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ABSTRACT: Neurodegenerative proteinopathies are character-
ized by the intracellular formation of insoluble and toxic protein
aggregates in the brain that are closely linked to disease
progression. In Alzheimer’s disease and in rare tauopathies,
aggregation of the microtubule-associated tau protein leads to
the formation of neurofibrillary tangles (NFT). In Parkinson’s
disease (PD) and other α-synucleinopathies, intracellular Lewy
bodies containing aggregates of α-synuclein constitute the
pathological hallmark. Inhibition of the glycoside hydrolase O-
GlcNAcase (OGA) prevents the removal of O-linked N-acetyl-D-
glucosamine (O-GlcNAc) moieties from intracellular proteins and
has emerged as an attractive therapeutic approach to prevent the
formation of tau pathology. Like tau, α-synuclein is known to be
modified with O-GlcNAc moieties and in vitro these have been shown to prevent its aggregation and toxicity. Here, we report the
preclinical discovery and development of a novel small molecule OGA inhibitor, ASN90. Consistent with the substantial exposure of
the drug and demonstrating target engagement in the brain, the clinical OGA inhibitor ASN90 promoted the O-GlcNAcylation of
tau and α-synuclein in brains of transgenic mice after daily oral dosing. Across human tauopathy mouse models, oral administration
of ASN90 prevented the development of tau pathology (NFT formation), functional deficits in motor behavior and breathing, and
increased survival. In addition, ASN90 slowed the progression of motor impairment and reduced astrogliosis in a frequently utilized
α-synuclein-dependent preclinical rodent model of PD. These findings provide a strong rationale for the development of OGA
inhibitors as disease-modifying agents in both tauopathies and α-synucleinopathies. Since tau and α-synuclein pathologies frequently
co-exist in neurodegenerative diseases, OGA inhibitors represent unique, multimodal drug candidates for further clinical
development.

KEYWORDS: Alzheimer’s disease, Parkinson’s disease, O-GlcNAcase inhibitor, microtubule-associated protein tau, α-synuclein,
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■ INTRODUCTION

In contrast to the complex, branched carbohydrate mod-
ifications found on cell surface proteins, glycosylation of
intracellular proteins mainly involves the addition of single N-
acetyl-D-glucosamine (GlcNAc) sugar moieties to the side
chains of serine and threonine amino acids.1 This post-
translational modification, termed O-GlcNAcylation, is highly
dynamic, and cellular steady-state levels are regulated by a
unique pair of enzymes. O-linked N-acetylglucosaminyltrans-
ferase (OGT)2 conjugates GlcNAc residues to its substrates
using the co-substrate uridine 5′-diphospho-N-acetyl-D-glucos-
amine (UDP-GlcNAc). UDP-GlcNAc is synthesized in the
hexosamine biosynthetic pathway that depends on the
availability of glucose and other nutrients, thereby linking O-
GlcNAcylation to nutrient and stress responses. O-GlcNAcase
(OGA)3 is the counteracting glycoside hydrolase that catalyzes
the removal of O-linked GlcNAc moieties. Since brain protein

O-GlcNAcylation appears to decrease in the aging brain,4

epilepsy,5 and Alzheimer’s disease (AD),6,7 potentially as a
result of metabolic abnormalities and mitochondrial energy
failure, inhibition of OGA has evolved as an attractive
pharmacological means to treat conditions characterized by
insufficient O-GlcNAcylation such as neurodegenerative
proteinopathies. In this context, O-GlcNAcylation has been
shown to reduce the aggregation propensity as well as the
toxicity of amyloidogenic proteins including the microtubule-
associated tau protein8 and α-synuclein.9,10 The beneficial
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effects of OGA inhibition have been documented for the tool
inhibitor Thiamet G8,11,12 as well as for the recently disclosed
clinical compound MK-871913 in a number of preclinical tau
transgenic rodent models.
α-Synuclein is a presynaptic protein that has both genetic

and pathophysiologic links to Parkinson’s disease (PD) and to
other Parkinsonian diseases that are often collectively referred
to as α-synucleinopathies. Point mutations in the coding
sequence of the α-synuclein gene (SNCA)14 or SNCA gene
triplications15 are causative of early-onset, autosomal-dominant
PD. In addition, α-synuclein is the major constituent of the
characteristic Lewy body pathology observed in PD16 and in
less common α-synucleinopathies like Lewy body dementia
and multiple-system atrophy (MSA). α-Synuclein has nine O-
GlcNAcylation sites that have been identified in human and
rodent brains.17 Seminal studies with synthetic α-synuclein
have demonstrated that O-GlcNAcylation blocks its aggrega-
tion (both nucleation and fibril elongation) even at
substoichiometric concentrations and cellular toxicity.9,10

More recently, Thiamet G has also been shown to reduce
the cellular internalization of α-synuclein fibrils.18 Thiamet G
has also been shown to alleviate the degeneration and
pathology in dopaminergic neurons caused by α-synuclein
overexpression in an adeno-associated virus model through

multiple mechanisms including reduced α-synuclein aggrega-
tion propensity, an enhanced neuronal stress response, and the
facilitation of dopamine neurotransmission.19

Herein, we describe the discovery of a novel clinical OGA
inhibitor ASN90 with an excellent CNS drug and target
selectivity profile. ASN90 is chemically distinct from
carbohydrate-type substrate mimetic OGA inhibitors such as
Thiamet G and MK-8719. We show that ASN90 binds to the
OGA enzyme in the living rat brain and robustly elevates the
O-GlcNAcylation of brain proteins, including both tau and α-
synuclein, in vivo. Demonstrating the potential for ASN90
across different neurodegenerative pathologies, ASN90 had
therapeutic efficacy in preclinical models of both tau and α-
synuclein pathology. These results highlight therapeutic
potential for the use of OGA inhibitors such as the clinical
stage molecule ASN90 for the treatment of a wide range of
common and rare neurodegenerative diseases.

■ RESULTS

ASN90 is a Novel and Specific Inhibitor of the OGA
Enzyme. The novel compound (S)-N-(5-(4-(1-(benzo[d]-
[1,3]dioxol-5-yl)ethyl)piperazin-1-yl)-1,3,4-thiadiazol-2-yl)-
acetamide, also known as ASN90 (Figure 1A), was identified in
a medicinal chemistry optimization campaign as a potent and

Figure 1. ASN90 is a potent, substrate-competitive, and reversible OGA inhibitor. (A) Chemical structure of ASN90 and its less active (R)-
enantiomer ASN89. (B) ASN90 potently inhibits recombinant human O-GlcNAcase as quantified with a fluorogenic substrate (IC50 = 10.2 nM).
ASN89 is about 2 orders of magnitude less potent (IC50 = 1017 nM). (C) In wild-type HEK293 cells, the potency of ASN90 was measured by
quantifying the accumulation of total protein O-GlcNAcylation (EC50 = 320 nM). A similar cellular potency was obtained when measuring tau O-
GlcNAcylation with an antibody specifically recognizing tau O-GlcNAcylated at Serine 400 in HEK293 cells expressing human 2N4R tau (EC50 =
314 nM). Data (n = 3) are displayed as mean+/− SD. (D) Enzyme velocity (ΔF/min) was measured at increasing 4MU-NAG substrate
concentrations and several fixed concentrations of ASN90. Increasing ASN90 concentrations affect the Km but not Vmax indicative of substrate
competition. (E) The Lineweaver−Burk plot confirms competitive inhibition since all lines intercept the Y axis at the same point (Y = 1/Vmax).
(F) The shift of in vitro potency (IC50) of ASN90 upon dilution of preformed enzyme/inhibitor complexes is indicative of a reversible enzyme
inhibition. Data are displayed as the mean +/− SD (n = 3).
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selective inhibitor of the OGA enzyme. The inhibitory potency
of ASN90 on recombinant full-length human OGA yielded a
mean IC50 = 10.2 nM (Figure 1B). ASN90 is a chiral molecule,
and an approximately 100-fold difference in potency exists
between ASN90 and its less active enantiomer ASN89 (Figure
1A,B). The stereospecificity of inhibition implies that ASN90
binds to a structurally defined pocket in OGA. In human
HEK293 cells, inhibition of OGA with ASN90 resulted in a
sigmoidal increase in total protein O-GlcNAcylation measured
with the pan O-GlcNAc antibody RL2 (Figure 1C) that
specifically recognizes O-GlcNAc when attached to proteins.20

The effect on O-GlcNAcylation of tau protein was confirmed
in HEK293 cells stably expressing human 2N4R tau with an
immunoassay based on an antibody specifically recognizing tau
when it is O-GlcNAcylated at serine 40021 (Figure 1C). The
increase in general protein O-GlcNAcylation in cells upon
OGA inhibition correlated well with the increase in tau O-
GlcNAcylation, suggesting that the former can be used as a
surrogate marker for tau O-GlcNAcylation. Hexosaminidase
(Hex), a lysosomal enzyme with an enzymatic mechanism that
is related to OGA, breaks down sphingolipids and
oligosaccharides in lysosomes. Hex deficiencies cause the
GM2 gangliosidoses Tay−Sachs and Sandhoff disease.22 In
corresponding Hex enzyme assays, no inhibitory activity of
ASN90 was observed up to the highest concentration tested

(30 μM; Figure S1). This contrasted with the non-selective
glycoside hydrolase inhibitor PUGNAc, which inhibited both
HexA and A/B (IC50 = 490 and 31 nM, respectively; Figure
S1).

ASN90 is a Reversible, Substrate-Competitive Inhib-
itor Inhibiting the Rodent and Human OGA Enzymes in
Peripheral Blood Mononuclear Cells and Displays
Activity in a Human Surrogate Target Engagement
Assay. In a detailed enzyme kinetics experiment, ASN90 did
not interfere with the maximum enzyme velocity (Vmax) but
did diminish enzyme affinity (Km) (Figure 1D,E). These
findings demonstrated that ASN90 is a substrate-competitive
inhibitor of OGA. The binding of ASN90 to the active site of
OGA was also supported by the results of an inhibitor cross-
competition enzyme kinetics study with the active-site-directed
OGA inhibitor Thiamet G. The corresponding Yonetani−
Theorell analysis23 revealed that both compounds are binding
to the same site (Figure S2). To determine the reversibility of
enzyme-inhibitor binding, recombinant OGA was pre-
incubated with ASN90 at different concentrations followed
by dilution prior to addition of the fluorogenic substrate. The
observed decrease in potency upon dilution of the enzyme
reaction was indicative of a reversible mechanism of enzyme
inhibition (Figure 1F). To confirm the relevance of the rodent
studies described in the subsequent section and to provide a

Figure 2. ASN90 PK/PD relationship and enzyme occupancy in wild-type rats after single-oral administration. ASN90 dose-dependently increased
protein O-GlcNAcylation in both the rat brain (A) and rat PBMC (B) 4 h after a single-oral administration. Data are expressed in % vehicle control
of protein O-GlcNAcylation (**p < 0.01, ***p < 0.001, ****p < 0.0001 versus vehicle groups, one-way ANOVA followed by Dunnett’s post hoc
test, n = 6/group). (C) Plot of the rat brain and PBMC protein O-GlcNAcylation against log(dose) for ED50 calculation. (D) Highly significant
correlation between the brain and PBMC pharmacodynamic response revealed by linear regression analysis (R2 = 0.99). (E) Relationship between
ASN90 plasma concentrations and brain OGA enzyme occupancy in rats using the PET radioligand [18F]-LSN3316612, which specifically binds to
OGA. The plasma concentration required to achieve 50% of OGA enzyme occupancy (Occ50) was 55.4 ng/mL. (F) Calculated relationship
between protein O-GlcNAcylation at a steady state obtained from a separate PK/PD study (expressed as a fold increase in O-protein) and enzyme
occupancy obtained from the PET study. The pharmacodynamic response (O-protein accumulation) started at about 35% calculated enzyme
occupancy. The further accumulation of O-protein at >98% calculated target engagement at t = 4 h is likely reflective of the cumulative nature of
the stabilization of protein O-GlcNAcylation at greater ASN90 drug trough levels.
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potential translational target engagement biomarker first in
human clinical studies, the potency of ASN90 in isolated
peripheral mononuclear blood cells (PBMC) from rats and
human healthy donors was compared (Figure S3). ASN90
induced protein O-GlcNAcylation in plated human and rodent
PBMC with similar potencies (EC50 of 209 and 489 nM for
human and rodent PBMC, respectively, see Figure S3). Most
importantly, ASN90 was also active when incubated ex vivo
with human donor blood from seven different donors (Figure
S4). ASN90 binds extensively to human plasma protein (Table
S1; 1.9% unbound), which accounts for the shift in potency in
the human ex vivo assay compared to the recombinant enzyme.
ASN90 has CNS-like Drug Properties and Binds with

High Affinity to the OGA Enzyme in the Rat Brain. To
evaluate the pharmacokinetic/pharmacodynamic (PK/PD)
relationship in the rat, dose responses of total protein O-
GlcNAcylation in the rat brain and PBMC were investigated 4
h after a single-oral dose of ASN90 (Figure 2A−C). Drug
levels in the brain, plasma, and cerebrospinal fluid (CSF) were
quantified by high-performance liquid chromatography−
tandem mass spectrometry (LC−MS/MS) (Table S2). The
observed ED50 of 7 mg/kg for brain protein O-GlcNAcylation
corresponded to an in vivo CSF EC50 of 90 nM (equivalent to
the free drug concentration in the brain). Interestingly, a
maximum response is seen at around a doubling of the basal
levels, implying that the accumulation of those O-GlcNAcy-
lated proteins recognized by the RL2 antibody is limited. A
highly significant correlation (R2 = 0.99) between the brain
and PBMC O-GlcNAcylation was also seen, implying that

peripheral and CNS OGA enzyme activities are equally
inhibited by ASN90 (Figure 2D). Overall, the ASN90 PK
profile showed good dose linearity and excellent brain
penetration with a brain/plasma ratio of around 1. CSF drug
levels were approximately at the levels of the free fraction in
plasma (Table S2), confirming free diffusion of ASN90 across
the blood brain barrier. ASN90 enzyme occupancy in living rat
brains was quantified using the radioligand [18F]LSN3316612,
which specifically binds to OGA and has been characterized in
detail.24 The plasma concentration/enzyme occupancy rela-
tionship at the target binding site is shown in Figure 2E, and
the ASN90 plasma concentration required to achieve 50% of
OGA occupancy (Occ50) was 55.4 ng/mL. Correlating the
calculated enzyme occupancy and accumulation of brain
protein O-GlcNAcylation measured at a steady state in rats
after 4 days of dosing demonstrated that brain O-
GlcNAcylation (biomarker of enzyme inhibition) begins to
increase at an enzyme occupancy of 35% (Figure 2F). Once
approximately 98% enzyme occupancy is reached, further
substrate accumulation continues up to 3-fold of basal levels.
This increase in brain O-GlcNAcylation that occurs above 98%
enzyme occupancy at t = 4 h rather reflects the greater trough
drug levels at higher doses, which are expected to promote a
continued accumulation of the substrate over the 4 day time
period (at high OGA enzyme occupancy/inhibition).

Treatment Benefits of ASN90 in Tau Transgenic
Mouse Models. To investigate the effects of a chronic ASN90
treatment in a preclinical model of tauopathy, we initially
chose the hTauP301S model that expresses human P301S tau

Figure 3. Pharmacodynamic response in P301S tau mice after 4 days of dosing with ASN90. ASN90 was orally administrated for 4 days at 100 mg/
kg/day, and brain protein O-GlcNAcylation (A), O-tau (B), and tau phosphorylation at position Ser202/Thr205 (AT8) (C), Ser396 (D), and
Ser356 (E) were quantified in the soluble cortex fraction of the animals at 4, 8, and 24 h after administration of the last dose. Corresponding plasma
drug levels were 10,036 ng/mL (4 h), 2275 ng/mL (8 h), and 28 ng/mL (24 h). Data are displayed as mean +/− SEM after normalization to total
tau levels (*p < 0.05 vs vehicle; **p < 0.01 vs vehicle; ****p < 0.0001 vs vehicle; one-way ANOVA followed by Dunnett’s post hoc test, n = 6/
group).
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under the control of the neuron-specific Thy-1 promoter.25 In
a pilot study, ASN90 was dosed orally once a day (QD) with
100 mg/kg for 4 days in 2 month old P301S tau mice followed
by the quantification of ASN90 drug levels, total protein O-
GlcNAcylation, O-tau, and various phospho-tau (ptau) species
at 4, 8, and 24 h after the last dose (Figure 3). The results
indicated that the ASN90 treatment elevated O-tau levels up to
a 15.6-fold mean at 8 h with the 100 mg/kg QD dose (Figure
3B). The effect on total protein O-GlcNAcylation was less
pronounced with a maximum elevation of 1.8-fold at 8 h and a
much faster decrease back to baseline levels at 24 h (Figure 3A
and Figure S5A,B). In good agreement with literature reports
on Thiamet G,26 ASN90 also produced a significant increase in
OGA protein expression (∼2.5-fold), however, without
significantly modulating OGT expression (Figure S6A−F). In
terms of effect size and overall kinetics, OGA inhibition had a
much greater effect on O-tau than the total protein O-
GlcNAcylation. To put these data into the context of CNS
target engagement (Table S3), we utilized the rat enzyme
occupancy data (Figure 2E). Since ASN90 plasma protein
binding was similar between the mouse and rat (Table S1), we
assumed that the same applied to the plasma EC50 for enzyme
occupancy in the brain. Comparing target engagement and
pharmacodynamic response revealed a complex picture (Figure
2E,F) since the latter resulted from the continued accumu-
lation of enzyme substrates (O-tau and O-protein). Our
interpretation of the data is that the duration of enzyme
occupancy is most critical for the magnitude of the
pharmacodynamic response (e.g., at 30 mg/kg, the extrapo-
lated EO is already below 85% at t = 8 h, whereas it resides still
above 95% at 100 mg/kg; Table S3).

A quantification of various ptau species (pSer202/Thr205,
pSer356, and pSer396) known to be hyperphosphorylated in
pathological tau27 demonstrated a significant elevation of these
tau species upon OGA inhibition in the soluble brain fraction
(Figure 3C−E). Tauopathy in hTauP301S mice develops
rapidly between 2 and 5 months of age, making it an ideal
model for the rapid assessment of the ability of therapeutics to
affect the progression of disease-related tau pathology. Using
this model, a preferred treatment regime starts around 2
months of age before substantial tau pathology can be
detected28 and hence this time point was chosen for the
initiation of treatment in our study. It is worth noting that low
levels of toxic tau species are often present at 2 months of
age,29 and the brainstem and spinal cord neuronal loss are
already occurring around this time.25

To assess the effect of ASN90 on the development of
neurofibrillary tangle pathology in P301S mice, a chronic study
was initiated next. Starting at an age of 2 months, ASN90 was
given once daily to P301S mice by oral gavage for 106 days at
30 and 100 mg/kg and compared to vehicle-treated animals (n
= 15/group). No signs of adverse effects (mobility, distress,
pain, or piloerection) related to ASN90 treatment at 30 or 100
mg/kg were observed during the study. Starting at 4.5 months
of age, all groups of animals (vehicle, ASN90 at 30 and 100
mg/kg) developed progressive motor deficits measured by
using the tail suspension (clasping) and rotarod test
independent of the treatment (Figure S7). The severe and
fatal motor phenotype observed in this model is largely due to
the neurodegeneration in the brainstem and spinal cord where
insoluble phosphorylated tau can already be detected at 2
months of age. We interpret this finding as evidence that, at the
start of the dosing with ASN90, the pathology/seed of

Figure 4. Chronic treatment (3.5 months) with ASN90 reduced NFT-like pathology in transgenic P301S tau mice. NFT-like pathology (positive
neurons/mm2) present in the dentate gyrus (granular cell layer) was quantified by immunohistochemistry (IHC) with phospho-tau antibodies
AT100 (A) and AT8 (C) and by using standard Gallyas silver staining (E). Representative images of NFT-like pathology determined by AT100
and AT8 IHC and by Gallyas silver staining are shown in panels (B), (D), and (F), respectively. Data are displayed as mean +/− SEM (*p < 0.05
vs vehicle; ***p < 0.001 vs vehicle ****p < 0.0001 vs vehicle; one-way ANOVA followed by Dunnett’s post hoc test). Scale bar: 50 μm.
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pathology causing the functional deficit had already progressed
beyond the point where it could be modulated in this specific
mouse model.
Different tissues (kidneys, spleen, stomach, gut, lungs, and

heart) were examined at necropsy, and no gross abnormalities
were observed. For biochemical analyses, pathological tau
species were isolated from various brain regions in one
hemisphere using the sarkosyl-extraction method30,31 and
quantified with immunoassays for various tau phospho-
epitopes that are hyperphosphorylated in pathological tau.27

At the highest dose of 100 mg/kg, highly significant reductions
of pathological (sarkosyl-insoluble) tau were observed in the
cortex using AT8, pS356, and pS396 phospho-tau assays (−40,
−33, and −39% mean at the highest dose, respectively, Figure
S8A−C) and in the hippocampus using the pS356 phospho-
tau assay (−37% mean; Figure S8D).
For histological analysis of pathological tau, longitudinal

brain sections were stained with phospho-tau-specific antibod-
ies (AT100 and AT8) and Gallyas silver, the classical method
of visualizing NFTs.32 Representative immunohistochemistry

images are shown in Figure 4B,D,F. The quantification
revealed a significant reduction of pathological tau in the
granule cells of the dentate gyrus of the hippocampus as
detected by AT8 (−41% mean at the highest dose) and AT100
(−78% mean at the highest dose) immunoreactivities (Figure
4A,C). The difference between the two antibodies may be
explained by their specific epitopes. AT8 detects the pSer202/
Thr205 epitope occurring early in the course of tau
aggregation, whereas AT100 detects the pThr212/Ser214
epitope on paired helical filaments (PHF) that are closely
correlated with the appearance of toxic NFT. In line with this,
using Gallyas silver staining, an 80% reduction of NFT in the
dentate gyrus was observed (Figure 4E). Overall, it can be
stated that treatment with ASN90 leads to a reduction of
pathological tau as consistently detected by different
biochemical and histochemical means. Further analysis using
western blot immunodetection with the antibody specific for
S400 O-GlcNAcylated tau demonstrated that O-GlcNAcylated
tau was present in the soluble tau fraction but absent in the
sarkosyl-insoluble, toxic tau PHF fraction (Figure S9). This

Figure 5. Acute treatment with ASN90 improves breathing function, and chronic treatment provides functional and survival benefits in P301L tau
transgenic mice. (A) ASN90 significantly improved upper airway dysfunction in 7 month old P301L tau Tg mice as illustrated by a significant
increase in the Tiffeneau index (FEV0.2/FVC), at 30 and 100 mg/kg/day ASN90 compared to vehicle-treated animals. Data are displayed as mean
+/− SEM (*p < 0.05 vs vehicle; one-way ANOVA followed by Dunnett’s post hoc). (B) Tau O-GlcNAcylation (O-tau) in the same P301L mice
treated for 4 days (steady state) with 30 and 100 mg/kg ASN90. Data are displayed as mean +/− SEM after normalization to total tau (*p < 0.05
versus vehicle; ****p < 0.0001 versus vehicle; non-parametric Kruskal−Wallis followed by Dunn’s post hoc test). Please note that the brains were
collected at t = 2.5 h, which is earlier than the standard time point for PK studies (t = 4 h). (C) Evolution of weekly clasping scores throughout
chronic ASN90 treatment per treatment group. An age-related increase in the clasping score in relation to known pathology progression was
observed (p < 0.0001). A significant decrease in the clasping score was demonstrated in the ASN90 30 mg/kg/day treatment versus the vehicle
group by Dunnett’s post-hoc test at ages of 8.19, 8.42, and 8.65 months (p = 0.0248, 0.0265, and 0.0274, respectively). The data represent the
average clasping scores per week and are displayed as means +/− SEM (*p < 0.05 vs vehicle; two-way repeated measure ANOVA followed by
Dunnett’s multiple comparison post hoc test). (D) Kaplan−Meier survival curves after chronic treatment of hTauP301L mice with ASN90. Vertical
dotted lines illustrate interim survival analyses performed at 8.5 and 9.2 months of age, and results are displayed in Table S4. Treatment effects on
survival rates (%) were demonstrated between ASN90 treatment (30 and 100 mg/kg/day) and vehicle groups using a log-rank (Mantel−Cox) test.
(E) Tau O-GlcNAcylation (O-tau) in P301L mice (midbrain) treated for 6 months with 30 and 100 mg/kg ASN90. Data are displayed as mean
+/− SEM after normalization to total tau levels (****p < 0.0001 versus vehicle; non-parametric Kruskal−Wallis followed by Dunn’s post hoc test;
+p = 0.015 versus vehicle; unpaired t test).
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result suggests that O-GlcNAcylation and PHF formation are
mutually exclusive.
Since we did not observe effects on motor behavior in this

P301S mouse model, ASN90 was tested in a slower
progressing P301L tau transgenic model.33 This specific tau
model shows a cognitive decrease beginning around 5 months
of age that parallels the beginning of tau pathology. Around 7
months, P301L mice develop motor impairment in the form of
clasping behavior, central breathing deficits, and reduced
mobility.34,35 Due to hindbrain tauopathy, poor nutritional
intake, and tissue wasting, death or human sacrifice occurs in
the vast majority of P301L mice between 9 and 12 months of
life. For the breathing deficits, a direct correlation has been
shown between this functional deficit and the presence of
hyperphosphorylated protein tau in brainstem upper airway
premotor neuronal populations such as Kölliker−Fuse and
intermediate reticular nuclei.34,35

To assess the therapeutic potential of ASN90 to provide
acute treatment benefits, P301L mice at 7 months of age were
treated daily for 4 days using oral gavage (30 and 100 mg kg/
day ASN90 or vehicle). The lung function measurement at day
4 of treatment showed that ASN90 significantly improved
upper airway dysfunction. The Tiffeneau index (Figure 5A)
(FEV0.2/FVC), which in humans is used in the diagnosis of
respiratory disease, was significantly increased at both 30 and
100 mg/kg/day ASN90 compared to vehicle-treated animals
(p = 0.0074; one-way ANOVA followed by Dunnett’s post
hoc). Additionally, to this effect, we observed an increase in O-
tau in the brainstem of ASN90-treated animals (Figure 5B).
Taken together, the data demonstrate that the P301L tau-
induced brainstem breathing deficit observed in the P301L tau
model can be partially restored after acute treatment with the
O-GlcNAcase inhibitor ASN90. These results are in good
agreement with previously published data, where similar effects
were reported with high doses (500 mg/kg/day) of Thiamet
G.34

To investigate the potential of ASN90 to prevent the
worsening of motoric behavior and progression to death, we
examined the effect of chronic treatment with ASN90 by
treating 3.5 month old P301L tau mice orally for 6 months
with 30 and 100 mg/kg/day ASN90. The motoric dysfunction
in P301L tau mice can be assessed by scoring of a clasping
phenotype, a sensitive functional read-out. As expected, we
observed an age-related increase in the clasping score (average
score/week) that is known to parallel the progression of tau
pathology (Figure 5C).33 Overall, treatment with ASN90
showed a tendency to decrease the clasping score (p = 0.0575;
analyzed by two-way RM ANOVA). Importantly, multiple
comparison using Dunnett’s post-hoc test revealed a significant
decrease in the clasping score in the 30 mg kg/day ASN90
treatment group compared to the vehicle group at ages of 8.19,
8.42, and 8.65 months (p = 0.0248, 0.0265, and 0.0274,
respectively). ASN90 treatment also significantly increased
survival in P301L mice. Interim analyses performed at a stage
when all treatment groups displayed at least 50% survival (n =
15) provided sufficient power to perform statistical analyses
(Table S4 and Figure 5D). Consistent with a previously
reported study using the OGA inhibitor Thiamet G,34 no
statistically significant treatment effects on pathogenic tau
isoforms such as pS202/205 (AT8) were observed (Figure
S10). The quantification of O-tau in the midbrain, however,
confirmed that ASN90-treatment increased O-tau steady-state
levels (Figure 5E).

ASN90 Treatment Promotes O-GlcNAcylation of α-
Synuclein and Reduces Motor Impairment and Astro-
gliosis in a Preclinical Mouse Model of Parkinson’s
Disease. Given the therapeutic effect of ASN90 in tauopathy
models, we reasoned that ASN90 may also be beneficial in
other neurodegenerative proteinopathy models. Several lines of
evidence from in vitro studies assessing α-synuclein aggregation
and toxicity have highlighted the potential of OGA inhibitors
for α-synucleinopathies such as PD. α-Synuclein has been
closely linked to PD both genetically and neuropathologi-
cally.14,15 To investigate the therapeutic potential of ASN90 in
PD, we utilized Line 61 α-synuclein transgenic mice that
overexpress human α-synuclein throughout the brain under the
Thy1 promoter.36 The appearance of pathology and motor
deficits relevant to human disease have been well described37

in Line 61 mice, making them an attractive preclinical model
for evaluating the potential efficacy of disease-modifying drugs
for PD. Male Line 61 mice (n = 16 per group; vehicle and 30
and 100 mg/kg/day ASN90) and wild-type littermates (n =
16; vehicle only) were treated starting from week 4 for 24
weeks QD by oral gavage. The motor performance in the beam
walk was assessed at baseline before the start of treatment
(week 4 of age) and then again after 12 and 24 weeks of
treatment (16 and 28 weeks of age). At baseline and
throughout the study, the reported motor dysfunction was
seen in the vehicle control Line 61 transgenic mice when
compared to the wild-type littermates (Figure 6A−C). A
highly significant treatment benefit in three different types of
beam walk was observed after 12 weeks of ASN90 treatment in
Line 61 mice, which persisted to the end of the study at week
24 of treatment (Figure 6). Immunohistochemical assessment
after 24 weeks of treatment indicated a statistically significant
reduction of glial fibrillary astrocytic protein (GFAP)
expression indicative of a reduction of astrogliosis (Figure
7A−D). Detailed biochemical (Figure 7E) quantification of
GFAP immunoreactivity revealed that ASN90 treatment
significantly reduced astrogliosis in the cortex of the Line 61
mice (Figure 7E; −28 and −40% mean at 30 and 100 mg/kg/
day, respectively). ASN90 (30 mg/kg/day) was sufficient to
restrain GFAP immunoreactivity to the same levels as the wild-
type littermates. When looking at α-synuclein itself, a
significant decrease in object size for pS129 immunoreactivity
was seen in the hippocampus (Figures S11 and S12A) whereas
total α-synuclein remained unchanged (Figures S11 and
S12B).
To assess the pharmacodynamic response to ASN90

treatment, total protein O-GlcNAcylation was quantified in
the brains of vehicle control and ASN90-treated Line 61 mice
after 24 weeks of treatment. A substantial and dose-dependent
increase in brain protein O-GlcNAcylation (+78 and +105%
mean for 30 and 100 mg/kg/day, respectively) was observed
(Figure 8A). The Line 61 mice were sacrificed at the same
time point as the rats in the PK/PD study (Figure 2) (t = 4 h
post-dose), indicating that the pharmacodynamic response to
OGA inhibition in vivo persists at a similar level in both the
acute (single administration) and chronic administration (6
months) settings.
To determine whether ASN90 promotes the O-GlcNAcy-

lation of α-synuclein in vivo, we developed a new method of
addressing this question. In the absence of an antibody that
specifically recognizes O-GlcNAcylated α-synuclein, we
developed a chemoenzymatic mass tagging method relying
on click chemistry.38 This method involves the addition of a
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galactose moiety modified with an azide (GalNAz) to
individual O-GlcNAc residues by a mutated galactosyl-
transferase enzyme [GalT1(Y289L)].39 Using click chemistry,
a 5 kDa polyethylene glycol mass tag is added. O-
GlcNAcylated α-synuclein can then be detected on an
immunoblot as a newly appearing band with higher molecular
mass than unmodified α-synuclein. A comparison of brain
homogenates from vehicle and 100 mg/kg/day ASN90-treated
mice that have undergone chemoenzymatic mass tagging
showed that, besides the expected α-synuclein band at 15 kDa,
a new band of a higher molecular mass of around 30 kDa was
stained by the α-synuclein antibody in all samples that
contained the GalT1(Y289L) enzyme (Figure 8B). In the

absence of GalT1(Y289L), the immunoreactivity of this α-
synuclein band was substantially reduced, demonstrating that it
was specifically generated by chemoenzymatic mass tagging.
Most importantly, the immunoreactivity for this α-synuclein
species was substantially increased in the ASN90-treated
samples compared to vehicle. To quantify this increase,
samples from seven representative animals from the vehicle
and 100 mg/kg/day ASN90 groups were processed by
chemoenzymatic mass tagging and the relative immunoreac-
tivities quantified by infrared imaging. As shown in Figure 8C,
chronic treatment with 100 mg/kg/day ASN90 increased α-
synuclein O-GlcNAcylation to 210%, which is comparable to
the effect of the drug on total protein O-GlcNAcylation
(Figure 8A). Overall, in vehicle-treated animals, 20% of total α-
synuclein appeared to be O-GlcNAcylated, which increased to
34% in ASN90-treated mice (Figure 8D). Since the mass
tagged α-synuclein migrates at 30 kDa and the PEG tag has a
molecular mass of 5 kDa, it is likely that three discrete sites are
O-GlcNAcylated in the mouse brain.

■ DISCUSSION
Our data report the development of a novel, brain-penetrant,
clinical-stage OGA inhibitor, ASN90. ASN90, also known as
ASN120290 or ASN-561, was developed as part of a medicinal
chemistry lead optimization campaign starting with hits from a
high throughput screen. As a representative example of a new
class of OGA inhibitors, ASN90 is chemically distinct from
sugar-like substrate mimetics such as Thiamet G. The
biochemical characterization of ASN90 confirmed potent,
substrate-competitive inhibition (low nanomolar IC50) of the
recombinant human OGA enzyme and inhibitory activity
against OGA in cell lines. The ex vivo activity of ASN90 on
rodent and human PBMC (including human blood) provides
proof of concept that the ASN90 target engagement seen in
rodents translates to humans. While Thiamet G is a potent and
highly selective OGA inhibitor that is useful in assessing on-
target biology,8,40 it requires treatment with very high doses
and is poorly suited for use in human patients due to poor
CNS penetration with a brain-to-plasma ratio of 0.1 as
compared with a ratio of approximately 1 for ASN90.41 The
poor CNS penetration of Thiamet G has also inspired the
closely related, clinical OGA inhibitor MK-8719.41 To date,
ASN90 has completed several phase 1 clinical trials in healthy
human subjects.42

To assess the potential of ASN90 for treating tau-related
diseases, we compared treatment effects in tau transgenic
mouse models. In the rapidly progressing P301S mouse
model,25 we observed significant treatment effects on PHF and
NFT formation in the cortex and hippocampus. This effect
required relatively high target engagement, commanding a 100
mg/kg dose, that increases O-tau by about 14-fold over
baseline at the peak. While Thiamet G also required relatively
high target engagement to achieve a similar effect in rTg4510
tau transgenic mice, the effect size with respect to O-tau
accumulation was not quantified in that study.12 It is worth
noting that the half-life of ASN90 in rodents is short (T1/2 =
2.8 h in mice), and so, increasing the dosing frequency in
human studies will increase exposure and thus mitigate the
requirement for such a high dose.
In agreement with the concept that the O-GlcNAcylation of

tau and aggregation are exclusive,8 O-tau immunoreactivity
was absent in the sarkosyl-insoluble PHF fraction. The lack of
detectable effects on motor behavior in the P301S mouse

Figure 6. Beneficial effects of ASN90 treatment on locomotor activity
of Line 61 α-synuclein transgenic mice. (A−C) Locomotor function
of Line 61 mice treated with 30 and 100 mg/kg/day ASN90 was
evaluated by using beam walk tests at baseline (pre-dose) and after 12
and 24 weeks of treatment. Each graph displays the number of slips
[n] per group evaluated on three different types of beam (trials A, B,
and C). Data are displayed as a bar graph of mean +/− SEM (n values
in each column reflect the number of mice willing to traverse the
beam in each trial). For statistical analysis, vehicle-treated wild-type
animals and ASN90-treated Line 61 (30 and 100 mg/kg/day) were
compared to the vehicle-treated Line 61 group using mixed-effect
analysis followed by Bonferroni’s multiple comparison test. (*p <
0.05; **p < 0.01; ***p < 0.001).
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model could be due to the observation that ASN90 only
affected cortical and hippocampal tauopathy. With this respect,
one limitation of our study was that we did not investigate
effects on cognition, which with respect to neuroanatomy
could potentially correlate better with the effects seen on tau
tangle formation. In addition, it is also conceivable that not all
functional deficits in these mice are a direct result of the
overexpression of the tau transgene. This cannot be ruled out
since, for the alternative Tg4510 tau transgenic mouse
model,43 it has been reported that the random integration of
the tau transgene itself is responsible for a considerable
proportion of the reported disease phenotypes such as brain
atrophy.43 In addition, the rapid progression of tauopathy in
the P301S mice could be a contributor to treatment resistance.
Overall, ASN90 displayed effects on tau accumulation that are
in line with reports on alternative OGA inhibitors.8,11−13 Acute
treatment with ASN90 also directly affected tau biology as seen
by the increase in various ptau species (pS202/pT205, pS356,
and pS396) in the soluble fraction of young P301S mice. It is
important to note that the effect of OGA inhibition on tau
phosphorylation (increase or decrease) likely depends on the
targeted tau sites, the timing of treatment, and the specific tau
transgenic mouse model used.11,44 Additionally, a recent report
indicates that tau phosphorylation, in particular at S356, may
actually inhibit tau aggregation.45

To further understand the effect of ASN90 in tauopathies,
we performed subsequent studies in a slower progressing

P301L mouse model.33 One specific advantage of using this
model is that these mice have a tau-induced breathing deficit
that can be observed by 7 months of age. With respect to the
Tiffeneau index, therapeutic efficacy was provided after just 4
days of daily oral treatment with ASN90. Given that two
structurally diverse OGA inhibitors (Thiamet G and ASN90)
have both shown this benefit upon acute treatment, the
mechanism is likely a direct result of O-GlcNAcylation in
brainstem upper airway premotor neuronal populations
affected by P301L tau overexpression.34,35 Consistent with
this hypothesis, ASN90 was shown to increase O-tau levels in
the brainstem. Given the short duration of treatment, ASN90
improved brainstem function independent of NFT pathol-
ogy.33

Further supporting the notion that mechanisms other than
the prevention of NFT are responsible for the therapeutic
efficacy of ASN90 in P301L mice, chronic treatment revealed
efficacy on both motor behavior and overall survival at both
the 30 and 100 mg/kg doses in the absence of detectable
effects on tau pathology. These results are in agreement with a
similar study that used Thiamet G.34 The lack of detectable
changes in tau pathology after chronic treatment with ASN90
is interesting and in our view could be the result of increased
O-GlcNAcylation of intracellular proteins other than tau.
Alternatively, the enhanced survival of ASN90-treated animals
could have confounded the assessment of tau pathology. Our
interpretation of the data obtained in the two different tau

Figure 7. Reduction of astrogliosis in ASN90-treated Line 61 mice. Representative images of brain sagittal sections of (A) vehicle-treated wild-type
mice, (B) vehicle-treated Line 61 mice, and (C) 30 mg/kg ASN90 and (D) 100 mg/kg ASN90-treated Line 61 mice. Enhanced astrogliosis (GFAP
immunofluorescence) is seen in the cerebral isocortex of Line 61 mice and reduced by ASN90 treatment. Nuclei are labeled using DAPI
counterstaining. Single-channel magnifications show the region indicated by the rectangle in the overview image. (E) Biochemical quantification of
astrogliosis using a GFAP immunoassay reveals a dose-dependent reduction in the cortex soluble-fraction from Line 61 mice upon ASN90
treatment. Data are displayed as mean +/− SEM (**p < 0.01, ***p < 0.001 vs Tg Line 61 vehicle group, one-way ANOVA followed by the Holm−
Sidak post hoc test).
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transgenic mouse models is that, due to the specific genetic
makeup of each tau transgenic mouse line, cross-comparisons
are difficult. Taken together, ASN90 showed functional
benefits and both acute and chronic effects on tau pathology
that are in line with data reported by others.8,11−13

Given the central role of O-GlcNAcylation in a number of
biological processes mediated by neuronal substrate proteins,46

it can be predicted that, besides direct effects on tau and α-
synuclein proteins, additional beneficial mechanisms are likely
at work. Increasing O-GlcNAcylation through pharmacologic
OGA inhibition has been shown to reduce epileptic seizures,5

protect against ischemia and ischemia-reperfusion-induced
brain injury,47 directly regulate neurotransmission,48 and
improve cognitive function.49 Overall, these data support the
hypothesis that OGA inhibition decreases aberrant neuronal
excitation and protects neurons from stress and injury. This
hypothesis is supported by our observation that treatment of
both P301L and Line 61 transgenic mice produced clinically
relevant functional benefits that were out of proportion to
changes in tau and α-synuclein pathology.

Chronic treatment of Line 61 mice with ASN90 persistently
increased total O-protein and α-synuclein O-GlcNAcylation by
a similar magnitude. Importantly, chronic treatment with
ASN90 did not lead to an attenuation of the pharmacodynamic
drug response. Given the delicate equilibrium between OGA
and OGT enzyme activities and the anticipated chronic
treatment in patients, these data are encouraging and suggest
that ASN90 durably increases O-GlcNAcylation. Regarding α-
synuclein, ASN90 reduced the appearance of pS129 immunor-
eactivity in the hippocampus as detected by immunohisto-
chemistry. This specific post-translational modification has
been closely linked to the aggregation of α-synuclein. pS129 α-
synuclein specifically accumulates in Lewy bodies,50 and
plasma pS129 α-synuclein has been reported as a biomarker
for motor severity and disease progression in PD.51 Since S129
has not been characterized as a site for O-GlcNAcylation, it is
unlikely that ASN90 treatment promoted competing O-
GlcNAcylation at this site.
The most prominent effect on corresponding Line 61 mouse

brains was a global reduction in astrogliosis/GFAP expression

Figure 8. ASN90 increases total O-protein and O-GlcNAcylated α-synuclein. (A) A dose-dependent increase in global protein O-GlcNAcylation
was detected in the brains of ASN90-treated Line 61 mice at 30 and 100 mg/kg/day. The data are expressed in % O-GlcNAcylation relative to the
average signal obtained in the vehicle group and displayed as mean +/− SEM (***p < 0.001, ****p < 0.0001 vs vehicle, non-parametric Kruskal−
Wallis followed by Dunn’s post hoc test). (B) Western blot immunostaining of α-synuclein after chemoenzymatic mass tagging. Note the increased
staining of an additional α-synuclein band at higher molecular mass (approximately 30 kDa) in the presence of GalT1(Y289L) in the samples. The
unmodified α-synuclein band at 15 kDa serves as internal reference. (C, D) Densitometric analysis of α-synuclein O-GlcNAcylation in ASN90-
treated Line 61 mice. (C) The ratio of the 30 kDa/15 kDa α-synuclein bands reveals a 2-fold increase in O-GlcNAcylated α-synuclein migrating at
30 kDa in the brains of 100 mg/kg ASN90-treated Line 61 mice as compared to vehicle control animals. Data are expressed as % of the signal
obtained in the vehicle group and displayed as mean +/− SEM (**p = 0.0041, Mann−Whitney test). (D) Expressing O-GlcNAcylated α-synuclein
as % of total α-synuclein (total α-synuclein represented by the combined immunoreactivities of the 15 and 30 kDa α-synuclein bands) showed that,
in vehicle-treated animals, 20% of α-synuclein is O-GlcNAcylated, which raises to 34% upon chronic treatment with ASN90 [1.7-fold increase in
good agreement with panel (C)]. Data are expressed as % of total α-synuclein and displayed as mean +/− SEM (**p = 0.0041, Mann−Whitney
test). Samples from seven mice of each group were randomly chosen for chemoenzymatic mass tagging and the subsequent quantifications shown
in panels (C, D).
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as detected both by immunohistochemistry and a sensitive
immunoassay. Astrogliosis was previously linked to O-
GlcNAcylation since a forebrain-specific knockout of the
OGT enzyme caused enhanced neuroinflammation including
astrogliosis.52 Also, aging in general leads to a loss of OGT
expression in rodents that contributes to cognitive decrease49

and reduced O-GlcNAcylation during aging appears to
promote a glial fate switch of neuronal stems cells in mice.53

In the Line 61 mice, astrogliosis was a direct result of the α-
synuclein transgene expression since it was absent in the age-
matched wild-type littermates that were treated with vehicle. It
is conceivable that, similar to the therapeutic benefit mediated
by increasing O-GlcNAcylation in an aging rodent brain,49

ASN90 provides protection against the toxic insults from α-
synuclein overexpression. In part, this may be due to the direct
effect of increased α-synuclein O-GlcNAcylation but most
likely also involves additional protective mechanisms mediated
by other substrates of OGA. It is worth noting that, in an
independent study, upregulating O-GlcNAcylation using either
genetic means or pharmacological inhibition mitigated synaptic
deficits, motor deficits, and neurodegeneration in an α-
synuclein AAV virus (A53T) injection model of PD.19 Looking
for an overarching mechanism that targets both tau and α-
synuclein at the molecular level, the reported enhancement of
anti-amyloid chaperone activity of small heat shock proteins
(sHSP) such as HSP27 by O-GlcNAcylation54 could
potentially provide such a link.
The preclinical data reported in this manuscript provide

robust justification for both acute and chronic effects of
ASN90 on the symptoms, pathology, and disease progression
in both tau and α-synuclein models.46,55 While we did not
assess β-amyloid (Aβ), recent reports have shown that OGA
inhibition may also modulate Aβ pathology and mediate acute
improvements in cognition in the intracerebroventricular Aβ
injection model.7 These data justify the exploration of early
clinical outcome measures and tau fluid biomarkers as
potential biomarkers of target engagement in early phase
clinical trials.
Chronic administration of ASN90 in both tau and α-

synuclein models produced disease-modifying effects, includ-
ing reduced astrogliosis, improved motor function, and
increased survival. While these benefits were out of proportion
to changes in tau and α-synuclein pathology, they nevertheless
demonstrate that ASN90 and OGA inhibition more broadly
are able to modify the progression of multiple neuro-
degenerative disease models through mechanisms that may
be independent of effects on tau and α-synuclein aggregation.
This may be an advantage in human neurodegenerative
diseases, where multiple protein misfolding pathologies often
co-exist. The tau (MAPT) H1 haplotype appears to increase
the risk for PD,56 although a recent study reported that
putative ectopic regulatory interactions in neurons may rather
confer this disease association.57 The strongest link comes
from carriers of mutations in the leucine-rich repeat kinase 2
(LRRK2) gene. LRRK2 mutations are the most common cause
of familial PD and LRRK2 carriers that have prominent tau
pathology.58 The intricate relationship between α-synuclein
and AD pathology has been well documented in the past
decades of research. α-Synuclein was initially identified as the
non-amyloid beta/A4 protein component (NACP) of senile
plaques,59 and Lewy bodies are frequently observed as co-
pathology in AD.60 α-Synuclein expression can even modulate
Aβ pathology in preclinical mouse models.61 Thus, OGA

inhibition stands in contrast toand may complement
monoclonal antibodies, antisense oligonucleotides, and protein
degradation technologies that target a single disease pathology
(e.g., misfolded tau, β-amyloid, or α-synuclein).
Taken together, these independent discoveries strengthen

the rationale for developing OGA inhibitors as therapeutics for
multiple intracellular proteinopathies. Their unique properties
make OGA inhibitors promising drug candidates for AD and
PD given the close association between tau and α-synuclein
pathologies. Considering that ASN90 is a clinical stage
molecule that has completed phase 1 testing,42 the preclinical
data reported herein are of immediate relevance to clinical
development. Acknowledging the slow progress in the
development of new drugs for AD, combination therapy has
been generally heralded as the most appropriate means to
address the complex pathophysiology of the disease.62 OGA
inhibitors may provide this in form of a single modality, which
due to their multipronged mechanism of action can
simultaneously modulate several pathologies and biological
pathways.

■ METHODS
Key Reagents. ASN90 is a new chemical entity with the chemical

name (S)-N-(5-(4-(1(benzo[d][1,3]dioxol-5-yl)ethyl)piperazin-1-yl)-
1,3,4-thiadiazol-2-yl)acetamide (or its hydrochloride salt as used for in
vivo studies). LSN3316612 (N-(5-(((2S,4S)-2-methyl-4-(6-fluoropyr-
idin-2-yloxy)piperidin-1-yl)methyl)thiazol-2-yl) acetamide) is a
chemical that specifically binds to OGA and has been already
characterized.24

In Vitro Assays. Cell-Free OGA and Inhibitor Cross-Competition
Enzyme Kinetics Assays. The OGA assay was carried out at room
temperature (RT) in 384-well plates using 20 nM His-tagged
recombinant O-GlcNAcase in McIlvaine citrate−phosphate buffer
containing 140 mM NaH2PO4 and 30 mM citric acid (pH 6.5) in the
presence of 10 μM fluorescein mono-β-D-N-acetylglucosamine
(Marker Gene Technologies, M-1485) as a fluorogenic substrate.
Increasing concentrations of OGA inhibitors were added to the
enzyme prior to the addition of the substrate. The generation of free
fluorescein was measured on a Pherastar Fluorescence plate reader
(Ex/Em: 485/520 nm), and the data were plotted using standard
curve fitting algorithms for sigmoidal dose−response curves using the
GraphPad Prism software. Inhibitor cross-competition assays were
carried out by adding increasing concentrations of Thiamet G to the
enzyme in the presence of various fixed concentrations of ASN90 (0,
4, 14, and 44 nM), prior to the addition of the substrate.

Hexosaminidase A and B Assays. The specificity against
hexosaminidases A and B was determined by incubating increasing
ASN90 concentrations in McIlvaine citrate−phosphate buffer (pH
4.5) in the presence of a 10 μM fluorogenic substrate and 20 nM
recombinant HexA (Origene, TP303185; Table 1) or a fraction
purified from human placenta (Sigma-Aldrich, A6152-5UN) contain-
ing Hex subunits A and B (HexA/B). The non-selective glycoside
hydrolase inhibitor PUGNAc served as a control.

Substrate Competition and Reversibility Assay. For substrate
competition, enzyme velocity was measured in the same McIlvaine
buffer described above using increasing concentrations of 4-
methylumbelliferyl N-acetyl-β-D-glucosaminide or 4 MU-NAG
(Sigma-Aldrich, 69585) as the substrate in the presence of various
concentrations of ASN90. During incubation of the plate for 60 min
in the dark, the fluorescence was quantified every 2 min on a
Pherastar fluorescence reader (Ex/Em: 350/450 nm). The enzyme
kinetics data were plotted using the Lineweaver−Burk transformation
to determine Vmax and Km for each concentration of ASN90. For the
reversibility assay, the His-tagged OGA enzyme was pre-incubated for
1 h at RT with increasing ASN90 concentrations. The fluorogenic
substrate for determination of enzyme activity was added to either
undiluted or diluted (1:3 and 1:5) preincubation reactions.
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Ex Vivo Whole Human Blood Assay. All research involving blood
sampling from human subjects was approved by the local ethics
legislation of Canton de Vaud, Switzerland. Each volunteer signed a
written consent form allowing for the use of their blood for research
purposes. Fresh, heparinized human blood was incubated with
increasing concentrations of ASN90 for 2 h under continuous rolling
at 37 °C, 5% CO2. After incubation, the peripheral blood
mononuclear cells (PBMC) were isolated by density gradient

centrifugation with Ficoll63,64 using 15 mL Sepmate tubes (Stemcell
Technologies, 15420) and according to the manufacturer’s
instructions. Briefly, samples were diluted with an equal volume of
PBS and 2% fetal bovine serum (FBS) and mixed gently. The diluted
blood was layered onto a Ficoll solution (GE Healthcare, 17-1440-02)
and centrifuged at 1200g for 10 min. The top layer, which contained
the enriched PBMC, was poured off into a new tube containing 8 mL
of PBS and 2% FBS and centrifuged at 800g for 10 min at 37 °C. The
PBMC were washed twice with 2 mL of PBS by centrifugation at 400g
for 10 min. After the last centrifugation, the supernatant was discarded
and the PBMC were snap-frozen for storage at −80 °C. To quantify
total O-protein, the PBMC pellets were solubilized in lysis buffer [50
mM Tris−HCl pH 7.4, 150 mM NaCl, 1% Triton X-100, 0.1% SDS,
0.2% sodium deoxycholate + PI]. The level of total protein O-
GlcNAcylation was quantified in PBMC samples using a sandwich O-
protein immunoassay. For this, multiarray 96-well avidin Mesoscale
plates (MSD, L15AA-1) were blocked for 1 h with 50 μl/well of MSD
blocker A solution (MSD, R93AA-2) followed by coating with 50 μL
(5 μg/mL) of biotinylated wheat germ agglutinin, WGA (Vector
Biology, B1025) in PBS-T (PBS pH 7.4, 0.2% Tween 20) + 2% BSA.
After 1 h of incubation at RT, the plates were incubated overnight at 4
°C with 50 μL of the PBMC cell lysate (60 μg protein). After
washing, the plates were incubated for 2 h at RT under light
protection with 50 μL of the pan O-GlcNAc monoclonal antibody
RL2 (1:1000 dilution) mixed with a SULFO-TAG-labeled goat anti-
mouse antibody in PBS-T + 2% BSA. After a final wash, the plates
were read on a Sector Imager 6000.

Cellular O-Protein/O-Tau Assays. HEK293 cells stably transfected
with wild-type human tau441 [2N4R tau21] were plated in 96-well
plates (Thermo Fisher Scientific, 07-000-162) at a density of 100,000
cells/well and then incubated for 16 h at 37 °C with increasing
concentrations of ASN90 in 0.3% DMSO final concentration. On the
following day, the cells were washed with PBS and lysed in RIPA
buffer [25 mM Tris−HCl pH 7.6, 150 mM NaCl, 1% NP-40, 1%
sodium deoxycholate, 0.1% SDS + protease inhibitor, PI (Roche,
11836145001)]. O-Tau and O-GlcNAcylated proteins present in the
cell lysates were quantified by immunoassays according to the
following procedure. HEK293 tau cell lysates (25 uL/well, 1/300
dilution) were directly coated into each well of multiarray 96-well
high bind Mesoscale plates (MSD, L15XB-3) and incubated overnight
at 4 °C. After three washing steps with PBS-T + 2% BSA, the plates
were blocked with MSD blocker A solution for 1 h at RT under
agitation. After washing, the plates were incubated for 1 h at RT with
25 μL/well of the pan O-GlcNAc monoclonal antibody RL2 (Thermo
Fisher Scientific, MA1-072) that specifically recognizes O-GlcNAc
when attached to proteins.20 For detection, a SULFO-TAG-labeled
goat anti-mouse secondary antibody (MSD, R32AC-1) was added
into each well followed by 1 h of incubation under light protection.
After a final wash with the MSD read buffer (MSD, R92TC-1), the
plates were read on an MSD Sector Imager 6000. To quantify O-tau, a
multiarray 96-well avidin Mesoscale plate (MSD, L15AA-1) was, after
blocking, precoated with 25 μL (2.5 μg/mL) of the biotinylated rabbit
monoclonal O-tau (Ser400) antibody described by Cameron et al.21

Then, 50 μL/well of the HEK293 tau cell lysate was transferred into
each well followed by 16 h of incubation at 4 °C. After three washing
steps with PBS-T, a 25 μL/well SULFO-TAG-labeled anti-tau
polyclonal antibody (DAKO, A0024) was added followed by 1 h of
incubation at RT under light protection. Finally, after a final wash, the
plates were read using the MSD Sector Imager 6000.

In Vitro PBMC Cell-Based Assay. The potency of ASN90 was also
determined in isolated and plated human (h) and/or rat (r) PBMC.
After isolation following the Ficoll density gradient method, human
and/or rat PBMC were plated in 96-well plates (Thermo Fisher
Scientific, 07-000-162) at a density of 200,000 cells/well and
incubated in the presence of increasing concentrations of ASN90
for 4 h at 37 °C. Protein O-GlcNAcylation was quantified by using the
O-protein immunoassay described above.

Biochemical Analyses. Protein Determination. Protein concen-
trations were determined in brain samples (homogenates and soluble
fractions) by using a bicinchoninic acid (BCA) protein assay kit

Table 1. Antibodies/Recombinant Proteins Used in This
Work

antibodies/recombinant proteins source
catalogue

no.

Alexa 555-conjugated donkey anti-rabbit
antibody

Abcam ab150066

Alexa 647-conjugated donkey anti rat
antibody

Jackson
ImmunoResearch

712-605-
153

Alexa 750-conjugated donkey anti-goat
antibody

Abcam ab175745

biotinylated rabbit monoclonal O-tau
(Ser400)

in-house

biotinylated mouse monoclonal anti-tau
(HT7)

Thermo Fisher
Scientific

MN1000B

biotinylated mouse monoclonal anti-
GFAP

Synaptic Systems 173211BT

biotinylated wheat germ agglutinin
(WGA)

Vector Labs B1025

goat polyclonal anti-GFAP Abcam ab53554
His-tagged recombinant human O-
GlcNAcase

in-house

HRP-labeled goat anti-mouse antibody DAKO P044701-2
IRDye 680RD goat anti-mouse IgG
secondary antibody

LI-COR
Bioscience Inc.

926-68070

IRDye 680RD goat anti-rabbit IgG
secondary antibody

LI-COR
Bioscience Inc.

926-68071

IRDye 800CW goat anti-rabbit IgG
secondary antibody

LI-COR
Bioscience Inc.

926-32211

IRDye 800CW goat anti-mouse IgG
secondary antibody

LI-COR
Bioscience Inc

926-32210

mouse monoclonal anti-actin (clone C4) Merck Millipore MAB1501
pan O-GlcNAc monoclonal antibody
RL2

Thermo Fisher
Scientific

MA1-072

phospho-tau (Thr212, Ser214)
monoclonal antibody (AT100)

Thermo Fisher
Scientific

MN1060

phospho-tau (Ser356) monoclonal
antibody

Abcam ab75603

phospho-tau (Ser396) monoclonal
antibody

Invitrogen 44-752G

purified hexosaminidase A/B from
placenta

Sigma-Aldrich 6152-5UN

rabbit monoclonal anti-MGEA/OGA Abcam Ab124807
rabbit polyclonal anti-OGT Abcam Ab96718
rabbit monoclonal anti-OGT Cell Signaling 24083
rabbit anti-actin (13E5) Cell Signaling 4970
rabbit monoclonal anti-pSer129 human
α-synuclein (EP1536Y)

Abcam ab51253

rat monoclonal anti-GFAP (clone
2.2B10)

Invitrogen 13-0300

rat monoclonal anti-human α-synuclein
(15G7)

Enzo Life Sciences ALX-804-
258

recombinant human hexosaminidase
(HEXA)

OriGene TP303185

SULFO-TAG-labeled goat anti mouse
antibody

Meso Scale
Discovery

R32AC-1

SULFO-TAG-labeled anti ptauS202/
T205 (AT8)

Thermo Fisher
Scientific

MN1020

SULFO-TAG-labeled goat anti rat
antibody

Meso Scale
Discovery

R32AH-1

SULFO-TAG-labeled anti-tau (Tau-5) Covance SIG 39413
SULFO-TAG-labeled anti-tau DAKO A0024
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(Pierce, Rockford, IL 23225) according to the manufacturer’s
instructions. If not otherwise stated for all quantitative immunoassays,
equal amounts of protein were loaded into each well.
In Vivo Studies. PK/PD Study in Wild-Type Rats. PK/PD rat

studies were performed at the facilities of the Center of
Phenogenomics, EPFL Switzerland, with approval by the Swiss
Federal and Cantonal Veterinarian offices (license VD3179). The
animals (wild-type Wistar rats) were housed in ventilated cages and
GM1500 and had access to food and pre-filtered sterilized water “ad
libitum”. Thirty-six male Wistar rats of 6 weeks of age (n = 6/group)
were orally administrated with different doses of ASN90 in vehicle
(0.5% HPMC/0.25% Tween 20). The animals were sacrificed 4 h
post-administration by decapitation to collect brain tissues, blood, and
cerebrospinal fluid (CSF) according to the following procedure. After
deep anesthesia with pentobarbital, 50 μL of CSF was collected from
the cisterna magna and 4 mL of blood was taken by cardiac puncture
with Sarstedt tubes containing 35 IU of Heparin. Heparinized blood
(400 μL) was used for the isolation of rat PBMC following the
standard procedure with Ficoll density gradient as described above.
Heparinized blood (100 μL) was centrifuged at 3800g for 10 min to
isolate the plasma, which was stored at −80 °C for PK analyses. After
brain dissection, the right frontal lobe of the cortex was homogenized
using Precellys tubes (VWR, 432-3752) in ice-cold Cytobuster
reagent buffer (Merck, 71009) with PI. The left frontal cortex was
directly snap-frozen in dry ice and stored at −80 °C for PK analyses.
The brain tissue homogenate was submitted to a first centrifugation at
18,000g for 15 min, 4 °C. Finally, the resulting supernatants were
submitted to an ultracentrifugation (100,000g, 60 min, 4 °C) to
isolate the soluble fraction of the cortex. After protein determination
(BCA), O-protein was quantified in brain-soluble fractions and in
PBMC cell lysates by using the O-protein immunoassay. ASN90
concentrations present in the brain, CSF, and plasma were quantified
using the following bioanalytical methodology. Plasma and CSF
samples were processed by protein precipitation. The sample (50 μL)
was mixed with 150 μL of acetonitrile containing an internal standard
(0.5 μg/mL Tolbutamide) on a vortex mixer for 5 min. After
centrifugation for 10 min at 3800g, the supernatant was transferred
into 96-well LC−MS/MS sample plates for analysis. The brain tissue
was homogenized in PBS, pH 7.4 (1 g of tissue in 5 mL of buffer)
using a bullet blender at 4 °C. A sample of 50 μL of each homogenate
was processed as described for plasma above by protein precipitation.
Samples were analyzed by the LC−MS/MS system consisting of
Nexera UHPLC (Shimadzu) coupled to an AB Sciex API 4000 mass
spectrometer. Samples were separated using a Phenomenex Synergi
polar RP 80A (75 × 2 mm, 4 μm) column with a mobile phase (MP)
consisting of 0.1% formic acid in Milli-Q water (A) and 0.1% formic
acid in 100% acetonitrile (B). The MS instrument was operated in
positive mode (ESI+). Multiple reaction monitoring (MRM)
transitions were selected for the test and reference compounds
(Tolbutamide) for the LC−MS/MS analysis. For analysis, 5 μL of the
processed sample was injected into the LC−MS/MS instrument. The
collected data were analyzed using the Analyst 1.6.1 software. The
lower limit of quantitation (LLOQ) of this method to quantify
ASN90 in the plasma, CSF, and brain samples was 1 ng/mL
(calibration range of 1−10,000 ng/mL). The accuracy of back-
calculated standards as well as QC samples was within ±15%.
In Vivo Positron Emission Tomography (PET) Study. In vivo PET

imaging studies were performed at Invicro, Hammersmith Hospital,
London (UK) in accordance with the U.K. Animals (Scientific
Procedures) Act 1986 and the transposed EU directives 2010/63/EU.
The procedures used were approved by the Imperial College Animal
Ethical Review Committee. The preparation of the radiotracer was
prepared as previously described.24 In brief, LSN3316612 (N-(5-
(((2S,4S)-2-methyl-4-(6-fluoropyridin-2-yloxy)piperidin-1-yl)-
methyl)thiazol-2-yl)acetamide) was radiolabeled using a GE FASTlab
synthesizer (GE Healthcare) by adding a solution of the
corresponding nitro precursor LSN3316612(N-(5-(((2S,4S)-2-meth-
yl-4-(6-nitropyridin-2-yloxy)piperidin-1-yl)methyl)thiazol-2-yl)-
acetamide) to the dried complex [18F]KF/Kryptofix (previously
prepared on a Siemens RDS-111 Eclipse cyclotron) followed by

heating at 130 °C for 15 min. The diluted crude reaction was
separated onto the semi-prep Agilent Eclipse XDB C8 HPLC column
(5 μm, 250 × 9.5 mm) at a flow rate of 5 mL/min eluted with
MeCN:0.02 M ammonium acetate solution (33:67 v/v). Adult male
Wistar rats (n = 6) were surgically cannulated and placed on a bed in
a Siemens Inveon DPET with a docked multimodality CT scanner
with isoflurane anesthetic delivery and scavenging. The body
temperature was maintained using a heating mat and monitored
using a rectal probe. The respiration rate was monitored with a
respiration pad. Approximately 100 IU heparin sodium was given i.v.
prior to the scans to aid blood sampling. The brain was placed in the
field of view of the scanner, and a CT scan was acquired for
attenuation and scatter correction. A 60 min baseline dynamic PET
scan was carried out after the intravenous administration of 5−15
MBq of [18F]LSN3316612. An intravenous (i.v.) bolus dose of
ASN90 was given, and a second dynamic PET scan (post-dose scan)
with [18F]LSN3316612 was carried out. The doses of ASN290 and
time of administration prior to the post-dose scan were based on
existing and preceding data. Blood samples were taken at three
separate time points prior to and after the start of the second PET
scan at 0, 30, and 60 min for drug level measurement. The PET
images were acquired in list mode and reconstructed with increasing
time frame over the duration of the scan to characterize the
radiotracer kinetics. Image processing and data analysis were
performed using VivoQuant and MIAKA, an in-house computational
pipeline implemented in MATLAB. One-tissue and two-tissue
compartmental models, Logan graphic analysis, and MA1 (Multilinear
Analysis 1) were explored and used to generate volume of distribution
(VT) estimates. Lassen graphical interpretation of the changes in VT
from the most suitable model MA1 (20 min) between the baseline
and post-dose scans provided an estimate of ASN90 occupancy. The
relationship of the plasma-PK and occupancy data was fitted to an
appropriate Emax model to estimate the Occ50 of ASN90.

In Vivo Studies in Tau Transgenic Mice. In vivo studies using tau
transgenic mice (hTauP301S and hTauP301L) were conducted in
accordance with the EU directive 2010/63/EU for animal well-being
using protocols approved by the ethical committee (operating under
approval number LA1210532) in Belgium. Transgenic mice were
housed in reMYND SPF facilities in individually ventilated (IVC)
makrolon T2 cages equipped with solid floors, a layer of corncob
bedding, and cocoons as nesting materials. Mice had access to
standard mouse chow and pre-filtered sterile water ad libitum. The
homozygous hTauP301S-Tg model25 used in this study consists of
the F1 progeny from a cross between two homozygous hTauP301S-
Tg parental mice in the C57Bl/6JxCBA/ca background. The
hTauP301S-Tg model is characterized by an early onset of tau
pathology in the brain and spinal cord, starting at the age of 3 months
and displaying a progressive age-dependent increase in Tau
hyperphosphorylation in the spinal cord, brainstem, cerebral cortex,
and hippocampus from 3 months onward.65

To study the chronic effect of ASN90 on tau pathology, 45
homozygous female hTauP301S mice (2 months of age) were treated
every day for 3.5 months either with vehicle (0.5% HPMC/0.25%
Tween 20) or with ASN90 (30 or 100 mg/kg; n = 15 per group).
Twenty-four hours after the last compound administration, the mice
were anesthetized with a mixture of ketamine, xylazin 2%, atropine,
and saline (4:2.5:1:2.5) and were flushed transcardially with ice-cold
saline at 4 °C to remove blood from the brain vessels. The brain was
removed and divided into the left and right hemisphere by using a
midline sagittal cut. The right hemisphere (including the cerebellum
and brainstem) was post-fixed overnight in PBS containing 4%
paraformaldehyde for histology analysis. After micro-dissection of the
left hemisphere into the cortex and hippocampus, tissue samples were
immediately frozen at −80 °C until further biochemical analyses of
the soluble and sarkosyl-insoluble tissue fractions. The methodology
of Greenberg and Davies30 with few modifications exploited this
fractionation.31 In brief, cortex and hippocampus tissues were
homogenized in 10% wt/vol of ice-cold PhosphoSafe reagent buffer
(Merck Millipore, 71296-4) with protease inhibitor cocktail to obtain
a crude tissue homogenate (S0). Homogenates (300 μL) were spun at
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80,000g at 4 °C for 20 min to obtain the supernatants S1 (soluble
fraction) and the pellets P1. The P1 pellets were homogenized in 5%
wt/vol of sucrose extraction buffer (10 mM Tris−HCl pH 7.4, 0.8 M
NaCl, 10% sucrose, protease inhibitors) and spun at 4000g at 4 °C for
20 min. The resulting supernatants were incubated for 1 h at 37 °C in
the presence of 1% sarkosyl (final concentration) before ultra-
centrifugation at 80,000g at 4 °C for 1 h. Finally, the resulting pellets
(sarkosyl-insoluble fractions or P3 pellets) were either resuspended in
50 μL of NuPAGE LDS sample buffer (Thermo Fisher Scientific,
NP0007) for western blot or in 50 μL of TBS (10 mM Tris−HCl pH
7.4, 0.8 M NaCl + PI) for quantitative analyses of O-GlcNAcylated
proteins and O-tau by using our MSD immunoassays described
previously. In addition, total tau was quantified in the S0 fractions
(hippocampus and cortex) of hTauP301S Tg mice by the MSD
immunoassay with the biotinylated mouse monoclonal anti-tau HT7
(Thermo Fisher Scientific, MN1000B) capture antibody and SULFO-
TAG-labeled Tau-5 antibody as the detection antibody. Tau
phosphorylation (AT8) at position Ser202/Thr205 (following the
numbering of the longest 2N4R adult isoform, Tau441) was
quantified in the S0 and P3 fractions (hippocampus and cortex) of
hTauP301S Tg mice using an MSD immunoassay with the
biotinylated HT7 capture antibody followed by detection with the
SULFO-TAG-labeled AT8 (Thermo Fisher Scientific, MN1020)
antibody. Tau phosphorylations at positions Ser356 and Ser396 were
quantified in the P3 fraction (hippocampus and cortex) of
hTauP301S Tg mice using a direct MSD immunoassay with anti-
phospho tau antibodies ptauSer356 (Abcam, ab75603) or ptauSer396
(Invitrogen, 44-752G) as detection antibodies.
For western blot analyses, 20 μg of proteins of the soluble brain

fraction (S0) and 10 μL of the sarkosyl-insoluble fraction (P3) from
the cortex of hTauP301S mice were resuspended in NuPAGE LDS
sample buffer, heated at 70 °C for 10 min, and separated on 4−12%
Bis-Tris SDS-PAGE gels followed by wet transfer onto nitrocellulose
membranes. After Ponceau S staining to assess equal loading,
membranes were blocked in LI-COR Odyssey blocking buffer (LI-
COR Bioscience Inc., 927-60001) and probed with the rabbit
monoclonal O-tau (Ser400) antibody at 1:1000, the mouse
monoclonal anti-ptauSer202/Thr205 (AT8) antibody at 1:1000, or
the mouse monoclonal anti-tau (HT7) antibody at 1:20,000 dilution
overnight at 4 °C. The membranes were washed with TBS-T and
incubated with the IRDye 680RD goat anti-mouse IgG secondary
antibody (LI-COR Bioscience Inc., 926-68070) or with the IRDye
800CW goat anti-rabbit IgG secondary antibody (LI-COR Bioscience
Inc., 926-32211) for 1 h at room temperature and protected from
light. After extensive washing in TBS-T, membranes were scanned on
a LI-COR Odyssey infrared imager (LI-COR Bioscience Inc.) for
quantification. For pathological analyses, 20 serial free-floating sagittal
sections for each animal (40 μm thickness) were cut on a vibratome
and kept for histological and immunohistological staining. Sets of five
sections per mouse (each separated by 160 μm) and comprising the
region of interest (hippocampus-dentate gyrus) were silver-impreg-
nated following the method of Gallyas−Braak to visualize filamentous
tau pathology.66,67 For immunohistochemistry, the sections were
incubated with AT8 or with AT100, a mouse monoclonal anti-
ptauThr212/Thr214 (Thermo Fisher Scientific, MN1060) at a
concentration of 0.05 μg/mL in PBS-T with 10% FCS. After rinsing,
the sections were incubated with a goat anti-mouse peroxidase-labeled
secondary antibody (DAKO, P044701-2) at a concentration of 1/500
in PBS-T + 10% FCS. The signal was developed with 3,3′-
diaminobenzidine tetrahydrochloride (DAB, one tablet per 10 mL
of Tris−HCl with 3 μL of H2O2 per 10 mL). Images were acquired
with an Olympus BX41 microscope equipped with a XC30 3M pixel
1/1.8″ cooled Olympus CCD camera and analyzed with a computer
using AnalySIS FIVE (Olympus CellSens) software. For each staining,
typically, five brain sections per mouse were included in the analysis
and the mean value (number of positive neurons/mm2) was
determined for each animal in the selected brain region. Statistical
analysis was performed using one-way ANOVA followed by Dunnett’s
post hoc test comparing vehicle- to ASN90-treated groups.

Finally, the acute effect of ASN90 on tau phosphorylation was also
investigated in hTauP301S mice. For this, 42 female homozygous
female hTauP301S mice (2 months of age) were treated every day
either with vehicle (0.5% HPMC/0.25% Tween 20) or with ASN90
(30 or 100 mg/kg/day) for 4 days (n = 6 per group). The animals
were then sacrificed at 4, 8, or 24 h after the last compound
administration. After brain dissection and homogenization, protein O-
GlcNAcylation and O-tau and tau phosphorylation were quantified in
the brain-soluble fraction (cortex) by the MSD immunoassay as
described above.

In Vivo Functional Studies in hTauP301L Mice. The homozygous
hTauP301L-Tg model33 consists of the F1 progeny from a cross
between two homozygous hTauP301L-Tg parental mice in the FVB/
N background. The hTauP301L transgenic mice start accumulating
hyperphosphorylated tau at the age of 6 months, although with a high
variability of onset. They also suffer from motoric defects like fore and
hindlimb clasping, reduced general mobility, and die prematurely at
8−11 months of age.33 Therefore, the premature death in this model
appears to be directly linked to tau pathology (clasping phenotype).

The effect of a chronic treatment with ASN90 on the motoric
function and the survival of hTauP301L mice was investigated using
the clasping test. For this, 90 homozygous female hTauP301L mice
(3.5 months of age) were treated every day for 6 months either with
vehicle (0.5% HPMC/0.25% Tween 20) or ASN90 (30 or 100 mg/
kg; n = 30 per group) and the animals were sacrificed 4 h after the last
compound administration. From the age of 7.1 months onward,
clasping severity was assessed daily until sacrifice. For this, the
hTauP301L mice were kept approximately 1.5 cm above their tail
base for about 10 s (tail suspension test). Clasping of the limbs was
scored for each limb separately using the four-point rating scale. Hind
limb clasping was scored according to

0 = hindlimb folded backwards and distant from the body,
angle of the limb with the body axis >0° (at least once during
the screened time window).
0.5 = any phenotype in between 0 and 1 (starting from 100%
of time fully stretched but in line (= 0°) with the body axis).
1 = one hindlimb partially retracted during more than 50% of
the time.
3 = limb completely retracted during more than 50% of the
time.

Left and right hindlimb scores unified in one clasping score were
used for evaluation of clasping evolution throughout treatment and
assessment of group differences at study termination.

Forelimb clasping was scored according to

0 = limb stretched and distant from the body.
1 = limb is partially retracted during more than 50% of the
time.
3 = limb is completely retracted, immobile, muscle loss.

Stage 4 corresponds to a stage where a mouse has died or has been
prematurely sacrificed after reaching the severe clasping stage wherein
humane end point criteria are met. Forelimb scores were applied to
determine humane end points and sacrifice decisions (see the
“sacrifice” criteria below). The weekly average clasping score of each
animal was calculated for each treatment group. Statistical analysis
was performed using two-way RM ANOVA followed by Dunnett’s
post hoc testing (comparing the vehicle group with both ASN 90
treatment groups).

For survival analysis, hTauP301L mice showing a severe clasping
phenotype (forelimb reaching stage 4) resulting in weight loss below
20% of the maximum body weight during study in combination with a
body temperature drop below 34 °C, or in the case of weight loss till
below 17 g of body weight or were not able to get up within 5 s when
put on either side in the home cage, were sacrificed before general
study termination (so-called premature sacrifice). Statistical analyses
were performed using a log-ranked (Mantel−Cox) test comparing
vehicle- to ASN90-treated groups.

The effect of an acute treatment with ASN90 on the breathing
function of hTauP301L mice was investigated using the flexiVent FX
system (SCIREQ Inc.) equipped with an FX1 module with a mice
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adapter (NPFE extension) and operated by the flexiWare v7.2
software. For this, 30 female hTauP301L mice (7 months of age)
were treated every day for 4 days with vehicle (0.5% HPMC/0.25%
Tween 20) or ASN90 at 30 or 100 mg/kg/day (n = 10 per group).
On the fourth day and 2 h after the last compound administration,
mice were anesthetized with an intraperitoneal (i.p.) injection of
pentobarbital sodium (±120 mg/kg; Dolethal, Vet́oquinol). Once a
surgical plane of anesthesia was reached, the trachea was exposed to
insert an 18-gauge metal cannula having a typical resistance of 0.3 cm
H2O·s/mL. Mice were quasi-sinusoidally ventilated with a tidal
volume of 10 mL/kg, a frequency of 150 breaths/min, an inspiratory-
to-expiratory ratio of 2:3, and a positive end-expiratory pressure of 3
cm H2O. An NPFE maneuver was performed to obtain an FV loop
and the FE-related parameters. This was done by first inflating the
lungs to a pressure of +30 cm H2O over 1.2 s and then rapidly
exposing the mouse’s airways to a negative pressure of −55 cm H2O
to generate an imposed negative expiratory pressure gradient. From
the FE parameters, the forced expiratory volume and flow at 0.1 s
(FEV0.1) and 0.2 s (FEV0.2), forced vital capacity (FVC), and peak
expiratory flows (PEF) were considered as well as the FEV0.1/FVC
(Tiffeneau index at 0.1 s) and FEV0.2/FVC (Tiffeneau index at 0.2
s). All data were exported in excel format and analyzed by Graphpad
8.2 software. Statistical analyses were performed using one-way
ANOVA followed by Dunnett’s post hoc (comparing the vehicle
group with both ASN90 treatment groups).
In Vivo Chronic Study in α-Synuclein Transgenic Line 61 Mice

and Wild-Type Littermates. In vivo studies using the Line 61 α-
synuclein transgenic mice were performed at the QPS Austria animal
facility, which is fully accredited by the Association for Assessment
and Accreditation of Laboratory Animal Care (AAALAC). All
procedures in this study complied with the Animal Care and Welfare
Committee. Animals had access to dried, pelleted standard rodent
chow and normal tap water ad libitum. The effect of a chronic
treatment with ASN90 on the locomotor activity of Line 61 mice was
investigated by the beam walk test. For this, a total of 48 male Line 61
mice (1 month of age) as well as 16 non-transgenic age- and sex-
matched littermate controls were randomly allocated to four groups of
16 animals per group. Animals were dosed once daily (oral gavage)
with either vehicle (0.5% HPMC/0.25% Tween20) or ASN90 (30 or
100 mg/kg/day) for a total of 24 weeks. The beam walk test was
performed to assess the treatment benefits with ASN90 on the
motoric function, while histological and biochemical analyses were
performed to evaluate the effect of ASN90 on the histopathology.
Beam Walk Test. Motor coordination and balance of the mice

were evaluated by the beam walk test at three different time points of
the study: at baseline before treatment (week 0), at week 12 (interim
results), and week 24 (at the end of treatment). This test measured
the ability of the mice to traverse a graded series of narrow beams to
reach the home cage. The beams were long strips of wood (1 m) with
a 20 mm (only used for training trial), 13 mm (trial A), and 10 mm
(trial B) square cross-section or a 16 mm (trial C) round diameter.
The beams were placed horizontally, 50 cm above the surface, with
one end mounted on a narrow support and the other end attached to
the home cage into which the mouse can escape. Three training trials
were performed prior to testing with three different starting points on
the 20 mm square beam: proximity to the home cage (trial 1), in the
center of the beam (trial 2), and at the brightly illuminated end of the
beam (trial 3). Once the mice were trained, they received consecutive
testing trials on each of the three different beams progressing from the
widest to the narrowest beam. The testing trials were videotaped and
subsequently evaluated with an Observer XT 10.5 (Noldus). The
latency to traverse each beam and the number of slips [n] off each
beam were recorded and reported for each trial. A mouse not willing
to traverse the beam was not considered into a given trial (A, B, or C).
Statistical analyses were performed using GraphPad Prism version
8.02 for Windows (GraphPad Software), and data were tested for
normal distribution. For statistical analysis, a mixed-effect analysis
followed by Bonferroni’s multiple comparison test was used to
compare each treatment group. At the end of the treatment period
and after the last round of beam walk tests, all mice were deeply

anesthetized (i.p. injection of pentobarbital at 600 mg/kg) and
samples were collected for histology and biochemical analysis. For
this, the mice were transcardially perfused with 0.9% saline until the
blood was totally flushed out of the capillaries. Then, the brains were
removed carefully and hemisected into left hemibrains that were
weighed, snap-frozen on dry ice, and stored at −80 °C for future
biochemical analysis. The right hemibrains were fixed by immersion in
freshly prepared 4% paraformaldehyde in phosphate buffer pH 7.4 for
2 h at RT and transferred to sucrose-PBS solution overnight for
cryoprotection.

Histopathology (Human α-Synuclein, pS129-α-Synuclein, and
GFAP Immunohistochemistry). Tissue blocks were trimmed, trans-
ferred to cryomolds, embedded in an OCT medium, and snap-frozen
in dry ice-cooled liquid isopentane. Five consecutive cryosections
were sagittally cut at 10 μm thickness on a Leica cryotome. The next
25 sections per level were discarded. This scheme was repeated for 12
levels, resulting in a collection of 60 sections in total. Sectioning levels
were chosen according to the brain atlas of Paxinos and Franklin
(“The Mouse Brain in Stereotaxic Coordinates”, 2nd edition, 2001).
The collection of sections started at a level ∼0.2 mm lateral from
midline and extended through the hemisphere to ensure systematic
random sampling through the target regions. For Immunofluor-
escence (IF) analysis, cryosections were incubated with rat
monoclonal [15G7] anti-h-α-synuclein at 1:10 (Enzo Life Sciences,
ALX-804-258), rabbit monoclonal [EP1536Y] anti-pSer129-α-synu-
clein at 1:1000 (Abcam, ab51253), and goat polyclonal anti-GFAP at
1:1000 (Abcam, ab53554) as primary antibodies in 1% normal
donkey serum overnight at 4 °C in a damp chamber. Then, sections
were incubated with donkey anti-rat IgG H + L Alexa 647-conjugated
at 1:500 (Jackson ImmunoResearch, 712-605-153), donkey anti-
rabbit IgG H + L Alexa 555-conjugated at 1:500 (Abcam, ab150066),
and donkey anti-goat IgG H + L Alexa 750-conjugated at 1:500
(Abcam, ab175745) as secondary antibodies in 1% normal donkey
serum for 60 min in a damp chamber (light protected). After a series
of washes in PBS (3 × 5 min), sections were counterstained with
DAPI working solution for 15 min (light-protected) followed by a
series of PBS washes (3 × 5 min) and a final 5 min wash in distilled
water. For imaging, whole slide scans of the stained sections were
recorded on a Zeiss automatic microscope AxioScan Z1 with high
aperture lenses, equipped with a Zeiss Axiocam 506 mono and an
Hitachi HV-F202SCL 3 CCD camera and Zeiss ZEN 2.3 software.
Image analyses were done with Image Pro 10 (Media Cybernetics,
Inc.). After determination of the area of interest (AOI) in target areas
(cortex and hippocampus), the following parameters, such as the
number and the size of immunoreactive objects, were identified in
each AOI.

GFAP Immunoassay. Soluble fractions from the cortex and
hippocampus were prepared for the quantification of total protein
O-GlcNAcylation and astrogliosis (GFAP). In brief, the cortex and
hippocampus from the left hemibrains were micro-dissected and
homogenized in 20 mM Tris−HCl, pH 7.4, 500 mM NaCl, 1% Triton
X-100, 0.2 mM NA3VO4 plus PI, and phosphatase inhibitor cocktail
(Merck Millipore, 524627) and incubated for 30 min on ice. After
centrifugation for 60 min at 15,000g (4 °C), the supernatants (soluble
fractions) were collected and submitted to protein determination
using the bicinchoninic acid protein assay. O-GlcNAcylated protein
was quantified by MSD immunoassays as previously described in the
manuscript. Glial fibrillary acidic protein (GFAP) was quantified in
the soluble fraction from the cortex and hippocampus of Line 61 α-
synuclein transgenic mice using a sandwich MSD immunoassay with a
biotinylated mouse monoclonal anti-GFAP antibody (Synaptic
system, 173211BT) as the capture antibody and a rat monoclonal
anti-GFAP antibody (Invitrogen, 13-0300) as the detection antibody.
Statistical analyses were performed using GraphPad Prism version
8.02 for Windows (GraphPad Software), and data were tested for
normal distribution. One-way ANOVA followed by the Holm−Sidak
post hoc test was used to analyze group differences. Data were
presented as mean +/− SEM.

Detection of O-GlcNAcylated α-Synuclein by Using Chemo-
enzymatic Mass Tagging. Homogenates (10% wt/vol) from Line 61
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α-synuclein transgenic mice treated with vehicle or ASN90 were
prepared by homogenizing half of a cortex in ice-cold buffer
composed of 25 mM Tris (pH 7.5), 150 mM NaCl, 1% Triton X-
100, 20 μM PUGNAc (Tocris), and an EDTA-free protease inhibitor
cocktail (Roche) using a Precellys homogenizer 5000 rpm with two
cycles of 30 s with 1 s pause between the two cycles. The
homogenates were incubated for 30 min in ice before centrifugation at
18,500g, 4 °C for 15 min and the supernatants were processed for
chemoenzymatic mass tagging. Protein of each sample (300 μg) was
precipitated by standard methanol/chloroform extraction and
resuspended in 100 μL of 20 mM HEPES (pH 7.9), 1% SDS.
Protein concentrations were determined by BCA, and the samples
were normalized to 2.5 μg/μL protein in 20 mM HEPES (pH 7.9),
1% SDS. The terminal N-acetyl-β-D-glucosamine (GlcNAc) residues
of glycoproteins present in these samples were labeled with N-azido-
galactose using a Click-IT kit with the GalT1(Y289L) enzyme
according to the manufacturer’s instructions (Thermo Fisher
Scientific, 33368). Sample reactions without the GalT1(Y289L)
enzyme were used as controls. After 20 h of labeling with N-azido-
galactose, 7.5 μL of freshly made iodoacetamide (600 mM) was added
to each sample and incubated for 30 min in the dark under rotation.
The samples were precipitated with methanol/chloroform and
solubilized in 90 μL of 10 mM triethanolamine (pH 7.4) (TEA,
Sigma-Aldrich), 150 mM NaCl, 1% SDS, and 10 μL of 10 mM
DBCO-PEG 5 kDa (Click Chemistry Tools, A118-100) was added for
mass tagging using click chemistry. After boiling for 5 min at 98 °C,
the reactions were precipitated with methanol/chloroform and
resulting pellets were resuspended in 20 μL of 10 mM TEA (pH
7.4), 150 mM NaCl, 1% SDS, and 10 μL of 1.5× Tricine-SDS sample
buffer (NuPage, Novex) containing 200 mM DTT (Sigma-Aldrich)
and boiled for 5 min at 98 °C. Equal volumes of the samples (20 μL)
were separated on 10−20% Tricine gels (NuPage Novex) and
transferred onto nitrocellulose membranes. Ponceau S staining
(loading control; Sigma-Aldrich) was followed by western blot
immunostaining using a mouse monoclonal anti α-synuclein Syn205
at 1:1000 (Cell Signaling Technology, 2644) and IRDye 680-
conjugated goat anti-rabbit secondary antibody at 1:8000 (Li-Cor,
926-68071). The blots were scanned using an Odyssey infrared
imager at 700 nm, and the α-synuclein bands were quantified by
densitometry.
Statistical Analyses. Each value obtained for O-GlcNAcylated

protein, O-tau, total, and phospho-tau MSD immunoassays was
expressed as % vehicle control (mean +/− SEM) and plotted in bar
graph format. To account for variations in human tau expression
between animals, all tau readings (e.g., O-tau and phospho-tau) were
normalized to the total tau signal obtained in S0 (crude homogenate)
of the respective animal. The GraphPad Prism software was used for
statistical analysis. All data were first submitted to a normality test
(Shapiro−Wilk test). Data passing the normality test (Gaussian
distribution) were analyzed by the parametric one-way ANOVA
followed by Dunnett’s post hoc test. Data that were not distributed
according to a Gaussian distribution were analyzed by the non-
parametric Kruskal−Wallis test followed by Dunn’s post hoc test.
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pharmacokinetics and pharmacodynamics studies. The table of
content (TOC) graphic has been created with BioRender.com.
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