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Alzheimer’s disease (AD) is characterized by overlapping 
pathological processes, including amyloid-beta (Aβ) accumu-
lation, tau hyperphosphorylation, mitochondrial dysfunc-
tion, and neuroinflammation. Monogenic therapies have 
shown limited benefits, and only in a subset of patients, as 
other pathological processes continue to drive disease pro-
gression. Given the multifactorial and heterogeneous nature 
of AD, therapeutics targeting more than one gene simulta-
neously represent a promising strategy to achieve broader 
therapeutic outcomes. This study highlights the advantages 
of multigene RNA-based therapeutics, which may overcome 
compensatory mechanisms and patient heterogeneity. Here, 
we report the design and functional validation of antisense 
oligonucleotides (ASOs) specifically engineered for simulta-
neous silencing of more than one AD-related gene. Using al-
gorithm-assisted sequence design, we generated 11 bispecific 
gapmer ASOs from 20 candidate genes. In human and mouse 
cellular models, these ASOs achieved potent and sustained 
knockdown with picomolar to low-nanomolar IC 50 values. 
Functionally, treatment led to significant reductions in 
Aβ42 production, up to 70%, while maintaining favorable 
safety and specificity profiles. Collectively, our findings 
establish a proof of concept for multigene silencing in AD, 
demonstrating that rationally designed ASOs can provide 
robust target suppression across key pathological pathways. 
This strategy introduces a new paradigm in oligonucleotide 
design, with the potential to deliver disease-modifying bene-
fits for patients with AD.

INTRODUCTION

Alzheimer’s disease (AD) is the most common form of dementia, 
affecting millions worldwide and placing a significant burden on 
healthcare systems. 1 The hallmark neuropathological features of 
AD include the accumulation of extracellular amyloid-beta (Aβ) pla-
ques and intracellular neurofibrillary tangles, leading to synaptic 
dysfunction and neuronal loss. 2,3 Despite decades of research, 
most current therapeutic strategies remain largely symptomatic 
and do not directly target the underlying molecular causes of the 
disease. 4,5

Multiple therapeutic strategies have been widely researched to 
target genes implicated in AD pathogenesis, including the amyloid 
precursor protein (APP) and β-secretase (BACE1), which are crit-
ical for Aβ production. 6,7 However, lessons from recent anti-amy-
loid therapeutic trials suggest that silencing a single target may be 
insufficient to halt AD progression. Monotherapies focused solely 
on Aβ (for example, the anti-Aβ antibodies aducanumab and leca-
nemab) have shown limited efficacy, as patients often continue to 
deteriorate due to persistent tau pathology and other neurodegen-
erative processes. 8 This highlights the multifactorial nature of 
AD, wherein overlapping toxic cascades—such as amyloid deposi-
tion, tau hyperphosphorylation, mitochondrial dysfunction, and 
neuroinflammation—drive disease progression. In such a heteroge-
neous context, a combination approach that concurrently addresses 
multiple pathological pathways is increasingly viewed as necessary 
for durable therapeutic benefit. 9,10 By targeting parallel disease 
mechanisms, a multigene silencing strategy could produce synergis-
tic effects and mitigate compensatory mechanisms that undermine 
single-target interventions.

RNA-based therapeutics have emerged as powerful modalities for 
precise and direct modulation of pathogenic gene expression. RNA 
interference (RNAi) technologies, including synthetic small inter-
fering RNAs (siRNAs) and plasmid-based short hairpin RNAs 
(shRNAs), have enabled targeted silencing of individual genes of in-
terest, and their therapeutic potential has been extensively explored 
in AD models. For example, RNAi-mediated silencing of APP and 
β-secretase (BACE1), key mediators of Aβ generation, has demon-
strated promise in reducing pathogenic amyloid production. 7,11 

Nevertheless, as with other therapeutic strategies, their long-term ef-
ficacy may be undermined by compensatory gene-regulatory mech-
anisms inherent to complex and multifactorial disorders such as
AD. 12,13
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Another clinically validated RNA-based therapeutic strategy in-
volves antisense oligonucleotides (ASOs) that recruit the endoge-
nous RNase H enzyme to mediate targeted RNA cleavage, resulting 
in robust and sustained gene silencing. 14,15 This class of ASOs, 
commonly referred to as gapmers, has shown clinical promise in 
neurodegenerative diseases. A notable example is Tofersen (Qal-
sody), an RNase H-dependent gapmer indicated for the treatment 
of SOD1-associated amyotrophic lateral sclerosis (ALS). 16 Nusi-
nersen is another example of an ASO already in the clinic. It is 
approved for the treatment of spinal muscular atrophy (SMA) and 
works through a splice-switching mechanism to promote the pro-
duction of full-length SMN2 transcripts. 17 Similarly, long-acting 
ASOs correcting tau isoform imbalance have shown that durable ef-
ficacy can be achieved in chronic neurodegenerative conditions, with 
splicing correction persisting for 2 years after a single administration 
in mice. 18 To explore the concept of using ASOs as a tool for multi-
gene targeting, we designed and screened ASOs capable of concur-
rently suppressing more than one gene involved in AD pathology. 
Here, we report the development, validation, and comparative eval-
uation of these silencing strategies in cellular models of AD, demon-
strating their feasibility and highlighting their potential as a novel, 
disease-modifying therapeutic approach.

RESULTS

Design and initial screening of bispecific ASOs

In this study, we designed ASOs to simultaneously silence more 
than one gene from a set of 20 genes with experimental evidence 
indicating their involvement in AD pathology (Table S1). An algo-
rithm for identifying overlapping sequences shared by candidate 
genes and amenable to gene silencing 19 was used, yielding 11 bis-
pecific ASOs. Initially, a screening was performed in human em-
bryonic kidney 293 (HEK293) cells expressing APP with the Swed-
ish mutation (HEK293 APPswe) at 20 nM. Gene silencing results in 
HEK293 APPswe cells identified four ASOs capable of silencing 
both target genes simultaneously 48 h after ASO treatment, as 
measured by qPCR (Figure 1). Notably, potent silencing was 
observed after treatment with APGS, targeting APP and GSK3β 
(Figure 1A); BAMT, targeting BACE1 and MTOR (Figure 1C); 
BATA, targeting BACE1 and MAPT, the gene encoding tau protein, 
(Figure 1G); and GRBCA, targeting GRIN2B and CASP9 (Figure 
1H). Because GRIA2 and NOX4 mRNAs were not detectable, the 
GRAGSB and GRANO ASOs could not be evaluated in HEK293 
APPswe cells.

Subsequently, we screened the bispecific ASOs in SH-SY5Y neuro-
blastoma cells at 20 nM. CASP9, GRIA2, GRIN2B, and NOX4 
mRNAs were not detectable in SH-SY5Y cells. Therefore, the 
following ASOs could not be evaluated in this cell line: GRAGSB, 
GRANO, GRBCA, and GSBRGB. Of the seven bispecific ASOs tar-
geting genes with sufficient expression for screening, six downregu-
lated both genes, as shown by qPCR 48 h after transfection (Figure 2). 
These ASOs were APGS (Figure 2A), BAMT (Figure 2C), and BATA 
(Figure 2G), as in HEK293 APPswe cells (see above), but also BAPP1 
(Figure 2D), BAPP2 (Figure 2E), and BAPP3 (Figure 2F), all three

targeting BACE1 and APP. In the case of BACD (Figure 2B), the 
ASO was able to downregulate CDK5R1 but not BACE1.

BAPP2 and BAPP3 notably included chemically incorporated abasic 
sites, allowing increased flexibility in oligonucleotide design. The 
introduction of abasic sites enabled the design of longer ASOs 
despite sequence mismatches between APP and BACE1. Unlike mis-
matched bases, abasic sites completely abolish base-stacking interac-
tions and remove any possibility of forming wobble or suboptimal 
base pairs, 20 offering added flexibility in design without necessarily 
increasing off-target risk. Therefore, starting from the original 
BAPP1 14-mer, we introduced abasic sites to enable inclusion of 
additional nucleotides common to both BACE1 and APP upstream 

of the binding site. BAPP2 included 15 nucleotides plus an abasic 
site, whereas BAPP3 included 16 nucleotides plus two abasic sites. 
Nevertheless, we did not observe improvements over BAPP1 after 
the inclusion of abasic positions in the ASO and the elongation of 
the binding site. Thus, BAPP1, BAPP2, and BAPP3 were able to 
silence both BACE1 and APP in SH-SY5Y cells (Figures 2D, 2E, 
and 2F), whereas they silenced only BACE1 in HEK293 APPswe cells 
(Figures 1D, 1E, and 1F). Therefore, based on silencing potency and 
the critical importance and complementarity of the targeted genes in 
AD pathology, the two lead compounds from the screening were 
APGS (targeting APP and GSK3β) and BAMT (targeting BACE1 
and MTOR).

IC 50 , time course, and viability analysis

To further characterize our two lead compounds, APGS and BAMT, 
we proceeded with dose-response, time course, and cell viability an-
alyses. Both ASOs demonstrated potent, concentration-dependent 
gene silencing with IC 50 values in the picomolar to low-nanomolar 
range for at least 48 h post-transfection, with no cytotoxicity at ther-
apeutic concentrations (Figures 3 and 4). In HEK293 APPswe cells, 
BAMT displayed an IC 50 for BACE1 of 6.90 nM (Figure 3A) and an 
IC 50 for MTOR of 10.18 nM (Figure 3B). Silencing persisted for at 
least 72 h after treatment at 20 nM (Figure 3C). Reduction in cell 
viability was detected only at the two highest doses, 80 and 
100 nM (Figure 3D). APGS had an IC 50 silencing for APP of 
2.86 nM (Figure 3E) and an IC 50 for GSK3β of 1.82 nM 

(Figure 3F). Silencing persisted for at least 72 h after treatment at 
20 nM (Figure 3G). A reduction in cell viability was observed from 

20 nM onwards (Figure 3H). In SH-SY5Y cells, BAMT displayed 
an IC 50 for BACE1 of 15.81 nM (Figure 4A) and an IC 50 for 
MTOR of 2.74 nM (Figure 4B). Silencing persisted for more than 
72 h after treatment (Figure 4C), with no reduction in cell viability 
at any dose tested (up to 100 nM, Figure 4D). For ASO APGS, the 
IC 50 for APP was 1.60 nM (Figure 4E) and the IC 50 for GSK3β was 
1.28 nM (Figure 4F). Silencing persisted for 72 h after treatment 
(Figure 4G), and dose-dependent reduction in cell viability was sig-
nificant at doses >40 nM (Figure 4H).

Bispecific ASOs suppress Aβ42 production

To investigate whether ASOs attenuate Aβ production, we first opti-
mized an Aβ42 ELISA to quantify secreted peptide levels in HEK293
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APPswe and SH-SY5Y cells. After 48 h in culture, HEK293 APPswe 
cells secreted markedly higher amounts of Aβ42 than SH-SY5Y cells 
(Figure 5A). Analysis of cell lysates, concentrated supernatant, and 
supernatant diluted 1:5 confirmed that the secreted Aβ42 pool pre-
dominated and that unconcentrated samples required dilution to 
remain within the linear range of the assay. Having established these 
parameters, we assessed the effect of APGS and BAMT on Aβ42 pro-
duction. HEK293 APPswe cells were reverse transfected with 
increasing concentrations of either APGS or BAMT, and superna-
tants were collected 48 h later for Aβ42 quantification. BAMT

Figure 1. Candidate bispecific ASO screening in 

HEK293 APPswe cells 

HEK293 APPswe cells were reverse-transfected with 

20 nM of each candidate multigene ASO or a negative 

control ASO (“NC”). RNA was harvested after 48 h, and 

mRNA expression was assessed by qPCR, normalized to 

ACTB and GAPDH. Gene silencing observed following 

treatment with (A) APGS (APP, GSK3β), (B) BACD 

(BACE1, CDK5R1), (C) BAMT (BACE1, MTOR), (D) 

BAPP1 (BACE1, APP), (E) BAPP2 (BACE1, APP), (F) 

BAPP3 (BACE1, APP), (G) BATA (BACE1, TAU), (H) 

GRBCA (GRIN2B, CASPASE-9), and (I) GSBGRB 

(GSK3β, GRIN2B) multigene ASOs. Values are mean ± 

SEM, n = 3, ***p < 0.001, **p < 0.01, *p < 0.05, 

Student’s t test.

induced a potent, concentration-dependent in-
hibition of Aβ42, achieving a 75.6% reduction 
at 20 nM (Figure 5B), and markedly reduced 
expression of its intended targets, BACE1 and 
mTOR (Figure 5C). Similarly, APGS treatment 
produced a robust, dose-dependent reduction 
in Aβ42, reaching an 89.3% decrease at 
10 nM compared with negative control ASO 
(Figure 5D). This was accompanied by signifi-
cant silencing of the target mRNAs, APP and 
GSK3β (Figure 5E). These results demonstrate 
that simultaneous silencing of key amyloido-
genic pathways with ASOs effectively lowers 
extracellular Aβ42 levels in a human cellular 
model of AD. The concordance between 
Aβ42 suppression and target mRNA knock-
down supports a mechanism driven by com-
bined reduction of APP expression (APGS) or 
altered APP processing through BACE1 inhibi-
tion (BAMT).

Aβ42 production is reduced to comparable 

levels by single-gene and bispecific 

targeting locked nucleic acid-ASOs

To assess the impact of targeting two separate 
genes simultaneously compared with silencing 
each alone, eleven single-gene ASOs were de-
signed. These ASOs comprised similar chemis-

try to the bispecific ASOs but were predicted to individually target 
APP, GSK3β, BACE1, or mTOR (Table S2). HEK293 APPswe cells 
were reverse transfected with 10 nM of each single-gene ASO, the 
corresponding bispecific ASO, or a negative control ASO. The rele-
vant mRNA expression, relative to β-actin, was assessed by qPCR af-
ter 48 h (Figure S2). This analysis showed successful single-gene tar-
geting of mRNA expression at levels similar to those achieved by 
bispecific ASOs, specifically by APP-3 and GSK3β-2 (Figure S2A) 
and by BACE1-2, mTOR-1, and mTOR-3 (Figure S2B). APP-3, 
GSK3β-2, BACE1-2, and mTOR-3 were selected for further study.
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Subsequently, bispecific and single-gene ASOs targeting either APP 
and GSK3β (Figure S3) or BACE1 and mTOR (Figure S4) were 
compared for their ability to attenuate Aβ42 production. HEK293 
APPswe cells were reverse transfected with either 10 nM of the 
APGS (Figure S3) or BAMT (Figure S4) multigene ASO, 10 nM of 
the corresponding single-gene ASOs, or a combination of either 5 
or 10 nM of each corresponding single-gene ASO (i.e., 5/10 nM 

APP-3 and 5/10 nM GSK3β-2) to control for the multigene aspect. 
This analysis revealed that the APGS bispecific ASO resulted in a 
similar level of silencing of both mRNA and Aβ42 production as 
either APP-3 alone or the combination of 5/10 nM of APP-3 and 
GSK3β-2 single-gene ASOs (Figure S3). Correspondingly, the 
BAMT bispecific ASO also significantly silenced Aβ42 production 
to a similar extent as either BACE1-2 alone or the combination of 
5/10 nM of BACE1-2 and mTOR-3 single-gene ASOs (Figure 
S4B), despite a slightly higher degree of silencing of BACE1 
mRNA by BACE1-2 alone compared with the BAMT bispecific 
ASO (Figure S4A). Together, these results suggest that APGS and

Figure 2. Candidate bispecific ASO screening in SH-

SY5Y cells

SH-SY5Y cells were reverse-transfected with 20 nM of 

each candidate multigene ASO or a negative control ASO 

(“NC”). After 48 h, cells were harvested, and gene 

expression was assessed by qPCR, normalized to ACTB 

and GAPDH. Gene silencing observed following 

treatment with (A) APGS (APP, GSK3β), (B) BACD 

(BACE1, CDK5R1), (C) BAMT (BACE1, MTOR), (D) 

BAPP1 (BACE1, APP), (E) BAPP2 (BACE1, APP), (F) 

BAPP3 (BACE1, APP), and (G) BATA (BACE1, TAU) 

multigene ASOs. Values are mean ± SEM, n = 3, 

**p < 0.01, Student’s t test.

BAMT bispecific ASOs produce effective 
silencing of Aβ42 expression, with comparable 
efficacy to that elicited by single-gene ASOs.

Combination effects were initially interpreted 
under a Bliss independence framework. APP-3 
single-gene targeting reduced relative Aβ42 
levels to 0.2, while GSK3β-2 alone reduced 
Aβ42 to 0.7. Under Bliss independence, the ex-
pected additive effect of combined APP-3 and 
GSK3β-2 treatment would therefore be 0.14 re-
maining Aβ42 (calculated as 0.2 × 0.7). The 
observed Aβ42 level for the combined single-
gene treatment was 0.3 at 5 nM each, indicating 
a less-than-Bliss effect, and 0.15 at 10 nM each, 
which closely approximated the Bliss-predicted 
value. Notably, the bispecific APGS ASO 
reduced Aβ42 to 0.25, a magnitude comparable 
to that achieved by combined single-gene tar-
geting. Together, these observations suggest 
that bispecific ASO treatment is sufficient to 
recapitulate the additive effects of independent 

single-gene silencing within a single construct, without evidence of 
synergistic inhibition of Aβ42 production.

In addition, combination effects on Aβ42 were also assessed using a 
multiplicative additivity-based pharmacodynamic framework. For 
APP/GSK3β targeting, the observed reduction in Aβ42 following 
combined APP-3 and GSK3β-2 treatment at 10 + 10 nM was 
compared to the multiplicative additivity prediction derived from 

the corresponding single-agent effects, and the difference was tested 
using a two-sided difference-from-prediction z-test; no significant 
deviation from additivity was detected (p = 0.9). At equal total oligo-
nucleotide mass (10 nM), the bispecific APGS was compared with 
the equal-mass monospecific mixture (5 + 5 nM) using a two-sided 
Welch’s t test, revealing no significant difference in Aβ42 reduction 
(p = 0.42).

For BACE1/mTOR targeting, mTOR-3 alone did not reduce 
Aβ42, and multiplicative additivity therefore predicted a
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BACE1-dominated combination effect. The observed 10 + 10 nM 

mixture did not significantly deviate from this prediction when 
assessed by a difference-from-prediction z-test (p = 0.40). At 
equal total oligonucleotide mass (10 nM), comparison of the 
bispecific BAMT with the equal-mass monospecific mixture 
(5 + 5 nM) using a two-sided Welch’s t test indicated a trend 
toward greater Aβ42 reduction with the monospecific mixture 
(p = 0.055). Collectively, these analyses support an additive model

Figure 3. Characterization of BAMT and APGS ASO 

silencing in HEK293 APPswe cells

HEK293 APPswe cells were left untreated (“UT”) or 

transfected with either BAMT (targeting BACE1 and 

MTOR) or APGS (targeting APP and GSK3β) multigene 

ASOs, alongside corresponding negative control ASOs 

(“NC”). mRNA, normalized to ACTB, was assessed by 

qPCR 48 h post-transfection. Dose-response curves for 

BACE1 and MTOR (BAMT) or APP and GSK3β (APGS) 

mRNA expression are shown relative to NC ASO 

treatments (10 nM). (A and B) IC 50 plots for BAMT-

targeted genes: (A) BACE1, (B) MTOR. (E and F) APGS-

targeted genes: (E) APP, (F) GSK3β. These plots 

illustrate ASO concentration-dependent silencing 

efficacy. A 4-parameter logistic (4PL) dose-response 

model was used to compute IC 50 values. The x axis 

shows the base-10 logarithm of ASO concentration in 

nanomolar (nM): Log = − 1 (0.1 nM), Log = 0 (1 nM), 

Log = 1 (10 nM), Log = 1.5 (31.6 nM). (C, G) Time 

course analysis of gene silencing persistence was 

performed after transfection with 20 nM BAMT (C) or 

APGS (G), compared to NC controls. (D, H) Cell viability 

was determined by MTS assay 48 h post-transfection 

with each ASO. All values represent mean ± SEM, n = 

3; statistical significance indicated by ***p < 0.001, 

**p < 0.01, *p < 0.05, determined by one-way ANOVA 

followed by Tukey’s post-hoc test.

of action for combined targeting and indicate 
that bispecific constructs recapitulate Aβ42 
lowering.

Assessment of tau phosphorylation as a 

downstream readout of GSK3β and MTOR 

silencing

To investigate potential downstream pathway 
effects of GSK3β and MTOR silencing, we as-
sessed tau phosphorylation at the Ser396 
epitope (pS396), a site regulated by both ki-
nases. Full experimental details and figures 
are provided in the Supplemental Material 
(Figures S5–S8).

In HEK293 APPswe cells, both APGS and 
BAMT produced a small reduction in tau 
pS396 as measured by ELISA; however, tau 
protein levels were extremely low, and pS396 

was only weakly detectable by western blot (Figure S5A and S5B). 
These findings indicate that HEK293 APPswe cells are not optimal 
for tau-related readouts due to minimal baseline tau expression.

We therefore examined tau phosphorylation in SH-SY5Y cells, 
which express higher basal tau levels. In this model, APGS 
and BAMT again resulted in a modest reduction in tau pS396 
protein levels after 48 h (Figures S6–S8). A slight decrease in
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total tau accompanied these effects, and tau mRNA levels 
showed a small but non-significant reduction across treatments, 
consistent with the limited magnitude of change observed by 
western blot.

These results suggest that while the dual-target ASOs may influence 
downstream pathways, immortalized cell lines present a restricted 
dynamic range for quantitative tau phosphorylation analyses. More

Figure 4. Characterization of BAMT and APGS ASO 

silencing in SH-SY5Y cells

SH-SY5Y cells were left untreated (“UT”) or transfected 

with either BAMT, APGS, or a negative control ASO 

(“NC”, 20 nM) at the indicated concentrations. mRNA, 

normalized to ACTB, was assessed by qPCR 48 h post-

transfection. Dose-response curve of BACE1 and MTOR 

mRNA expression following BAMT multigene treatment 

relative to NC ASO are shown. (A and B; E and F) IC 50 

plots for (A) BACE1 and (B) MTOR mRNA expression 

following BAMT multigene ASO treatment relative to 

NC, and (E) APP, (F) GSK3β mRNA expression 

following APGS treatment. We used a 4-parameter 

logistic (4PL) dose-response model to compute IC 50 

values. Each value on the x axis corresponds to the 

base-10 logarithm of the drug concentration in 

nanomolar (nM) (Log = − 1, 0.1 nM; Log = 0, 1 nM; 

Log = 1, 10 nM; Log = 2, 100 nM). (C, G) Duration of 

gene silencing following transfection of 20 nM BAMT 

(C), APGS (G), or NC ASOs after 24, 48, and 72 h (D, H) 

Cell viability assessed by MTS assay 48 h after BAMT 

(D) or APGS (H) ASO treatment. Values are mean ± 

SEM, n = 3, ***p < 0.001, **p < 0.01, *p < 0.05, one-

way ANOVA followed by Tukey’s post-hoc test.

physiologically relevant systems (e.g., induced 
pluripotent stem cell [iPSC]-derived neurons 
or in vivo models) will be required to determine 
the mechanistic consequences of multigene 
silencing on tau biology.

Experimental assessment of target 

specificity

To minimize the risk of sequence similarity 
with other genes, candidate sequences were 
initially subjected to BLAST analysis. Target 
specificity was also experimentally assessed. 
HN1 (hematological and neurological ex-
pressed 1) was selected as a potential off-target 
gene, as it contained a sequence differing 
from the target of our lead compound BAMT 
ASO by a single nucleotide (adenine instead 
of thymine at the penultimate position; 
CATTGTCTCTAAC). SH-SY5Y and HEK293 
APPswe cells were reverse transfected with 
the BAMT ASO at varying concentrations 
(2.5, 10, and 25 nM), and HN1 mRNA expres-

sion was quantified relative to ACTB at 48 h. No significant changes 
in HN1 expression were observed in either cell line after treatment 
with BAMT (Figure S1).

Validation of mBAMT in murine Neuro2A cells

Based on the positive outcomes of dose-response, time course, and 
cell viability analyses; the efficacy in reducing Aβ (Aβ42) levels; 
and the in silico and experimental characterization of possible
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off-target effects, we chose BAMT as our lead compound. To further 
advance the preclinical development of this silencing strategy, we 
fully evaluated the efficacy of a mouse-specific version of our lead 
compound BAMT (mBAMT) in Neuro2A murine neuroblastoma 
cells at the mRNA and protein level. Treatment with mBAMT effec-
tively reduced expression of mouse Bace1 (Figure 6A) and Mtor 
(Figure 6B), demonstrating potent, concentration-dependent

silencing with picomolar or low-nanomolar IC 50 values (IC 50 
Bace1 = 0.18 nM, IC 50 Mtor = 10.38 nM). Silencing persisted for 
48 h after treatment (Figure 6C). Reduction in cell viability was 
only significant at the 100 nM dose (Figure 6D). Potent silencing 
of Bace1 and mTOR was also observed at the protein level 
(Figure 6E) 48 h after treatment, even at the lowest doses tested (1, 
5, 10, 20, and 40 nM). These findings highlight the likely applicability

Figure 5. Bispecific LNA-ASOs suppress amyloid-β(42) production in HEK293 APPswe cells

(A) Quantification of basal amyloid-β(42) (Aβ[42]) secretion by HEK293 APPswe and SH-SY5Y cells by ELISA. Cell lysates are indicated as Cell, concentrated supernatant as 

Conc SN, and supernatant diluted 1:5 with kit diluent as Dilute SN. HEK293 APPswe cells secreted markedly higher Aβ42 than SH-SY5Y cells.

(B and C) Dose-dependent inhibition of Aβ42 production by BAMT multigene LNA-ASO. HEK293 APPswe cells were left untreated (“UT”) or reverse transfected with a 

negative control ASO (“NC”, 10 nM) or increasing doses of BAMT. Supernatant was collected after 48 h, diluted 1:1, and Aβ42 quantified by ELISA (B). BACE1 

and MTOR mRNA expression, normalized to ACTB, was measured by qPCR (C). (D and E) Dose-dependent inhibition of Aβ42 production by APGS multigene LNA-

ASO. Cells were treated as in (B) and (C), and Aβ42 concentration was assessed by ELISA (D). APP and GSK3β mRNA expression, normalized to ACTB, was measured 

by qPCR (E). All values are mean ± SEM (n = 3). Statistical significance was determined by one-way ANOVA followed by Tukey’s post-hoc test: *p < 0.05, **p < 0.01, 

***p < 0.001.
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of this silencing strategy in vivo studies and showcase the potential to 
deliver disease-modifying benefits through this new paradigm in 
oligonucleotide design.

DISCUSSION

Conventional monogenic therapeutic approaches have yielded 
limited clinical benefit in AD, frequently failing to account for the 
disease’s inherent heterogeneity and compensatory biological re-
sponses. To address these limitations, this study explores a multigene 
targeting strategy utilizing rationally engineered bispecific ASOs. 
Through a systematic design framework informed by transcriptomic 
prioritization across 20 AD-associated genes, a panel of bispecific 
gapmer ASOs was developed and functionally validated. The result-
ing compounds achieved robust and sustained dual-gene silencing in 
both human and murine cellular models, with downstream reduc-
tions in Aβ42 levels. These findings position ASO therapy as a scal-
able and mechanistically grounded strategy to circumvent the limi-
tations inherent to single-target interventions in AD.

This work provides proof-of-concept evidence that bispecific ASOs 
can achieve potent gene silencing (low nanomolar IC 50 ), capable of

Figure 6. Characterization of mBAMT multigene 

ASO in mouse Neuro2A cells

Neuro2A cells were left untreated (“UT”) or were reverse 

transfected with either the mBAMT multigene ASO or a 

negative control ASO (“NC”) at the indicated concentra-

tions. mRNA and protein expression, normalized to Actb, 

were assessed by qPCR after 48 h. IC 50 plots for (A) 

Bace1 and (B) Mtor mRNA expression following 

mBAMT multigene ASO treatment relative to NC are 

shown. We used a 4-parameter logistic (4PL) dose-

response model to compute IC 50 values. Each value on 

the x axis corresponds to the base-10 logarithm of the 

drug concentration in nanomolar (nM) (Log = − 1, 

0.1 nM; Log = 0, 1 nM; Log = 1, 10 nM; Log = 2, 

100 nM). (C) Duration of gene silencing following 

transfection of 20 nM mBAMT or NC ASOs after 24, 48, 

and 72 h. (D) Cell viability assessed by MTS assay 48 h 

after mBAMT ASO treatment. (E) Western blot analysis 

of Bace1 and mTOR protein expression after mBAMT 

multigene ASO treatment, compared with NC and 

untransfected (UT) cells. Values are mean ± SEM, n = 

3, ***p < 0.001, **p < 0.01, *p < 0.05, one-way ANOVA 

followed by Tukey’s post-hoc test.

simultaneously suppressing more than one 
AD-relevant target to address the disease’s 
inherent heterogeneity. A major advantage of 
this strategy is the ability to target contributors 
to AD pathology in parallel, potentially pro-
ducing a combined therapeutic impact greater 
than that of individual, single-target treat-
ments. By not being limited to a single pathway 
or cell type, this silencing strategy could 
broadly address the complex network of dysre-

gulations characteristic of AD. For instance, the APGS ASO could 
simultaneously mitigate amyloidogenic processing through APP 
knockdown and reduce tau-related toxicity via GSK3β suppres-
sion. 21,22 Similarly, the BAMT ASO combines inhibition of BACE1 
(reducing Aβ production) with downregulation of MTOR, 
enhancing autophagic clearance of protein aggregates and modu-
lating synaptic protein synthesis. 23–25 Such combined targeting, 
leading to attenuation of multiple toxic cascades, amyloid accumula-
tion, kinase dysregulation, and impaired proteostasis, could extend 
therapeutic impact across different stages of disease progression. 26,27 

This is particularly beneficial since certain pathologies, such as solu-
ble Aβ oligomers, predominantly drive early synaptic dysfunction, 
whereas tau tangles and neuroinflammation typically dominate later 
stages. 28,29 Hence, bispecific ASOs might more effectively span these 
disease phases than therapies targeting a single pathway.

MTOR is a central regulator of autophagy, acting through down-
stream effectors such as p70 S6 kinase (p-S6K) to restrain autophagic 
flux under nutrient-replete conditions. Accordingly, a reduction in 
MTOR expression by the BAMT ASO would be expected to attenuate 
p-S6K activity and promote autophagy, potentially reflected by
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increased LC3-II formation and reduced p62 accumulation, consis-
tent with previous observations in tau-related models. 30 Although 
we did not quantitatively assess these autophagy markers in the pre-
sent work, they represent an important mechanistic axis for future 
studies. More physiologically relevant systems, such as iPSC-derived 
neurons or in vivo AD models—where autophagy dysfunction and 
tau phosphorylation abnormalities are more pronounced—will be 
better suited to determine the extent to which simultaneous targeting 
of BACE1+MTOR or APP+GSK3β modulates these interconnected 
pathways.

A related advantage is the capacity of multigene approaches to coun-
teract compensatory mechanisms. Biological networks commonly 
respond to inhibition of one node by adaptively upregulating parallel 
or alternative pathways. 19,31,32 By concurrently targeting parallel or 
downstream factors, such as APP or MTOR, a multigene ASO re-
duces the potential for biological networks to evade therapeutic 
intervention. Furthermore, AD patient heterogeneity necessitates 
broad-spectrum therapeutic approaches. AD pathology differs 
markedly across individuals; some patients exhibit a predominant 
tau burden relative to amyloid, while others present with significant 
vascular or inflammatory pathologies. 33–35 Therapeutics narrowly 
targeting only one aspect (e.g., amyloid deposition) may lack effec-
tiveness in patients for whom other pathological mechanisms pre-
dominate. By contrast, multigene strategies can potentially provide 
broader therapeutic coverage, increasing the likelihood of clinical ef-
ficacy across diverse patient populations. This rationale has also 
motivated the development of receptor-level multi-target-directed li-
gands (MTDLs), such as those described by Turgutalp et al. (2022), 36 

who demonstrated that rationally designed cholinesterase inhibitors 
with additional activity at σ1R, σ2R, NMDA receptors, and P2X7R 
achieved synaptoprotection and anti-inflammatory effects in vivo. 
These MTDLs, which outperformed donepezil, reinforce the thera-
peutic value of simultaneously engaging multiple pathogenic nodes, 
including through small molecules.

Additionally, brain cell-type heterogeneity contributes significantly 
to AD pathology, as neurons, microglia, and astrocytes each play 
distinct roles. For instance, while BACE1 expression is largely 
neuronal, GSK3β and inflammatory pathways affect multiple cell 
types. ASOs targeting genes expressed across these cell types ensure 
broader engagement and may yield a more resilient, network-level 
therapeutic effect. This network-level impact could help maintain 
cognitive function even when certain pathological pathways are 
only partially modulated.

In essence, multigene ASOs aim to emulate endogenous regulatory 
systems, such as microRNAs (miRNAs), which fine-tune multiple 
gene targets simultaneously to maintain cellular homeostasis. 37,38 

Recent integrative studies leveraging generative AI, bioinformatics, 
and single-cell transcriptomics highlight the genetic and immune 
complexity of AD, reinforcing the rationale for multi-target thera-
peutic strategies. 39 Like miRNAs, carefully designed multigene 
ASOs could restore balance within dysregulated networks by atten-

uating multiple pathogenic genes concurrently. Comparatively, 
chronic modulation of endogenous miRNAs carries inherent risks 
due to their broad transcriptome-wide targeting, potentially leading 
to unintended suppression of critical cellular pathways, including 
survival mechanisms or tumor suppressor signaling cascades. 40,41 

Our engineered ASOs mitigate this risk by employing rigorous 
sequence design criteria to ensure specificity.

Our best-performing multigene ASO, BAMT, achieved approxi-
mately 70% reduction in Aβ production, demonstrating enhanced 
efficacy that could be attributable to simultaneous reduction in sub-
strate availability and enzymatic activity within the amyloidogenic 
cascade. 11,42 This underscores the promise of ASO technology, 
which benefits from chemical modifications that confer stability 
and flexible multigene sequence design, as a durable therapeutic 
strategy for AD. Ongoing innovations in ASO chemistry, including 
stereopure PMO-gapmers with improved safety and stability for 
tau reduction, further exemplify how chemical design can enhance 
clinical translation. 43

Nonetheless, a multigene approach presents certain challenges and 
limitations. Expanding target coverage must proceed cautiously to 
avoid unintended off-target gene suppression. Although we applied 
stringent criteria in our sequence design to minimize the risk of 
unintended binding, further comprehensive transcriptomic ana-
lyses in vivo are necessary to confirm specificity. Additionally, 
while we achieved effective dual-gene silencing, certain patholog-
ical aspects of AD, such as inflammation and oxidative stress, 
were not directly targeted. Incorporating additional therapeutic 
targets in future designs, or resorting to cocktails of molecules, 
may offer further benefits. Even if a cocktail strategy is pursued, 
our targeting designs minimize the number of therapeutic mole-
cules, potentially reducing both developmental costs and regulato-
ry complexity.

The use of short ASOs (13–16 mer) also provides several mechanistic 
advantages in minimizing off-target effects. While the most widely 
used ASO chemistry in the clinic remains MOE-modified ASOs, 
which typically require longer oligonucleotide lengths, the most 
advanced chemistries currently in preclinical development—con-
strained ethyl (cEt) ASOs—can be as short and potent as locked nu-
cleic acid (LNA) ASOs, while exhibiting a more favourable toxico-
logical profile. 44–47 Compared with longer oligonucleotides, which 
are more likely to contain subsequences with partial homology 
across the transcriptome, shorter ASOs restrict the number of poten-
tial complementary stretches. Their activity requires near-perfect 
complementarity, as even a single mismatch markedly reduces hy-
bridization affinity, thereby enhancing allele-specific discrimina-
tion. 48–50 This feature is particularly advantageous for selectively tar-
geting mutant alleles differing from wild type by only a single 
nucleotide, where longer ASOs may still tolerate mismatches. 49,51 

In addition, shorter ASOs are less likely to invade stable secondary 
structures within unrelated RNAs, further reducing the probability 
of unintended knockdown. 52 Their rapid hybridization-dissociation
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kinetics also limit the persistence of any off-target binding, rendering 
such interactions transient and functionally insignificant. 53 Consis-
tent with these principles, the BAMT ASO did not silence HN1 
despite a near-perfect match differing by only one nucleotide, under-
scoring the specificity of short ASO design in practice.

In conclusion, our findings indicate that bispecific ASOs provide a 
viable strategy for modulating more than one pathological pathway 
in AD. Multigene silencing strategies could be particularly advanta-
geous for addressing complex, network-wide disturbances inherent 
to AD. Future studies in animal models will be critical to evaluate 
the in vivo efficacy, delivery optimization, and safety profiles of bis-
pecific ASOs. Our work represents an advance toward the develop-
ment of RNA-based therapies that harness both precision and 
breadth to simultaneously suppress multiple disease mechanisms, 
potentially offering improved outcomes for patients with AD.

MATERIALS AND METHODS

ASO design

Eighteen potential gene targets for antisense intervention were 
selected based on prior links to AD pathological pathways or evidence 
of therapeutic relevance in AD models (Table S1). ASOs were de-
signed using an algorithm to identify overlapping sequences (>12 nu-
cleotides) shared by two candidate genes and amenable to gene 
silencing. 19 Candidate sequences were screened in silico for specificity 
by aligning them to the human genome to minimize off-target effects. 
Using these shared sequences, gapmer ASOs were designed with a 
fully phosphorothioated backbone, consisting of a core region of 7–
9 DNA bases flanked by three LNA-modified nucleotides (LNAs) at 
each end to increase affinity and resistance to nucleases. Candidate 
bispecific ASOs were synthesized by IDT (Integrated DNA Technol-
ogies) and purified by high-performance liquid chromatography: 
APGS (APP, GSK3β), BACD (BACE1, CDK5R1), BAMT (BACE1, 
MTOR), BAPP1 (BACE1, APP), BAPP2 (BACE1, APP), BAPP3 
(BACE1, APP), BATA (BACE1, TAU), GRAGSB (GRIA2, GSK3β), 
GRANO (GRIA2, NOX4), GRBCA (GRIN2B, CASPASE-9), 
GSBGRB (GSK3β, GRIN2B), and mBAMT (Bace1, Mtor) (ASO se-
quences and genomic coordinates are provided in Table S2).

To identify potential off-target interactions for each ASO sequence, 
we performed nucleotide similarity searches using the NCBI 
BLASTN suite (https://blast.ncbi.nlm.nih.gov). Searches were run 
against the Core Nucleotide Database (core_nt) restricted to Homo 
sapiens (taxid:9606). Because ASO target sequences are short (13– 
18 nt), automatic parameter adjustment for short queries was 
enabled. The BLAST algorithm was set to Discontiguous Megablast, 
which optimizes detection of moderately similar sequences. The 
following parameters were applied: maximum target sequences = 
100, expect threshold = 0.05, word size = 11, match/mismatch 
scores = 2/–3, gap costs = existence 5, extension 2. Low-complexity 
filtering and masking for lookup table only were enabled, while spe-
cies-specific repeat masking was disabled. Template length (discon-
tiguous word options) was set to none and template type to coding. 
All hits were inspected and recorded using a custom VBA script to

identify sequences with complementarity to the ASOs; results are 
provided in Table S5.

Screening of ASOs

ASOs were screened in SH-SY5Y cells and HEK293 cells stably ex-
pressing APP with the Swedish mutation (HEK293 APPswe). 
HEK293-APPswe cells are a stable cell line generated by transfecting 
HEK293 cells with a complementary DNA (cDNA) construct encod-
ing human APP with the Swedish mutation (APPswe) K595N/ 
M596L located near the β-secretase 1 (BACE1) cleavage site of the 
APP. This specific mutation enhances cleavage of APP by BACE1, 
leading to significant overexpression and increased production of 
Aβ peptides, particularly Aβ40 and Aβ42, which are the primary 
components of amyloid plaques in the AD brain. Cells were reverse 
transfected using lipofectamine RNAiMAX (Thermo Fisher Scienti-
fic). NA-lipid complexes were prepared by diluting the ASOs in 
serum-free medium, followed by incubation with a lipid-based trans-
fection reagent according to the manufacturer’s instructions. After 
allowing complexes to form at room temperature in tissue-culture-
treated plates, cells were seeded directly onto the pre-formed com-
plexes in complete growth medium to achieve the desired final cell 
density. Plates were gently agitated to ensure even distribution and 
incubated under standard culture conditions (37 ◦ C, 5% CO 2 ). 
mRNA expression levels, normalized to ACTB and GAPDH, were as-
sessed 48 h post-transfection via qPCR using Taqman assays 
(Table S3). Dose-response experiments with leading ASO candi-
dates, APGS (targeting APP and GSK3β) and ASO BAMT (targeting 
BACE1 and MTOR), were performed in SH-SY5Y and HEK293 
APPswe cells to determine the optimal concentration for effective 
gene silencing without cytotoxicity. Western blotting to measure 
BACE1 and mTOR levels was performed as described in the Supple-
mental Methods (Table S4) and normalized to ACTB. Primary anti-
bodies used in this study, including host species, product codes, ex-
pected band sizes, and dilutions, are listed in Table S4.

Cell viability was assessed using the CellTiter 96 AQueous One Solu-
tion Cell Proliferation Assay (Promega), which measures the conver-
sion of the MTS tetrazolium compound to formazan by NAD(P)H-
dependent dehydrogenases in metabolically active cells. SH-SY5Y, 
Neuro2A, and HEK293 APPswe cells were reverse-transfected in 
96-well plates with experimental or negative-control ASOs under 
the conditions described above. After 48 h of incubation, 25 μL of 
CellTiter 96 reagent was added to each well containing 125 μL of cul-
ture medium and cells. Plates were returned to a 37 ◦ C, 5% CO 2 incu-
bator for 3 h, after which absorbance was measured at 490 nm using a 
96-well microplate reader (PerkinElmer). All experiments were per-
formed with at least three independent biological replicates.

Functional impact validation

To measure the functional impact on Aβ42 levels, HEK293 APPswe 
and SH-SY5Y cells were plated at a confluency of 4 × 10 5 cells/well in 
12-well cell culture plates. Forty-eight hours post-transfection with 
APGS or BAMT ASOs, the supernatant was collected, and Halt 
100× Protease Inhibitor Cocktail (Life Technologies) was added. A
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human Aβ42 ELISA kit (Life Technologies) was used to assess Aβ 
production according to the manufacturer�s instructions. HEK293 
APPswe cells produced high levels of Aβ42, and supernatant samples 
were diluted 1:1 with diluent buffer to remain within the range of 
the kit.
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