCR of cDNA using GoTaq Green
(Promega) supplemented with a-32P-deoxycytidine triphosphate
(dCTP) and primers Human APP exon 14 F and Human APP exon
18 R flanking APP exon 15 and exon 18 (Table S1). Reaction products
were run on a 6% non-denaturing polyacrylamide gel and quantified
using a Typhoon 7000 phosphorimager (GE Healthcare).
10 Molecular Therapy Vol. 26 No 6 June 2018
Real-Time qPCR

cDNA extracted from the samples was analyzed via qPCR with SYBR
Green PCR master mix (Life Technologies) using primers for APP
normalized to human b-actin. All DS and control cell lines were
run in two dilutions in triplicate in two separate experiments. Real-
time PCR was performed on an Applied Biosystems (ABI) ViiA 7
Real-Time PCR System (through the Molecular Quantification
Laboratory at RFUMS) according to manufacturer’s protocols on
Fast 96-well plates. Primers used were Human APP exon 14 F and
Human APP exon 18 R (Table S1). The thermal-cycling protocol
was as follows: stage 1 was 50�C for 2 min and 95�C for 10 min; stage
2 was 95�C for 15 s and 60�C for 1 min for 40 cycles to ensure
an amplification plateau was reached. Taqman assay kits for
mouse Aif1, mouse GFAP, and human b-actin were utilized
(Mm00479862_g1, Mm01253033_m1, and 4352933E, respectively,
Life Technologies). Results were analyzed with the DDCT method.75

Immunoblot

For analysis of APP expression from expression plasmids, HEK293T
cells were transfected with 1 mg of hAPP pCMV-AIP or pAPPDex17.
Forty hours post-transfection, cells were lysed in 150 mM NaCl, 5
0mM Tris-Cl (pH 7.4), 0.5% Na-DOC, 0.5% Triton X-100, 5 mM
EDTA with protease inhibitors, and lysate was separated on 12%
SDS-PAGE gels, or 8% SDS-PAGE gels for media samples, and
transferred to polyvinylidene difluoride (PVDF) membranes.
Membranes were probed with a rabbit polyclonal C-terminal APP
antibody CTM-1 (1:4,000; a kind gift from Gopal Thinakaran) or a
mouse monoclonal N-terminal APP antibody (1:1,000; Millipore
22C11) with appropriate HRP-linked secondary antibodies and
exposed on an OmegaLum or Li-Cor imager.

For analysis of APP from DS cell cultures, cells were collected in
5� Laemmlli buffer (25% glycerol, 12.5% 2-mercaptoethanol, 2.5%
SDS, 0.02% bromophenol blue in 30% Tris buffer [0.5M Tris, 0.4%
SDS, pH 6.8]) and boiled for 5 min at 100�C. Proteins were separated
on 4%–15% Tris-glycine SDS-PAGE gradient gels (Bio-Rad),
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transferred to PVDF membranes and probed with an antibody spe-
cific for the N or C terminus of APP (1:2,000; Abcam ab126732
and Millipore AB5352, respectively) and b-actin (1:5,000; Sigma
A5441). Protein bands were quantified using ImageJ software
(NIH). Three DS cell lines (GM02571, GM02767, GM04928) and
control cell lines (GM03814, GM24590, GM24591, HL-WT) were
used for this analysis.

For membrane isolation, subconfluent monolayers of HEK293T cells
expressing APP or APPDex17 were washed with phosphate-buffered
saline with 5 mM EDTA and scraped into sucrose buffer (10 mM
HEPES-KOH [pH 7.4], 10 mM KCl, 1.5 mM MgCl2, 5 mM EDTA,
250 mM sucrose) and fractured by passing through a ball-bearing
homogenizer (Isobiotech, Heidelberg, Germany) with an 8 micron
clearance for 20 strokes. The solution was centrifuged at 1000 � g
for 5min to remove nuclei and other large debris, and the supernatant
taken as the “Input” fraction. The input fraction was centrifuged at
20,000� g for 1 hr to separate membranes from soluble components.
The supernatant was taken as the “soluble” fraction and the mem-
branes were resuspended in 100 mM sodium carbonate (pH 11.5)
and incubated for 30 min at 4�C to open vesicles and remove periph-
eral membrane proteins.45 The solution was then centrifuged at
20,000 � g for 1 hr and the supernatant taken as “soluble 2” while
the pellet was resuspended in Laemmli sample buffer and labeled
“membrane.” Input fractions were assayed for protein concentration
and loaded for Western analysis for equal concentration while other
fractions were loaded as equal relative proportions of the input.
ELISA

Ab-42 was measured using a Human/Rat b-Amyloid ELISA Kit
(Wako) according to manufacturer’s instructions. hAPP pCMV-
AIP and hAPP pCMV-AIPD17 plasmids were transfected into
HEK293T cells. Twenty-four hours post-transfection, culture media
was removed, and cells were incubated in 2 mL of serum-free Opti-
Mem media for 24 hr, at which time the media was collected and
secreted Ab42 was measured. All hAPP pCMV-AIP transfected sam-
ples were diluted (1:20) prior to analysis.

For analysis of Ab produced from DS fibroblasts in culture, cells
were plated onto 10-cm2 tissue culture plates and transfected with
either 50 nM of a control SSO or 50 nM of an SSO targeting skip-
ping of APP exon 17 and allowed to incubate for 48 hr. Untreated
controls to establish Ab baseline production levels were not trans-
fected with SSO. Subsequently, cells were cultured in 7 mL of
serum-free Opti-Mem media for 5 days, and the media supernatant
was collected. Ab levels were measured from this collected media as
described above and normalized to cellular protein abundance. For
this experiment, cells were trypsinized off each plate and sonicated
in 1 mL of RIPA buffer (10% sodium deoxycholate, 10% SDS, 0.5 M
EDTA in PBS) supplemented with protease inhibitors (Sigma). Pro-
tein was collected and measured with a BCA Protein Assay Kit
(Pierce). This experiment was repeated three times for each DS
fibroblast line.
Analysis of Ab in mouse tissue was performed as described
previously.46,76 In brief, frozen tissue was homogenized in a 5 M
Guanidine-HCl solution. Supernatants were collected and diluted
(1:10) for ELISA analysis. Protein concentration was measured via
Bradford Protein Assay Kit (Pierce) and used to normalize Ab
concentration.
Immunohistochemistry

Mice treated with SSO or saline were anesthetized with 100 mg/mL
urethane at 1 mg/g body weight and transcardially perfused with
1� PBS. Brains were removed, and one half was snap frozen in liquid
nitrogen for use in RT-PCR analysis and the other half was fixed in
4% paraformaldehyde (PFA) and then moved to cold 30% sucrose
after 48 hr. Sagittal sections (50 mm thick) were cut with a Leica
SM 2010R. Slices were washed in wash solution (1� PBS with 0.1%
Triton X-100) twice for 10 min, blocked with 4% goat serum in
PBS for 2 hr at room temperature, and then incubated overnight at
4�C with primary antibodies against 20-MOE SSOs (Ionis Pharma-
ceuticals, dilution 1:1,000) and NeuN (Millipore MAB377, dilution
1:1,000) in blocking buffer. The slices were washed with wash solution
for 10 min three times and incubated for 2 hr at room temperature
with secondary antibodies diluted in blocking buffer. Anti-rabbit
(Alexa Fluor 488, 1:400) and anti-mouse (Alexa Fluor 594, 1:400)
secondary antibodies were used. Sections were again washed in
wash solution for three times for 10 min and then incubated for
10 min at room temperature with Hoechst stain (Thermo 33342, dilu-
tion 1:10,000 in 1� PBS) and mounted with Prolong Gold antifade
reagent (Invitrogen). Sections were imaged using a Fluoview FV10
confocal microscope (Olympus).
Statistical Analysis

Statistics were performed using Prism 6 v. 6.0h. One-way ANOVA
analysis with a post-hoc test (Tukey) was used to assess significant
differences when comparing more than two groups. Student’s t test,
two-tailed, unpaired, was used to compare two groups. The specific
statistical test used for each experiment is detailed in the figure
legends.
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Figure S1. Immunoblot of APP with an antibody to detect the C-terminus of the protein 
in membrane and soluble fractions of cell lysates expressing APP-FL or APPΔex17 
expression plasmids. Input refers to a sample prior to fractionation. FL full-length mature 
APP (FL), the protein generated from mRNA lacking exon 17 (Δex17),  and the C-
terminal fragment (CTF) that remains in cells after cleavage are labeled. * represents 
nonspecific protein bands. A sample with lysate from untransfected cells is included as 
a control (CTL).   
  
 
 
 
 
 
 
 
 
 
 
 
 

 



 
 

Figure S2. SSOs do not cause adverse side effects. (A) Weights of 3-month-old male 
and female mice treated with a control SSO (n = 3 male; 4 female) and SSO 15-31 (n = 
3 male; 5 female) at P1. (B) RT-PCR analysis of mXBP1 mRNA splicing in tissue of 3-
month-old mice that were treated by ICV with control SSO (C, n = 7) or 15-31 (n = 8) at 
P1. (C) Real-time quantitative PCR analysis of GFAP and AIF1 in mice described in (A) 
and (B). Error bars represent ± s.e.m.  

 
 
 
 
 
 
 
 
 
 
 



 

 
Figure S3. Immunofluorescent microscopy images of SSO (green) in hippocampus 
(top) cortex (bottom) at 20X magnification in tissue isolated from mice treated with SSO-
C at P1 by ICV injection and collected at 4 months of age.46 Hoechst stain (blue) 
identifies nuclei. Scale bars in 20X = 110 µm.  
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Table S1 – Splice switching Antisense Oligonucleotides and Primers 

 

Human Mouse 
SSOs Sequence (5’-3’) SSOs Sequence (5’-3’) 

1 CACCTTGAAAACAAATTA 1 CACCTTCGAAAGGAAGCC 
2 AAGAACACCTTGAAAACA 2 AAGAACACCTTCGAAAGG 
3 CTGCAAAGAACACCTTGA 3 CAGCAAAGAACACCTTCG 
4 ATCTTCTGCAAAGAACAC  4 ATCTTCAGCAAAGAACAC 
5 CCCACATCTTCTGCAAAG  5 CCCACATCTTCAGCAAAG 
6 TTGAACCCACATCTTCTG  6 TCGAACCCACATCTTCAG 
7 TTTGTTTGAACCCACATC  7 TTTGTTCGAACCCACATC 
8 GCACCTTTGTTTGAACCC  8 GCGCCTTTGTTCGAACCC 
9 TGATTGCACCTTTGTTTG  9 TGATGGCGCCTTTGTTCG 

10 TCCAATGATTGCACCTTT  10 TCCGATGATGGCGCCTTT 
11 ATGAGTCCAATGATTGCA  11 ATGAGTCCGATGATGGCG 
12 CCACCATGAGTCCAATGA  12 CCACCATGAGTCCGATGA 
13 ACCGCCCACCATGAGTCC  13 GCCGCCCACCATGAGTCC 
14 ACAACACCGCCCACCATG  14 ACAACGCCGCCCACCATG 
15 CTATGACAACACCGCCCA  15 CTATGACAACGCCGCCCA 
16 TGTCGCTATGACAACACC  16 GGTTGCTATGACAACGCC 
17 ATCACTGTCGCTATGACA  17 ATCACGGTTGCTATGACA 
18 TGACGATCACTGTCGCTA  18 TGACAATCACGGTTGCTA 
19 GGTGATGACGATCACTGT  19 GGTGATGACAATCACGGT 
20 ACCAAGGTGATGACGATC  20 ACCAGGGTGATGACAATC 
21 GCATCACCAAGGTGATGA  21 ACATCACCAGGGTGATGA 
22 CTTCAGCATCACCAAGGT  22 CTTCAACATCACCAGGGT 
23 TTCTTCTTCAGCATCACC  23 TTCTTCTTCAACATCACC 
24 ACTGTTTCTTCTTCAGCA  24 ACTGTTTCTTCTTCAACA 
25 TGTGTACTGTTTCTTCTT  25 GATGGATGGATGTGTACT 
26 ATGGATGTGTACTGTTTC  26 GCCATGATGGATGGATGT 
27 GATGAATGGATGTGTACT  27 ACCACGCCATGATGGATG 
28 ACCATGATGAATGGATGT  28 CCTCCACCACGCCATGAT 
29 ACCACACCATGATGAATG  29 ACCTACCTCCACCACGCC 
30 CCTCCACCACACCATGAT  30 GGTTTACCTACCTCCACC 
31 ACCTACCTCCACCACACC  31 CTCCAGGTTTACCTACCT 
32 AGTTTACCTACCTCCACC  32 CAAGCCTCCAGGTTTACC 
33 AGTCAAGTTTACCTACCT  33 GCAGACAAGCCTCCAGGT 
34 CATGCAGTCAAGTTTACC    
35 GGAAACATGCAGTCAAGT    
36 CACTTGGAAACATGCAGT    

Primers Sequence (5’-3’) Primers Sequence (5’-3’) 
AIPdeltaex17F GTTGACGCCGCTGTCACC mAPP ex14 F AGACGGAAGAGATCTCGG 
AIPdeltaex17R CAATTTTTGATGATGAACTTCATATCC mAPP ex16 R GGTCACGGCGGCGTCGAC 

hAPP ex14F CCAGCCAACACAGAAAACGAAG mXBP1 F ACACGCTTGGGAATGGACAC 
hAPP ex18R CTAGTTCTGCATCTGCTCAAAGAAC mXBP1 R CCATGGGAAGATGTTCTGGG 

hXBP1 F CCTTGTAGTTGAGAACCAGGAG mGAPDH F GTGAGGCCGGTGCTGAGTATG 
hXBP1 R GGTCCAAGTTGTCCAGAATGC mGAPDH R GCCAAAGTTGTCATGGATGAC 
hACTB F AAAGACCTGTACGCCAACAC   
hACTB R GTCATACTCCTGCTTGCTGAT   
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