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ABSTRACT OF THE DISSERTATION

The Art of Contemporary Drug Discovery:
Developing Novel Small Molecule Therapeutics

For Neurological and Muscular Disorders

Samuel Whitaker Johnson-Cohn
Doctor of Philosophy in Molecular, Cellular and Integrative Physiology
University of California, Los Angeles, 2023

Professor Varghese John, Chair

The integration of basic biological research and contemporary drug discovery and development
strategies stands at the forefront of scientific efforts to develop treatments for innumerable medical
conditions. Advances in genomics, molecular biology, computer science and 'omics' technologies
have enabled a holistic understanding of complex disease mechanisms, facilitating the
identification of novel biomarkers and therapeutic targets. Modern pharmaceutical research tools
have led to a well-established drug discovery workflow that often drives efforts to efficiently
develop safe and effective therapeutics. This approach typically involves the use of high-

throughput screening to identify “hits” that achieve a desired phenotype. This is followed by an



optimization process utilizing in-vitro ADME assays and medicinal chemistry to develop more
selective, potent, and bioavailable compounds. Finally, in-vivo testing in disease-relevant models
allows for proper evaluation of drug efficacy before moving into preclinical or clinical
development. This dissertation focuses on the use of these approaches in the context of drug
discovery programs targeting innovative therapeutic mechanisms such as increasing secreted
clusterin for Alzheimer’s disease, inhibiting microtubule affinity-regulating kinase 4 for vascular
cognitive impairment, enhancing calcium calmodulin II kinase signaling for limb-girdle muscular
dystrophy, and increasing sarcospan for Duchenne muscular dystrophy. Leveraging advanced
scientific tools, the research explores the intricate mechanisms underlying these diseases and
identifies promising new drug candidates and therapeutic approaches that warrant further

investigation as disease treatments.
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PREFACE
The emergence of contemporary drug discovery and development approaches marks a
transformative phase in the field of healthcare. Once reliant on the identification of active elements
within traditional remedies or accidental discoveries such as penicillin, the field has now
undergone a paradigm shift toward more systematic and powerful methodologies (Ref. 1). This
revolution has led to the acceleration of therapeutic innovation, offering new hope for addressing

a myriad of diseases and health conditions.

The importance of basic biological research to the advancement of pharmaceutical identification
and development cannot be understated. Significant advancements in scientific disciplines like
chemistry, biology, and computer science have revolutionized drug discovery by enabling the
exploration of complex disease mechanisms (Ref. 2). Sequencing the human genome has been
pivotal, aiding in identifying genetic variations linked to specific conditions and disease-causing
genes. Advances in molecular biology tools to characterize and manipulate biological systems
have allowed for a deeper understanding of disease-causing mechanisms and possible therapeutic
avenues (Ref. 3). Even more recently, integration of various 'omics' technologies such as
genomics, transcriptomics, proteomics, and metabolomics have allowed for a more intricate and
holistic view of disease etiology (Ref.4). By simultaneously analyzing multiple layers of molecular
information, this comprehensive methodology illuminates complex biochemical interactions
contributing to disease progression, greatly facilitating the identification of novel biomarkers and

therapeutic targets that are the basis for drug discovery programs.



Major developments in pharmaceutical research tools has dramatically improved the success of
drug discovery efforts. This has led to the establishment of a contemporary drug discovery and
development strategy used by pharmaceutical companies (Fig. 1). Firstly, the development of
chemical libraries and high-throughput screening (HTS) has significantly expedited modern drug
discovery by systematically evaluating diverse compounds against specific biological targets,
streamlining selection processes and enhancing efficiency (Fig. 1A) (Ref. 5). This approach
accelerates the identification of potential therapeutic candidates, enhancing the cost-effectiveness
of drug development. Subsequent hit-to-lead optimization refines initial HTS hits into more potent,
selective, and bioavailable lead compounds, guiding their evolution by enhancing desirable
properties and minimizing undesirable attributes (Fig. 1B) (Ref. 6). This may also encompass
experiments to identify drug mechanism of action, which can facilitate rational drug design or be
used to identify superior therapeutic strategies, increasing the likelihood of creating effective
therapeutics (Ref. 7). Finally, in-vivo testing in disease-relevant models is vital as it bridges the
gap between promising in-vitro outcomes and efficacy and safety in higher organisms (Fig. 1C)
(Ref. 8). This testing provides essential insights into pharmacokinetics, pharmacodynamics,
toxicity, metabolism, and physiological impact, aiding researchers in evaluating compounds

within complex biological systems, thereby boosting the chances of successful drug development.



The UCLA Drug Discovery Lab Developmental Strategq

% .. Developing Secreted Clusterin Enhancers For the Treatment of Alzheimer's Disease

A High-Throughput Screening B. Hit-to-Lead C. In-Vivo Testing in Disease
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New Approach to Treat Alzheimer's Disease
+ Reduce Amyloid-B and P-Tau
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Brain Pharmacokinetics (PK) Drug Pharmacodynamics
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Figure 1. Developing secreted clusterin enhancers for Alzheimer’s disease using the iterative
UCLA Drug Discovery Lab developmental strategy. (A) The first step of the drug discovery
process: the high-throughput screening to identify compounds that achieve a desired phenotype.
In this case, increasing sCLU. (B) Subsequent hit-to-lead optimization uses medicinal chemistry
to optimize hits into more potent, selective, and bioavailable lead compounds. (C) Finally, lead

compounds are evaluated in-vivo in disease-relevant models.

This well-established workflow stands at the forefront of scientific efforts to develop therapies for
countless diseases. This dissertation focuses on several drug discovery programs to identify
groundbreaking treatments to several neurological and muscular disorders, including Alzheimer’s
disease, vascular cognitive impairment and dementia, limb girdle muscular dystrophy and
Duchenne muscular dystrophy. Through the lens of advanced scientific tools and methodologies,
we explore the cellular and molecular mechanisms underlying the cause of these diseases and the

intricacies of the drug discovery process, with the ultimate goal of identifying disease modifying

3



therapies that alleviate symptoms and improve patients lives. I am optimistc that the research
described here provides further understanding of the intricate mechanisms involved in the

development and treatment of these diseases.
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Abstract

Alzheimer’s disease (AD) is the most common cause of dementia, yet there is no cure or
diagnostics available prior to the onset of clinical symptoms. Extracellular vesicles (EVs) are lipid
bilayer-delimited particles that are released from almost all types of cell. Genome-wide association
studies have linked multiple AD genetic risk factors to microglia-specific pathways. It is plausible
that microglia-derived EVs may play a role in the progression of AD by contributing to the
dissemination of insoluble pathogenic proteins, such as tau and AB. Despite the potential utility of
EVs as a diagnostic tool, our knowledge of human brain EV subpopulations is limited. Here we
present a method for isolating microglial CD11b-positive small EVs from cryopreserved human
brain tissue, as well as an integrated multiomics analysis of microglial EVs enriched from the
parietal cortex of four late-stage AD (Braak V-VI) and three age-matched normal/low pathology
(NL) cases. This integrated analysis revealed 1,000 proteins, 594 lipids, and 105 miRNAs using
shotgun proteomics, targeted lipidomics, and NanoString nCounter technology, respectively. The
results showed a significant reduction in the abundance of homeostatic microglia markers P2RY 12
and TMEMI119, and increased levels of disease-associated microglia markers FTHI and TREM2,
in CD11b-positive EVs from AD brain compared to NL cases. Tau abundance was significantly
higher in AD brain-derived microglial EVs. These changes were accompanied by the upregulation
of synaptic and neuron-specific proteins in the AD group. Levels of free cholesterol were elevated
in microglial EVs from the AD brain. Lipidomic analysis also revealed a proinflammatory lipid
profile, endolysosomal dysfunction, and a significant AD-associated decrease in levels of
docosahexaenoic acid (DHA)-containing polyunsaturated lipids, suggesting a potential defect in
acyl-chain remodeling. Additionally, four miRNAs associated with immune and cellular

senescence signaling pathways were significantly upregulated in the AD group. Our data suggest



that loss of the homeostatic microglia signature in late AD stages may be accompanied by
endolysosomal impairment and the release of undigested neuronal and myelin debris, including
tau, through extracellular vesicles. We suggest that the analysis of microglia-derived EVs has merit
for identifying novel EV-associated biomarkers and providing a framework for future larger-scale

multiomics studies on patient-derived cell-type-specific EVs.

Introduction

Alzheimer’s disease (AD) is the most common cause of dementia, yet there is no cure or
diagnostics available prior to the onset of clinical symptoms (2021 Alzheimer’s disease facts and
figures, 2021). The main neuropathological hallmarks of AD include the accumulation of amyloid
beta peptide (AP)-containing plaques, hyperphosphorylated tau protein (p-tau)-composed
neurofibrillary tangles, extensive neuroinflammation, synaptic loss, and neuronal cell death
(Serrano-Pozoe et al., 2011). Numerous anti-AD drug candidates have proven to be effective in
AD animal models but subsequently failed in clinical trials (Mehta et al., 2017). These failures can
be attributed to three factors: 1) limited knowledge of the complex cellular and molecular
mechanisms causing disease onset; 2) late initiation of the experimental treatments; and 3)
inadequate monitoring of the treatment effects due to the absence of a biomarker panel that
provides accurate longitudinal information regarding disease progression (Yiannopoulou et al.,

2019).

Small extracellular vesicles (EVs), originating either from the plasma membrane (microvesicles)
or from multivesicular bodies (exosomes), play a role in many of the major pathological and

physiological pathways altered in AD, including AP aggregation (Dinkins et al., 2014; Kokubo, et



al., 2005; Rajendran, et al., 2006; Yuyama, et al., 2014), spread of tau and AP seeds (Asai, et al.,
2015; Bilousova, et al., 2018; Bilousova, et al., 2020; Joshi, et al., 2014; Sardar Sinha, et al., 2018),
neuroinflammation (Pascual et al., 2020), synaptic transmission (An, et al., 2013), cell death
(G. Wang, et al., 2012; Winston, et al., 2019), and senescence (D'Anca, et al., 2019). Interestingly,
the two greatest genetic risk factors for late-onset AD (LOAD), apolipoprotein E (apoE) and
bridging integrator-1(Binl), are involved in EV biogenesis and/or cargo sorting (Crotti, et al.,
2019; Peng, et al., 2019), suggesting direct involvement of EVs in the development AD
pathophysiology. Moreover, the molecular composition of EVs reflects the state and makeup of
their cells of origin, and thus, they may be an invaluable resource for identifying important
biomarkers of the disease. Indeed, brain-derived EVs cross the blood-brain barrier (BBB)
harboring disease-associated molecules such as p-tau and AB. In this context, they provide an
accessible reservoir of biomarkers that might predict the development of AD at the asymptomatic
stage, as well as the conversion from mild cognitive impairment (MCI)/prodromal stage to clinical
AD (Fiandaca, et al., 2015; Goetzl et al., 2016; Goetzl et al., 2018; Hornung et al., 2020; Winston,

et al., 2016).

Genome-wide association studies (GWAS) have identified multiple AD risk loci located in or near
genes preferentially expressed in microglia, suggesting that microglial dysfunction may have a
causative role in disease development (Takatori et al., 2019). Moreover, single-cell and single-
nuclei RNA sequencing analysis (RNA-seq) revealed the presence of disease-associated microglia
(DAM) clusters near AP plaques in both animal models and in the human AD brain (Butovsky and
Weiner, 2018; Del-Aguila, et al., 2019; Mathys, et al., 2019). DAM populations are characterized

by the loss of a homeostatic transcriptional signature, including decreases in purinergic 2Y receptor



12 (P2RY12), P2RY 13, transmembrane protein 119 (TMEM119), CX3C chemokine receptor 1
(CX3CRI1), and others, and activation of genes responsible for either proinflammatory microglia
activation (Stage 1 DAM) or a neurodegeneration restrictive phenotype (Stage 2 DAM).
Upregulation of apoE, ferritin heavy chain-1 (FTH-1), beta-2-microglobulin (B2m), major
histocompatibility complex class I (MHC class 1), and DAP12 are changes associated with the
Stage 1 DAM transcriptome profile, while increases in the triggering receptor expressed on
myeloid cells 2 (TREM 2) and exosomal markers CD63 and CD9 are part of the Stage 2 DAM
program (Deczkowska, et al., 2018; Xue and Du, 2021). Upregulation of exosomal markers
suggests that an increase in exosome production may help to resolve inflammation; on the other
hand, microglial EVs, specifically the neutral sphingomyelinase 2 (nSMase2)-dependent exosomal
population, take part in spreading tau pathology in vitro and in mouse models of tauopathy (Asai,

et al., 2015; Maphis, et al., 2015).

Despite progress identifying cell-specific EVs in body fluids (Fiandaca, et al., 2015; Goetzl et al.,
2016; Goetzl, Mustapic, et al., 2016; Wang, et al., 2012; Willis, et al., 2017), it is important to note
that little is known about the composition of cell-type-specific EV subpopulations isolated from
human brain tissue. Changes in the brain EV proteome in human AD cases and animal models
suggest the enrichment of a neurodegenerative microglial signature in bulk brain EV preparations
(Muraoka, et al., 2020; Muraoka, et al., 2021). Our knowledge of the miRNA transcriptome and
lipidome of AD brain-derived EVs is even more limited (Cheng, et al., 2020; Su, et al., 2021).
Here we specifically focus on human microglia-derived EVs isolated from cryopreserved human

tissue from late AD (Braak V-VI) and normal/low pathology (NL) cases in order to characterize
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their molecular profiles utilizing an integrative approach combining proteomic, transcriptomic

(miRNA), and lipidomic analyses.

Materials and Methods

Purification of Small Microglial EVs From Cryopreserved Human Brain Tissue

Human brain parietal cortex samples were prepared as described (Gylys and Bilousova, 2017)
using tissue from cases with postmortem interval (PMI) less than or equal to 7 h. Briefly, following
harvesting of the human brain from Brodmann area A7, A39, or A40, the tissue was finely minced
(1-3 mm fragments) on ice and suspended in a solution of sucrose and protease inhibitors (0.32 M
sucrose, 2 mM EDTA, 2 mM EGTA, 0.2 mM PMSF, 1 mM NaPP, 5 mM NaF, 10 mM Tris-HCL,
pH 8.0), with 10 ml sucrose buffer/g tissue, and then slowly frozen to —80°C; this protocol is based
on a described method (Dodd, et al., 1986). On the day of EV isolation, the cryopreserved brain
tissue was quickly thawed at 37°C, centrifuged (1,000xg, 2 min, 4°C) to remove cryopreservation
buffer, and weighed. The tissue was gently dissociated using an adult brain dissociation kit and a
GentleMACS dissociator (Miltenyi Biotec) according to the instructions of the manufacturer (0.5 g
of tissue per enzymatic reaction). In a recent study comparing six different enzyme protocols for
cell dissociation from the rodent brain, this kit yielded the highest number of live cells (Hussain,
et al., 2018). After the dissociation step, the cell suspension was passed through a MACS Smart
strainer (70 pum; Miltenyi Biotec). Small EV fractions were purified by sequential centrifugation
steps including sucrose density gradient ultracentrifugation followed by washing steps as described
(Vella, et al., 2017). This protocol for brain EV isolation has been extensively validated in our
previous publications and by others, and enrichment of small EVs in the 0.6 M sucrose layer (F2)

has been demonstrated (Bilousova, et al., 2020; Huang, et al., 2020; Vassileff, et al., 2020; Zhu, et
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al., 2021). Final F2 pellets were resuspended in 25 mM trehalose in PBS, pH 7.4 with a protease
and phosphatase inhibitor cocktail (ThermoFisher); the volume of the resuspension solution was
adjusted based on the original brain tissue weight (1 g of tissue/150 ul solution). Trehalose
prevents EV aggregation and serves as a cryopreservant (Bosch, et al., 2016). Small portions of
the F2 small EV fractions were frozen at —80°C for further characterization (see below), and the
remainder was used for immunoprecipitation (IP) of microglial EVs using antibodies for the
myeloid cell-specific marker CD11b (BioLegend; Clone M1/70) or for control IP reactions with
isotype control rat IgG2b antibodies (BioLegend; Clone RTK4530). Covalent coupling of
antibodies to Dynabeads M-270 epoxy beads was performed with the Dynabead antibody coupling
kit (ThermoFisher; 14311D) according to the instructions of the manufacturer. F2 fractions were
incubated with a human-specific FcR blocking reagent (Milteny biotec) for 5 min on ice (5 pl of
the blocking reagent per 100 ul of F2), followed by 1:20 dilution with 1% bovine serum albumin
(BSA) in PBS, pH 7.4. We used 1.25 mg of antibody-coupled Dynabeads per 2 ml of the 1:20
diluted F2 sample. IP reactions were incubated overnight at 4°C with rotation, followed by 4
consecutive 10-min washes with rotation: the first wash with 0.1% BSA/PBS, the second wash
with 25 mM citrate-phosphate buffer, pH 5 to reduce the amount of nonspecifically bound material
as previously described (Heinzelman et al., 2016), followed by two washes with PBS, pH 7.4.
Dynabeads with bound microglial EVs were aliquoted based on the original tissue weight

(microglial EVs from 1 g of tissue per aliquot) and frozen at -80°C for downstream analysis.

Transmission Electron Microscopy (TEM)
For quality control purposes, small amounts of purified brain-derived EVs were loaded on the

formvar/carbon 400 mesh copper EM grids (Ted Pella, Inc.), incubated for 30 min, then fixed in
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2% paraformaldehyde solution (3 min), followed by washes with distilled water, and staining with
2% uranyl acetate solution (3 min). The grids were dried for at least 1 h at room temperature, and
the negative-stained EVs were imaged on a JEOL 100CX electron microscope at 60 kV and

%29,000 magnification.

Tunable Resistive Pulse Sensing Analysis

Size distribution and concentrations of EV samples were measured by the Tunable Resistive Pulse
Sensing (TRPS) method using the qNano Gold instrument (Izon Science). NP100 nanopore
(particle size range: 50-330 nm) and CPC100 calibration particles were used for the analysis. Data

analysis was performed using the qNano instrument software.

Immunoblotting

Microglial EVs were separated from Dynabeads by incubation in a Tris-Glycine SDS sample
buffer without reducing agents at 95 C for 5 min after which immunoblot analysis was performed
as described above. Proteins from microglial and total small EV fractions were separated by 10—
20% Tris-Glycine SDS-PAGE under reducing (50 mM dithiothreitol) or nonreducing (for
tetraspanins) conditions, transferred to PVDF membrane, and probed with primary antibodies
(Table 1) followed by HRP-conjugated secondary antibodies (Jackson ImmunoResearch).
Chemiluminescent signals were obtained with Super Signal West Femto substrate (Thermo
Scientific Pierce 34095), detected using the BioSpectrum 600 imaging system, and quantified
using the VisionWorks version 6.6A software (UVP; Upland, CA). Data were analyzed by

Student’s t-test.
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Target protein Company Clone name Figure number

CD9 ThermoFisher TS9 16
CD81 ThermoFisher M38 1C
Syntenin-1 Abcam EPR8102 1C
Calnexin Santa Cruz Biotech AF18 1C
GM130 Cell Signaling D6B1 1C
CD63 ThermoFisher TS63 1D
Tau ThermoFisher HT7 1E
CD11b BioLegend M1/70 1E
TREM2 Abcam EPR20243 2D
apoE Abcam E6D7 2D

Table 1. Antibodies used for immunoblot analysis of small EV (F2) fractions and microglial EVs

isolated from human parietal cortex.

Proteomic Analysis

One aliquot of frozen microglial EVs isolated from 1 g of parietal cortex tissue from each case
presented in Table 2 was used for the proteomic analysis. Microglial EV samples were diluted in
lysis buffer [200 uL, 12 mM sodium lauroyl sarcosine, 0.5% sodium deoxycholate, 50 mM
triethylammonium bicarbonate (TEAB)] and Halt™ Protease and Phosphatase Inhibitor Cocktail
(Thermo Scientific, Waltham, MA), and then were treated with tris(2-carboxyethyl) phosphine
(10 mM, 30 min, 60°C), alkylated (chloroacetamide 40 mM, 30 min, 25°C in the dark), and
digested with Sequencing Grade Modified Trypsin (Promega, Madison, WI; 1 ug, 37°C,
overnight). The samples were then desalted on C18 StageTips according to Rappsilber’s protocol
(Rappsilber et al., 2007). The collected eluent was then chemically modified using a TMT10plex
Isobaric Label Reagent Set (Thermo Fisher Scientific) per the protocol of the manufacturer. The
samples were pooled according to the protein content (1 ug of peptide from each sample) and

desalted again according to Rappsilber’s protocol (Rappsilber, et al., 2007). The eluants were
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injected onto a reverse-phase nanobore HPLC column (AcuTech Scientific, C18, 1.8-um particle
size, 360 um x 20 cm, 150 um ID), equilibrated in solvent A, and eluted (300 nl/min) with an
increasing concentration of solvent B (acetonitrile/water/FA, 98/2/0.1, v/v/v: min/% B; 0/0, 5/3,
18/7,74/12, 144/24,153/27, 162/40, 164/80, 174/80, 176/0, 180/0) using a Dionex UltiMate 3,000
RSLCnano System (Thermo Fisher Scientific). The effluent from the column was directed to a
nanospray ionization source connected to an Orbitrap Fusion Lumos Tribrid mass spectrometer
(Thermo Fisher Scientific) acquiring mass spectra utilizing the Synchronous Precursor Selection
(SPS) MS3 method in which isolation and MS3 fragmentation of MS2 fragment ions eliminate
isolation interference and dynamic range compression often observed in isobaric tandem mass tag-

based proteomics experiments.

Case ID Age, years Sex PMI Diagnosis Ap plaque Neurofibrillary degeneration
pathology in stage (Braak)
parietal cortex

NL1 65 F 6 MSA, Striatonigral degeneration 0 |
NL2 100 F 4 Normal (mild Braak changes) 0 I
NL3 91 F 7 Normal, multiple infarctions 0 I
AD1 86 M 6 AD, vascular dementia Severe \Y
AD2 95 F 6 AD, vascular dementia Severe Vi
AD3 95 M 5 AD, LB in SN&LC, CAA Moderate Vv
AD4 88 M 7 AD, diffuse LB Severe Vi

F, female; M, male; AD, Alzheimer disease; CAA, cerebral amyloid angiopathy; MSE, multiple system atrophy; SN, substantia nigra; PMI, postmortem interval; LB, Lewy bodies.

Table 2. Case information for human samples.

For statistical analysis, the raw data were searched against the Uniprot human reviewed protein
database using SEQUEST-HT in Proteome Discoverer (Version 2,4, Thermo Scientific), which
provided measurements of relative abundance of the identified peptides. Decoy database searching
was used to generate high confidence tryptic peptides (FDR < 1%). Tryptic peptides containing
amino acid sequences unique to individual proteins were used to identify and provide relative
quantification between proteins in each sample. Between-group comparisons were analyzed using
the abundance ratio p-value (Student’s t-test). Gene set enrichment gene ontology (GO) and
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pathway analysis was performed by the STRING database (version 11.5), which was used for
functional interpretation of the proteomics data and provided p-values corrected by the FDR

method (Szklarczyk, et al., 2019).

MicroRNA Transcriptomics

Microglial EV samples isolated from 1 g of parietal cortex tissue from each case presented in Table
2 were used for RNA purification with the SerMir Exosome RNA Column Purification Kit
(Systems Bioscience Inc). Purified RNA samples were run on nCounter human microRNA panel
Human v3 miRNA according to the instructions of the manufacturer (NanoString). The panel
contains 800 pairs of probes specific for a predefined set of biologically relevant miRNAs. which
were combined with a series of internal controls to form a Human miRNA Panel CodeSet
(NanoString Technologies). Raw counts for miRNA targets were analyzed using the Nanostring
nCounter Digital Analyzer software according to the instructions of the manufacture. Statistical
analysis of NanoString nCounter data was performed as described (Brumbaugh et al., 2011). Only
miRNAs that were above background in five out of seven samples from two groups (NL and AD)
were selected for the analysis, which resulted in normalized counts and a list of differentially
expressed microRNAs that significantly differ between NL and AD groups. Using the miRNet
software, we then identified top pathways in the Reactome pathway database, which can be
controlled by the miRNAs shown to be significantly altered in the AD group compared to NL by

Student's t-test; p-values were corrected by the FDR method.

Lipidomic Analysis
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We interrogated 34 classes, including free cholesterol (FC), cholesteryl ester (CE), acyl carnitine
(AC), monoacylglycerol (MG), diacylglycerol (DG), triacylglycerol (TG), ceramide (Cer),
sphingomyelin (SM), monohexosylceramide (MhCer), sulfatides (Sulf), lactosylceramide
(LacCer), monosialodihexosylganglioside (GM3), globotriaosylceramide (GB3), phosphatidic
acid (PA), phosphatidylcholine (PC), ether phosphatidylcholine (PCe), phosphatidylethanolamine
(PE), plasmalogen phosphatidylethanolamine (Pep), phosphatidylserine (PS), phosphatidylinositol
(PI),  phosphatidylglycerol (PG),  bis(monoacylglycerol)phosphate (BMP), acyl
phosphatidylglycerol (AcylPG), lysophosphatidylcholine (LPC), ether lysophosphatidylcholine
(LPCe), lysophosphatidylethanolamine (LPE), plasmalogen lysophosphatidylethanolamine
(LPEp),  lysophosphatidylinositol ~ (LPI),  lysophosphatidylserine =~ (LPS),  N-Acyl
phosphatidylethanolamine (NAPE), N-acyl phosphatidylserine (NAPS), and N-acyl serine (NSer),
encompassing 593 individual lipid species. Immuno-isolated microglial EV preparations were
subjected to modified Bligh—Dyer lipid extraction (Bligh and Dyer, 1959), dried, resuspended, and
subjected to liquid-chromatography tandem mass spectrometry (LC-MS/MS) targeted lipidomics
using Agilent 1,260 Infinity HPLC integrated to an Agilent 6490A QQQ mass spectrometer
controlled by Masshunter v 7.0 (Agilent Technologies, Santa Clara, CA) in positive and negative
ion modes as previously described (Chan, et al., 2012; Guan et al., 2007; Hsu et al., 2004).
Quantification of lipid species was accomplished using multiple reaction monitoring (MRM)
transitions (Chan, et al., 2012; Guan, et al., 2007; Hsu, et al., 2004) under both positive and
negative ionization modes in conjunction with referencing of appropriate internal standards: PA
14:0/14:0, PC 14:0/14:0, PE 14:0/14:0, PG 15:0/15:0, P1 17:0/20:4, PS 14:0/14:0, BMP 14:0/14:0,
APG 14:0/14:0, LPC 17:0, LPE 14:0, LP1 13:0, Cer d18:1/17:0, SM d18:1/12:0, dhSM d18:0/12:0,

GalCer d18:1/12:0, GluCer d18:1/12:0, LacCer d18:1/12:0, D7-cholesterol, CE 17:0, MG 17:0,
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4ME 16:0 diether DG, and D5-TG 16:0/18:0/16:0 (Avanti Polar Lipids, Alabaster, AL). Lipid
levels for each sample were calculated by summing the total number of moles of all lipid species
measured by all three LC-MS methodologies and then normalizing that total to mol%. The final
data are presented as mean mol% with error bars showing mean + S.E. Graph-pad Prism was used
to analyze the lipidomics data. For statistical analysis, two-way repeated measures (mixed model)
ANOVA was completed on individual lipid classes among the lipid species using an unweighted
means analysis due to the different n for LN and AD groups. Bonferroni post-test was used to
compare replicate means by row (lipid species) in which microglia NL and microglia AD were

compared.

Results

Microglia-Derived Small EV Isolation and Characterization

Based on a previously described method of brain EV isolation (Vella, et al., 2017), brain tissue
from two late AD cases (Braak V-VI) was used for the development and standardization of the
microglial EV isolation protocol. Sucrose-gradient fractions enriched in EVs were isolated from
cryopreserved tissue after enzymatic digestion and ultracentrifugation. TEM and TRPS analysis
confirmed the abundance of small EVs (below 200 nm in diameter) in Fraction 2 (F2) (Figures
1A, B). This fraction was enriched in exosomal markers CD9, CD81, and syntenin-1 and contained
only trace amounts of negative control markers, such as Golgi complex protein GM130 and
endoplasmic reticulum protein calnexin (CNX) (Thery, et al., 2018) (Figure 1C). The F2 fraction
was further used for the isolation of microglial EVs by immunoprecipitation with antibodies
against the microglia-specific marker CD11b. Immunoblot analysis demonstrated the enrichment

of exosomal markers, CD63 and CD9, and the microglial marker, CD11B, in small EVs
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immunoprecipitated with CDI11b-conjugated Dynabeads when compared to isotype control
antibody-conjugated beads (Figures 1D, E). We also compared the levels of the microglial marker
TMEMI119 between the F2 fraction and the corresponding CD11b-positive microglial fraction
(Figure 1F). The data demonstrate the enrichment of TMEM119 in the IP fraction despite much
higher EV load in the F2 lane as documented by the CD63 signal (Figure 1F). We tested relative
abundances of TMEM119 and another microglial marker P2RY 12 in F2 and CD11b-IP samples
by proteomics. Proteomic analysis revealed the enrichment of microglia-associated proteins in
CD11b-pos EVs when compared to F2 fractions from NL and AD brain tissue. Relative to other
proteins in each sample, two microglia markers, TMEM119 and P2RY 12, were significantly more
abundant in CD11b-purified samples with 6.1- and 16.9-fold increase, respectively (Figure 1G).
Tau was detected in some but not all microglial EV samples by immunoblotting (Figure 1E);
however, AP peptide was not detected (data not shown) either because of low levels or difficulties

relating to AP detection without prior delipidation (Perez-Gonzalez, et al., 2017).
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Figure 1. Small EV fraction characterization and microglial EV purification. (A) Representative

transmission electron microscopy (TEM) image of small EV fraction (F2) isolated from the human
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parietal cortex. (B) Tunable resistive pulse sensing (TRPS) analysis of the F2 fraction isolated
from the human parietal cortex. (C) A representative image of immunoblot analysis of an F2
fraction using antibodies against exosomal markers (CD9, CD81, and syntenin-1) and negative
control markers (GM130 and calnexin, CNX). (D) A representative image of immunoblot analysis
of two immunoprecipitation (IP) samples pull-down either with antibodies against microglial
marker CDI11b or with corresponding isotype control antibodies (rat [gG2b). Membrane was
probed with the exosomal marker CD63. (E) Immunoblotting of CD11b-IP samples and isotype
control samples probed with antibodies against a microglial marker (CD11b), an exosomal marker
(CDY), and tau. (F) Immunoblotting of the F2 fraction isolated from the human parietal cortex and
corresponded CD11b-IP fraction with antibodies against the exosomal marker CD63 and the
microglial marker TMEM119. The sample volume was equal between CD63 and TMEM119
immunoblots. (G) Relative abundances of microglial markers, TMEM119 and P2RY12, in F2 (n
= 6) and CD11b-IP samples (n = 7) as indicated by LC-MS/MS (**p < 0.001; ***p <0.0001).

For the omics analyses, microglial EVs enriched from 1 g of cryopreserved human parietal cortex
tissue from three normal/low pathology cases (NL 1-3) and four late AD cases (AD 1-4) were

used. Demographic information for all the cases is presented in Table 2.

Proteomic Analysis of Microglial EVs

Using Tandem Mass Tag (TMT)-based quantitative proteomics, a total of 1,000 unique proteins
were identified in the microglia-derived small EV samples from the human parietal cortex. Among
these, 985 were detected in both NL and AD groups. Three proteins, fatty acid binding protein 3,
heart type (FABP3), mitochondrial copper transporter Solute Carrier Family 25 Member 3

(SLC25A3), and GTPase Atlastin-3(Alt3), were only detected in the NL samples. Twelve proteins
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were detected only in the AD samples. These included innate immune response proteins toll-like
receptor 8 (TLR8) and CX3C chemokine receptor 1 (CX3CR1), neuron-specific proteins, cell
cycle exit and neuronal differentiation 1 (CENDI1), synaptosomal-associated protein 25 (SNAP25)
and myelin-associated glycoprotein (MAG), and two known regulators of amyloid precursor
protein (APP) metabolism, calpain-2 catalytic subunit (CAPN2) (Mahaman, et al., 2019) and
integral membrane protein 2B (ITM2B/BRI2) (Matsuda et al., 2008) (Figure 2A). A total of 469
proteins were quantified in all analyzed samples, providing relative abundances for each protein.
Differences in protein abundances are illustrated via a volcano plot, which shows that 4 proteins
were significantly downregulated and 23 proteins were significantly upregulated in the AD group
when compared to the NL group (Figure 2B). A heatmap showing differential expression of the
significantly altered proteins across individual samples is presented in Figure 2C. The protein
composition of microglia EVs from AD cases reflects the loss of the homeostatic signature of their
cells of origin, with a significant decrease in the abundance of two main markers of homeostatic
microglia, TMEM119 and P2RY12 (2.8-fold and 1.8-fold, respectively). Abundances of the
phagocytic microglial marker FCGR1A (CD64) and a known TREM?2 ligand, ApoAl, were also
significantly lower in the AD group (Figures 2B, C). There was a significant upregulation of the
Stage 1 DAM (proinflammatory phenotype) marker, ferritin heavy chain-1 (FTHI; 2.7-fold)
(Figures 2B, C). Most proteins with significantly higher abundances in AD cases can be divided
into four groups: 1) neuronal and synapse-enriched proteins: synaptotagmin-2 (SYT-2; 5.5-fold),
synaptotagmin-11 (SYT11; 4.4-fold), Syntaxin-1B (STX1B; 2.5-fold), Thyl membrane
glycoprotein (Thyl; 4.2 -fold), and tau protein (3.5-fold); 2) complement regulators: complement
component 4B (C4B; 2.8-fold) and CD59 (2.6-fold); 3) GTPases: septin-7 (SEPT7; 4.1-fold) and

G-protein complex subunits, guanine nucleotide-binding protein G(I)/G(S)/G(O) subunit gamma-
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7 (GNGT7; 3.8-fold), guanine nucleotide-binding protein G(I1)/G(S)/G(T) subunit beta-2 (GNB2; 2-
fold), guanine nucleotide-binding protein G(i) subunit alpha-1 (GNAI1; 1.7-fold), and guanine
nucleotide-binding protein G(o) subunit alpha (GNAOI1; 1.9-fold); and 4) members of the annexin
family involved in vesicle traffic, aggregation, and membrane fusion: annexins A6 (ANXAG6; 2.6-
fold) and A7 (ANXA7; 4.2-fold) (Lizarbe et al., 2013). We also identified AD-related increases in
toll-like receptor chaperone, heat shock protein 90B1 (HSP90BI; 3.4-fold) (Binder, 2014);,
antioxidant protein, DJ-1, which is coded by a gene causative for autosomal recessive Parkinson’s
disease (PARK?7; 2.6-fold) (Hijioka et al., 2017) and has an emerging role in regulation of immune
responses (Zhang, et al., 2020); neurotrophic insulin-like growth factor 2 (IGF2; 6.2-fold);
contactin associated protein 1 (Caspr-1; 3.9-fold), which reduces AP production (Fan, et al., 2013)
and promotes release of prosurvival secreted amyloid precursor protein (APP) domain sAPPa
(Tang, et al., 2020); calcium-dependent phospholipid-binding protein copine-3 (CPNE3; 1.9-fold);
and D-3-phosphoglycerate dehydrogenase (PHGDH; 3.4-fold), an enzyme essential for the
synthesis of l-serine (Figures 2B, C). Interestingly, brain levels of the PHGDH are decreased in
AD brain samples, and extracellular PHGDH mRNA was recently proposed to be an early
presymptomatic blood marker for Alzheimer’s disease (Yan, et al., 2020). Several proteins with
mostly unknown functions, including small VCP/p97-interacting protein (SVIP; 3.6-fold) and
methyltransferase-like protein 7A (METTL7A; 2.3-fold), were also significantly more abundant

in microglial EVs from the AD brain (Figures 2B, C).
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Figure 2. Proteomic analysis of microglial EVs from normal/low pathology and late-stage AD
cases. (A) Venn diagram representing microglial proteins differentially detected in NL and AD
groups. (B) Volcano plot showing a degree of differential expression of proteins in NL and AD

groups. Vertical red dotted lines separate proteins, which are two or more times less abundant in
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AD (far left segment) and two or more times more abundant in AD (far right segment). Horizontal
red dotted line separates the top part of the plot containing dots representing proteins whose
abundances are significantly different between NL and AD groups (p < 0.05) and the bottom part
(no significant changes). Proteins that are significantly different between AD and NL groups are
color-coded: two or more times more abundant in AD are presented in red, two or more times less
abundant in green. (C) Heat map of proteins significantly up- and downregulated in AD compared
to the NL group across seven evaluated human cases. (D) Immunoblotting of CD11b-1P samples
with antibodies against ApoE and TREM2. Representative images are in the upper section and the
composite data are in the lower section (*p < 0.05). (E) Gene ontology enrichment bioinformatic
analysis of proteins two or more times less abundant in AD compared to NL. (F) Gene ontology
enrichment bioinformatic analysis of proteins two or more times more abundant in AD compared

to NL.

Notably, the abundance of ApoE, a Stage 1 DAM marker, was 1.4 times higher in microglial EVs
from the AD brain when compared to NL, although this difference was not statistically significant.
We subsequently confirmed this result using immunoblotting (Figure 2D), which also revealed an
~40% increase in ApoE levels in the AD group, validating the changes observed in the proteomics
analysis. To our surprise, the mass spectrometric analysis did not detect the microglia marker
TREM2. In contrast, TREM2 was detected in the same samples using immunoblotting, and
average TREM?2 levels were significantly higher in the AD group (Figure 2D). Interestingly,
amyloid-beta precursor protein (APP) was detected in all samples with only one unique peptide

(AA 578-589) that corresponds to a region of AB. The abundance of the APP/AB was 1.9 times

25



higher in the AD group when compared to NL, but this difference was not statistically significant

(data not shown).

The proteomic data set was further analyzed using the STRING database for enrichment gene
ontology (GO) and pathway analysis. Proteins exhibiting a decrease of twofold or greater in the
AD group were enriched in several immune regulation pathways, including acute inflammatory
response, antigen presentation, phagocytosis, complement regulation, TNF production, and Fc-
gamma receptor signaling (Figure 2E). Proteins exhibiting an increase of twofold or greater in the
AD group showed enrichment in the following cellular components: myelin sheath, synaptic, and

endosomal vesicular related proteins (Figure 2F).

miRNA Profiling of Microglial EVs

We identified 105 miRNAs present in 5 or more of the analyzed human cases using the nCounter
miRNA expression panel. Fold changes (AD/NL) and p-values corresponding to each identified
miRNA were illustrated by a volcano plot, which revealed that levels of four miRNA—miR-28-
5p, miR-381-3p, miR-651-5p, and miR-188-5p—were significantly higher in microglial EVs from
AD cases when compared to NL cases (Figure 3A). Functional interpretation of these data was
performed using miRNet (Fan, et al., 2016), which revealed SUMOylation, toll-like receptor
(TLR), Fc epsilon receptor I (FCERI), and senescence pathways to be among those regulated by

the four significantly increased miRNAs (Figure 3B).
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Figure 3. miRNA transcriptomic analysis of microglial EVs from normal/low pathology and late-
stage AD cases. (A) Volcano plot showing a degree of differential expression of miRNAs in NL
and AD groups. Vertical red dotted lines separate miRNA, which are 1.5 or more times less
abundant in AD (far left segment) and 1.5 or more times more abundant in AD (far right segment).
Horizontal red dotted line separates the top section of the plot containing dots representing proteins
whose abundance is significantly different between NL and AD groups (*p < 0.05). MicroRNAs,
which are significantly different between AD and NL groups, are color-coded: 1.5 or more times
more abundant in AD are presented in red, 1.5 or more times less abundant are in green. (B) Gene
ontology enrichment bioinformatic analysis of miRNAs significantly more abundant in AD

compared to NL.

Lipidomics of Microglial EVs

Analysis across all lipid classes without regard to acyl chain composition indicated that only free
cholesterol (FC) was increased in microglia-derived EVs from the AD brain (Figure 4A).
Phospholipids showed acyl chain specific changes in mono- and polyunsaturated species.
Microglia-derived EVs from the AD brain showed a significant deficit in

phosphatidylethanolamine (PE) 38:0 and 38:1 (Figure 4B) and a concurrent loss of the PE
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metabolites—IlysoPE 2:4 and N-acyl phosphatidylethanolamine (NAPE) 16:0/18:0/20:4 (Figures
4C, D). Interestingly, differences in microglia-derived EVs from the AD brain were seen on
phospholipids likely to harbor docosahexaenoic acid (22:6) in the sn-2 position. Specifically,
microglia-derived EVs showed significant deficits in phosphatidic acid (PA) 40:6 (Figure 4E) and
phosphatidylserine (PS) 40:6 (Figure 4F). A trend toward depletion of 40:6 was also detected in
PE (PE 40:6) (Figure 4B) and PEp (PEp40:6) (data not shown). Specific lipid changes observed
in microglial EVs included upregulation of the most abundant lipid species of BMP and
monohexosylceramides (mhCer). The most abundant BMP species BMP 36:2 was enriched in EVs
derived from the AD brain (Figure 4G). Finally, the most abundant mhCer, mhCer d18:1/24:1,

was significantly upregulated in microglial-derived EVs from the AD brain (Figure 4H).
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Figure 4. Lipidomic analysis of microglial EVs from normal/low pathology and late-stage AD
cases. (A) Relative quantification 34 lipid classes and 593 individual lipid species in microglial

EVs. Lipids are quantified as mol% total lipid by normalizing the molar amount of each lipid
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species to the summed total moles of all lipid species in each sample. The inset panels show lower
abundance species on the expanded y-axis. Abbreviations are free cholesterol (FC), cholesteryl
ester (CE), acyl carnitine (AC), monoacylglycerol (MG), diacylglycerol (DG), triacylglycerol
(TG), ceramide (Cer), sphingomyelin (SM), monohexosylceramide (MhCer), sulfatides (Sulf),
lactosylceramide (LacCer), monosialodihexosylganglioside (GM3), globotriaosylceramide
(GB3), phosphatidic acid (PA), phosphatidylcholine (PC), ether phosphatidylcholine (PCe),
phosphatidylethanolamine (PE), plasmalogen phosphatidylethanolamine (Pep),
phosphatidylserine ~ (PS),  phosphatidylinositol ~ (PI),  phosphatidylglycerol  (PQ),
bis(monoacylglycerol)phosphate (BMP), acyl phosphatidylglycerol (AcylPQG),
lysophosphatidylcholine (LPC), ether lysophosphatidylcholine (LPCe),
lysophosphatidylethanolamine (LPE), plasmalogen lysophosphatidylethanolamine (LPEp),
lysophosphatidylinositol (LPI), lysophosphatidylserine (LPS), N-Acyl phosphatidylethanolamine
(NAPE), N-acyl phosphatidylserine (NAPS), and N-acyl serine (NSer). Data are presented as mean
mol% with error bars showing mean + S.E. FC is significantly increased shown in the primary
panel (p < 0.01). (B) PE species were detected using mass spectrometry and are shown using
relative quantification as mol%. PE 38:0 (p < 0.05); PE 38:1 (p < 0.01). (C) Most abundant LPE
[LPE20:4 (p < 0.05)] and (D) NAPE [NAPE 16:0/18:0/20:4 (p < 0.05)] lipid species are shown to
significantly differ between LN- and AD-derived microglia EV. (E) PA40:6 lipid species is
decreased in microglia-derived EV from the AD brain (AD) compared to control (LN) (p <
0.0001), while no other PA species are significantly affected. (F) The most abundant PS species,
PS40:6 species, is decreased in EV derived from the AD brain (AD) compared to control (LN) (p <

0.001) while no other PS species are significantly altered. (G) The most abundant BMP 36:2 (p <
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0.0001) and (H) MhCer d18:1/24:1 (p <0.01) lipid species are increased in AD-derived microglia

EV. All data are presented as mean mol% with error bars showing mean + S.E.

Discussion

We evaluated the changes across the proteome, lipidome, and miRNA transcriptome of small EVs
of microglial origin (positive for myeloid cell marker, CD11B) isolated from the human parietal
cortex of three normal/low pathology (NL) and four late-stage AD cases (Table 2). We found a
significant decrease in the abundance of known homeostatic microglial markers, P2RY12 and
TMEMI119, and a corresponding increase in DAM markers, FTH1 (Stage 1 DAM) and TREM2
(Stages 1 and 2 DAM), in microglial EVs from the AD brain when compared to NL. However, a
homeostatic microglia marker, Cx3CR1, was detected in AD, but not in the NL group, and a
classical Stage 1 DAM marker, ApoE, was only marginally increased in AD (Figures 2A-D,).
Overall, these changes better recapitulate the overall brain cell transcriptional signatures of DAM
from mouse AD models (Deczkowska, et al., 2018), which were not reproduced in a recent human
RNAseq study (Srinivasan, et al., 2020). A possible explanation for the discrepancy can be
disproportional enrichment of DAM-derived EVs in the microglial secretome from the AD tissue.
The burdens of cortical dense-core plaques in AD mouse models (Tg2576, APPsw.PSIAE9, and
5SXFAD) greatly exceed the cortical plaque burdens in human AD cases (P. Liu, et al., 2017). As a
result, the proportion of DAM cells surrounding dense-core plaques (Keren-Shaul, et al., 2017)
may be higher in the mouse models when compared with the human disease, and a DAM-specific
transcriptomic signature may be easier to detect. It has been recently demonstrated that small EV
secretion is highly upregulated in mouse DAM cells (Clayton, et al., 2021). Moreover, mouse and

human DAM display a transcriptional signature characteristic of senescent cells (Hu, et al., 2021),
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which are known to secrete vast numbers of EVs as a part of the senescence-associated secretory
phenotype (SASP). In agreement with this, our miRNA transcriptome data revealed senescence as
one of the top pathways controlled by four miRNAs identified to be significantly upregulated in
AD microglial EVs (Figure 3B). Thus, it is possible that analysis of human microglial EVs may
more specifically address changes in the AB-plaque-associated DAM population when compared

to cell RNAseq analysis.

Microglial EVs either contain low levels of tau protein or a composition of tau species that cannot
be easily detected by immunoblotting analysis. Yet, tau was detected in all samples by mass
spectrometry, and tau abundance was significantly higher in AD when compared to NL samples
(Figures 2B, C). These data confirmed a potential role of microglia-derived EVs in the spread of
tau pathology in the human AD brain, as it was previously described in vitro and in mouse
tauopathy and AD models (Asai, et al., 2015; Clayton, et al., 2021; Maphis, et al., 2015). The
specific microglial EV-associated tau species and their proteopathic seeding potential still need to

be defined.

In addition to the increase in abundance of tau protein in AD brain-derived microglial EVs, we
found that levels of neuron-specific and synapse-enriched proteins were either exclusively detected
(CEND1 and SNAP25) or significantly upregulated (SYT-1, SYT-11, STX1B, and Thyl) in the
AD group (Figures 2A, B). Myelin-specific protein MAG was only found in microglial EVs from
AD, but not in NL samples (Figure 2A). Moreover, myelin sheath was the cellular component
most enriched in proteins that were increased twofold or greater in the AD group (Figure 2F).

Increases in synaptic protein VGlutl in microglial cells from the 5SXFAD mouse model and in
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TDP43-depleated microglia with a hyperphagocytic phenotype have been described (Brioschi, et
al., 2020), so it is likely that synaptic and myelin-specific proteins have been phagocytosed prior
to entering microglial exosomes. In this regard, elevated levels of complement protein, C4, in
microglial EVs from AD cases (Figure 2B) may suggest that the process of complement-
dependent engulfment of synapses by microglia may be involved (Thion and Garel, 2018; Yilmaz,
etal., 2021). On the other hand, C4-coated EV's may play a role as scavengers and thus may protect
cells from complement attack (Karasu et al., 2018). Interestingly, we also observed an increase in
membrane attack complex (MAC)-inhibitory protein, CD59, which is known to negatively

regulate complement-mediated phagocytosis (Schartz and Tenner, 2020; Tenner, 2020).

Our lipidomic analysis revealed an increase in cholesterol in AD microglial EVs (Figure 4A),
which is consistent with the phagocytosis of neuronal debris by microglial cells. Cholesterol
metabolism has also been associated with immune activation (Deczkowska, et al., 2018; Orre, et
al., 2014; Simon, 2014; Spann and Glass, 2013; Wong, et al., 2020). A recent study reported
cholesteryl ester accumulation in TREM2-deficient microglia that fails to mount an immune
response (Nugent, et al., 2020). However, we did not find significant changes in CE species levels

in microglia-derived EVs in the AD cases reported here.

We also found a significant increase in the major bis(monoacylglycerol)phosphate (BMP) and
monohexosylceramide (MhCer) lipid species (Figures 4G,H). An increase of this species of BMP,
a lysosome-specific lipid, suggests increased lysosomal lipid content in AD microglia (Showalter,
et al., 2020). Elevated levels of MhCer may play a role in microglial activation and immune

response (Brennan, et al., 2017; Miltenberger-Miltenyi, et al., 2020; Niimura et al., 2010), as well
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as be a precursor of more complex gangliosides (Merrill, 2011). Interestingly, enrichment of BMP
and MhCer in EVs has been previously linked to the impairment of endolysosomal function
induced by Vsp34 kinase inhibition, which causes phosphatidylinositol-3-phosphate (PI3P)
deficiency (Miranda, et al., 2018). Thus, endolysosomal impairment can explain the elevated levels
of neuronal and myelin molecules in microglial EVs from the AD brain and potentially lead to the

disruption of microglial pathways as suggested by the bioinformatic analysis in Figure 2E.

We observed that a reduction in phospholipids is likely to harbor docosahexaenoic acid (DHA,
22:6) in the sn-2 position in microglial EVs from the AD brain. One likely acyl chain configuration
for PS40:6 and PA40:6 is sn-1 18:0, sn-2 22:6. These data echo the previously described DHA
decrease in the bulk preparations of human AD brain EVs and global AD-related brain DHA
deficiency, which has a proinflammatory effect and may also disrupt AP clearance (H. Su, et al.,
2021). The selective loss of DHA among PA and PS (Figures 4E, F) as well as the trend in PE
(Figure 2B) suggests the overactivation of DHA-selective phospholipase A 2 (PLA2) and a deficit
in acyl chain remodeling (Abdullah, et al.,, 2017; Calon, et al.,, 2004; Fernandez, et al.,

2018; Fernandez, et al., 2021; Fonteh, et al., 2013; Granger, et al., 2019).

The loss of LPE20:4 in EVs derived from AD microglia (Figure 4C) may represent exhaustion of
acyl chain remodeling of PE. Since 20:4 is cleaved from PE20:4 to liberate the free fatty acid,
arachidonate, it may represent loss of this proinflammatory fatty acid due to overactivation of
PLA2, which has previously been reported in AD (Sanchez-Mejia, et al., 2008; Wang, et al., 2021).
Interestingly, NAPE is an important precursor to endocannabinoid synthesis, which is dysregulated

in AD (Bisogno and Di Marzo, 2008; Fonteh, et al., 2013; Liu, et al., 2006). Even though previous
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studies have reported global loss of PE and plasmalogen, our analyses show only a trend for PE
depletion and no loss in plasmalogen from AD brain microglia-derived EVs (Han et al., 2001; Han

et al., 2002).

We did not find AD-associated changes in key modulators of immune responses—miR-146a-5p,
miR-155-5p, and miR-124-3p (Su et al., 2016); miR-124-3p was not detected in our samples, while
miR-146a-5p and miR-155-5p levels were above background but did not show any significant
differences between NL and AD groups (data not shown). Two out of four miRNAs upregulated
in the AD group, miR-188-5p and miR-381-3p (Figure 3A), are known to have neuroprotective
effects. MiR-188-5p restores synaptic and cognitive deficits in SXFAD mice (Lee, et al., 2016),
and miR-381-3p promotes the recovery of spinal cord injury in rats (Chen et al., 2018). In addition
to a neuroprotective miRNA signature, proteomics revealed increases in the abundance of IGF2,
ITM2B and CASPR-1, and DJ-1 in microglial EVs from AD cases (Figures 2A—B). Neurotrophic
factor IGF2 was shown to reduce AP amyloidosis, reverse synaptic deficits, and improve memory
in AD animal models (Mellott et al., 2014; Pascual-Lucas, et al., 2014). ITM2B and CASPR-1 are
known to regulate APP metabolism and suppress A production (Fan, et al., 2013; Matsuda, et al.,
2008; Tang, et al., 2020), and DJ-1 is an important antioxidant with newly discovered immune
regulation functions (Zhang, et al., 2020). The presence of both neuroprotective and pathology-
related miRNA and proteins in AD cases, a seemingly contradictory result, may represent both a
consequence of, and a response to, disease pathogenesis. It is interesting to surmise that the
response and consequence may be present as the cargo in different EV subpopulations, either
derived from the same cells or from microglia at different stages of activation. Further evaluation

of EV subpopulations and the molecular mechanisms dictating their release may provide a new
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avenue for AD therapeutic development with the aim to suppress subpopulations containing

pathogenic cargo, while promoting the release of neuroprotective EVs.

In conclusion, our data suggest that loss of a homeostatic signature and the deterioration of
functional microglia in late AD stages may accompany endolysosomal impairment and the release
of undigested neuronal and myelin debris, including tau, through extracellular vesicles. We also
found a significant AD-associated decrease in levels of DHA-containing polyunsaturated lipids of
different classes, which may be associated with global DHA deficiency in AD and indicate a
potential defect in the acyl-chain remodeling by PLA2 and lysophospholipid acyltransferases. On
the other hand, the AD-specific microglial EV signature also includes increases in some miRNAs
and proteins with neuroprotective properties. It is currently unknown if those “harmful” vs.
“protective” molecular signatures represent different subpopulations of microglial EVs. Results
from our study support the hypothesis that the molecular composition of EVs reflects functional
changes in microglia consistent with a diseased state. To the best of our knowledge, this is the first
study analyzing proteins, lipids, and miRNAs in cell-type specific EVs from human brain tissue.
The main limitation of the study is the small number of cases, and our results require further
validation in larger cohorts, and when possible inclusion of samples from earlier disease stages.
Despite these limitations, this proof-of-concept study clearly demonstrates the feasibility of using
multiple omics analyses on small microglial EVs isolated from cryopreserved human brain tissue.
Our results exemplify the superiority of an integrative approach when compared to individual
proteomics, lipidomics, or microRNA analyses, and suggest that new AD biomarkers may arise

from all three different classes of biomolecules.
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Abstract

Fatigue and other deleterious mood alterations resulting from prolonged efforts such as a long
work shift can lead to a decrease in vigilance and cognitive performance, increasing the likelihood
of errors during the execution of attention-demanding activities such as piloting an aircraft or
performing medical procedures. Thus, a method to rapidly and objectively assess the risk for such
cognitive fatigue would be of value. The objective of the study was the identification in saliva-
borne exosomes of molecular signals associated with changes in mood and fatigue that may
increase the risk of reduced cognitive performance. Using integrated multiomics analysis of
exosomes from the saliva of medical residents before and after a 12 h work shift, we observed
changes in the abundances of several proteins and miRNAs that were associated with various mood
states, and specifically fatigue, as determined by a Profile of Mood States questionnaire. The
findings herein point to a promising protein biomarker, phosphoglycerate kinase 1 (PGK1), that
was associated with fatigue and displayed changes in abundance in saliva, and we suggest a
possible biological mechanism whereby the expression of the PGK1 gene is regulated by miR3185
in response to fatigue. Overall, these data suggest that multiomics analysis of salivary exosomes
has merit for identifying novel biomarkers associated with changes in mood states and fatigue. The
promising biomarker protein presents an opportunity for the development of a rapid saliva-based

test for the assessment of these changes.

Keywords: fatigue; cognitive impairment; exosomes; biomarkers; saliva; multiomics; proteomics;

microRNA
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1. Introduction

The onset of fatigue confers an increased risk of impaired cognitive performance, resulting in what
is referred to as cognitive fatigue (CF) [1,2]. This is characterized by an inability to maintain
optimal performance during prolonged cognitive effort [3]; it can manifest after long-duration
cognitive activity, sleep deprivation [4], or excessive exercise [5]. CF is of particular concern for
those involved in attention-demanding occupations such as surgeons performing extended
operations and pilots navigating long flights and may result in catastrophic accidents. Typically,
the extent of fatigue and thus the risk of CF is determined by self-reported assessments, which are
subjective and unreliable. Thus, a method for objectively assessing physiological alterations that
are associated with an increased risk of CF would be of value, and the identification of biomarkers
associated with fatigue has the potential to be the first step in the development of rapid tests to

determine the risk of CF.

Fatigue-associated changes may be due, in part, to biochemical changes in cellular signaling
processes and observed in the molecular composition of saliva. While saliva is obtained easily and
noninvasively in sufficient quantities for analyses, the ability to identify fatigue biomarkers is
hindered by the complexity and concentration dynamic range of the salivary proteome and
transcriptome. Here, we have attempted to overcome this challenge by assessing biomarkers in

exosomes, a subset of extracellular vesicles (EVs), in saliva.

Exosomes are 50—-100 nm diameter [6] particles of endosomal origin that occur in body fluids and
the extracellular space of tissues. They are comprised of a lipid bilayer that carries cargo in their

interior and is attached to their surface. Like other exosomes, the surface of salivary exosomes is
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enriched in tetraspanin marker proteins CD9, CD63, and CDS81 [7,8], important for the
organization of membrane domains. Exosomes also contain tumor susceptibility gene 101
(Tsgl01) and ALG-2-interacting protein X (ALIX) that are part of the Endosomal Sorting
Complexes Required for Transport (ESCRT) machinery involved in intracellular vesicle formation

and sorting of cargo [6].

In a process still being elucidated, during the formation, exosomes are loaded with cytoplasmic
proteins, nucleic acids, including microRNAs, and membrane constituents that reflect the
biochemistry and status of the parent cell at the time of the exosome biogenesis [9]. Exosomes are
released from all cell types, including neurons, and can act as intercellular signal carriers. Sleep
deprivation is associated with a decline in cognitive function and alterations in levels of
intracellular proteins and nucleic acids [10,11], as well as circulating signaling molecules [12].
Thus, exosomes derived from individuals experiencing sleep deprivation may carry molecular
signals reflective of changes in the physiology of the central nervous system (CNS) associated

with the onset of fatigue-associated cognitive impairment [13].

We hypothesize that the potential for salivary exosomes to reflect changes in cognitive function is
due to the presence of anatomical connections from the CNS, specifically innervation of Cranial
Nerves VII and IX from the superior and inferior salivary nuclei to the oral cavity and the parotid
and submandibular glands [14], or directly from the blood through the oral cavity vasculature. The
hypothesis that salivary exosomes carry signals that influence and are indicative of the changes in
brain function is supported by reports on salivary exosome proteins changing with HIV-associated

cognitive deficits, in traumatic brain injury concussion-related cognitive fatigue, and in
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monozygotic twins discordant for chronic fatigue syndrome [15,16,17]. Further, proteins such as
beta-amyloid [18] and tau [19], implicated in the impaired cognitive function associated with
Alzheimer’s disease, change in abundance in the total saliva protein pool and are present in
bloodborne brain-derived EVs [20]. These findings make it reasonable to postulate that other
proteins and biomarkers related to cognitive function may be contained in salivary exosomes.

Autonomic nervous system alterations also play a role in the manifestation of fatigue [21] and
saliva production [22]; therefore, it is also likely that exosomes released by neurons of the

autonomic nervous system are present in salivary exosomes.

To test our hypothesis that exosomes originating from neuronal cells are present in saliva and carry
biomarkers reflecting physiological states of fatigue, saliva from medical and dental resident
participants was collected before and after a 12 h work shift. Participants were asked to complete
a modified Profile of Mood States (PoMS) questionnaire both before and after their work shift,
and the changes in subscale scores for self-assessed mood states such as fatigue were used to
generate Total Mood Disturbance (TMD) scores. The POMS method of assessment was chosen
because, in Fogt et al. [2], increased fatigue, as reflected by the PoOMS score, was directly correlated
with decreased cognitive performance as determined by the Stroop Color-Word Conflict Test.

Exosomes isolated from the collected saliva were subjected to multiomics analyses, including
quantitative proteomics and miR-omics, to identify proteins and microRNAs associated with

changes in TMD scores.

2. Results

PoMS Analysis and Assignment to Study Groups
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Participant answers on the POMS questionnaire were used to calculate pre- and post-work shift
TMD scores. Each of the mood state subscales—TA, DD, AH, FI, CB, and VA (Figure 1A)—
contributed to the TMD score (Figure 1B, Supplementary Table S1, Supplementary Figure
S1), with only the VA being subtracted from the total of the others because increased vigor and
activity are associated with an improved, rather than worsening, mood. Therefore, an increase in
TMD indicated a decline in mood states post shift. Significantly increased scores were observed
for CB and FI and a decreased score for VA (Supplementary Table S1, Figure 1A). The TMD
score also significantly increased from pre-shift (53.07 + 20.21) to post shift (65.99 + 24.83) (p <
0.05), indicating that the mood of most participants worsened during the shift (Figure 1B). Not all
participants recorded a positive TMD. A decrease in TMD score was observed for 12 of the 36
(33%) participants, indicative of no change or an elevated mood post shift (Figure 1C). As
described in Methods Section, the TMD score was subsequently used to segregate saliva samples

into three groups: Test, Discovery, and Validation (Figure 1C).
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Figure 1. Difference in Total Mood Disturbance (TMD) as assessed by the Profile of Mood States
(PoMS) allows separation into Discovery, Validation, and Test groups. (A) The PoMS scores for
anger—hostility (AH), confusion—bewilderment (CB), depression—dejection (DD), fatigue—inertia
(FI), tension—anxiety (TA), and vigor—activity (VA) are shown pre- and post-work shift. CB * p =
0.003, FI * p=0.0393, and VA * p = 0.0047. (B) The combined TMD score for all participants’
pre- and post-work shifts is shown; * p = 0.0200. (C) The number of participants sorted into each
group (x-axis), and the difference between pre- and post-work shift TMD (y-axis) is shown. The 6
participants with the greatest decrease in TMD score are in the Test group (blue), the 20
participants with the greatest increase in the Discovery group (green), and 10 intermediate
participants in the Validation group (orange). (D) The number of participants sorted into each

group (x-axis), and the difference between pre- and post-work shift FI (y-axis) is shown.

The purpose of the Test group was to establish the validity of analytical methods and testing of
potential biomarker candidates using six participants with a negative TMD difference whose saliva
would not be predicted to harbor biomarkers associated with deteriorating mood. The Discovery
group focused on participants with self-reported increased fatigue (Figure 1D) and a decline in
mood and consisted of the 20 individuals with the largest increase in TMD. The Discovery group
would also be expected to exhibit physiological changes associated with fatigue and an increased
risk for CF. The Validation group included participants with only slightly positive and negative
changes in TMD and FI, whose saliva samples underwent proteomics and qPCR analysis. A
narrower group of proteins and miRNAs identified from the larger Discovery group analysis were

measured in the Validation group, and any correlations to POMS subscales were determined.
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3. Multiomics Analysis of Test Group Salivary Exosomes

3.1. Quantitative Global Proteomics on Salivary Exosomes

Bottom-up proteomics analysis identified a total of 118 unique proteins in exosomes enriched from
the saliva of Test group participants. Reporter ion-based quantification of proteins using Tandem
Mass Tags (TMT) revealed quantifiable differences in the abundance of 98 proteins extracted from
the salivary exosomes of residents before and after 12 h work shifts (Figure 2A). While changes
in the abundance of only two proteins, BPI fold-containing family A member 2 (BPIFA2; fold
change = 1.91, p = 0.02) and small proline-rich protein 3 (SPRR3; fold change = —2.58, p = 0.05)
were statistically significant, many other proteins showed trends and were close to reaching
significance (p < 0.05; Supplementary Table S2). GO classifications revealed an abundance of
exosome-associated proteins (Supplementary Table S3), including four altered membrane-bound

proteins (Supplementary Table S2).
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Figure 2. Multiomics analysis reveals quantifiable differences in protein and miRNA abundances
in the Test group pan- and neuron-derived exosomes. (A) Differences in the abundances of proteins
present in the salivary exosomes of Test group participants pre- and post-work shifts are illustrated
via a volcano plot. The logio (abundance ratio: post-work/pre-work) is plotted against
—logio (p value). (B) A Venn diagram shows the overlap of proteins found in exosomes isolated
with pan-exosomal or neuron-selective exosomal markers for a single participant. (C) The protein
fold change for the single Test group participant is shown when using global proteomics on
exosomes isolated by a pan-exosome set of antibodies (Global MS (exosome abs: CD9, CD63,
CD81); blue bars) or targeted MS on four corresponding to the four proteins
(STVSSLLQK/BPIFA2, SQVVAGTNYFIK/CSTB, TVTINCPFK/PIGR, LDIDSPPITAR/PKM)
present in exosomes isolated using an antibody to a neuron-specific exosome marker (Targeted
MS (neuronal ab: CD171); orange bars). (D) Differences in the abundances of miRNAs present in
the salivary exosomes of participants pre- and post-work shift are illustrated via a volcano plot.
The logio (abundance ratio: post-work/pre-work) is plotted against —logio (p-value). (E) Fold
change of miR-519d and miR-1296 as measured using the NanoString platform (y-axis) shows a
moderate and strong positive correlation (miR-519d R? = 0.50, r (5) = 0.70, p = 0.01881; miR-

1296 R?=0.95, 1 (5) = 0.97, p = 0.0062) with fold change as measured by qPCR (x-axis).

3.2. Verification of Protein Measurements in Neuron-Derived Exosomes by Targeted MS

In the single Test group of participants from which neuron-derived exosomes were isolated, as
many as 50 of the proteins identified from the immunoprecipitation using exosomal cell surface
markers CD9, CD63, CD81 (Supplementary Table S2) were subsequently also identified using

targeted MS for neuron-derived exosomes after isolation of salivary exosomes using neuron cell

63



surface marker (CD171) (Figure 2B, Supplementary Table S4). The targeted MS was performed
for proteins with abundant peptides that contained no post-translational modifications. Four
proteins—BPIFA2, CSTB, PIGR, and PKM—in neuron-derived exosomes correlated well with
global proteomics used for exosomes isolated using pan-exosomal markers, but the protein fold

change observed in the targeted MS was higher compared with global proteomics (Figure 2C).

3.3. MicroRNA Analysis Using NanoString

The NanoString platform was used to determine the abundance of a panel of 800 biologically
relevant miRNAs. While not all the miRNA species were quantifiable above background in
salivary exosomes, the analysis revealed 22 miRNAs to be significantly changed between pre- and
post-work shifts (absolute fold change > 1.2, p < 0.05) (Figure 2D, Supplementary Table
S5). Several of the significantly altered miRNA were found to target genes encoding proteins that
were also determined to change in abundance between pre- and post-work shifts (Supplementary
Table S2). An inverse relationship between some identified miRNAs and their associated protein

was observed.

3.4. Verification of miRNA Measurements Using gPCR

NanoString abundance measurements were validated for two select miRNAs (miR1296-3p and
miR519d-3p) using qPCR. Values of % change between pre- and post-work shift for the miRNAs
in the 6 Test group participants show that measurements made using the NanoString platform were
qualitatively verified by qPCR (Figure 2E). This result provided the reassurance of the reliability
of NanoString miRNA abundance measurements needed for subsequent analysis of the Discovery

group saliva samples. The raw qPCR results are presented in Supplementary Table S6.
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4. Biomarker Identification in Discovery Group Saliva

Identification of Additional Significantly Altered Protein and miRNA

Quantitative, bottom-up proteomics analyses on the salivary exosomes from the larger Discovery
group (n = 20) resulted in the identification of an increased number of proteins when compared
with the Test group. Among the 309 proteins quantified (Supplementary Table S7), the
abundance of 7 of these was determined to be significantly altered between pre- and post- work
shifts (absolute fold change > 1.2 with a p value <0.05), and 7 additional proteins displayed trends
that were close to reaching statistical significance (Figure 3A). All of the proteins that exhibited a
difference in absolute fold change > 1.2 with a p value < 0.1 and their associated miRNA are

displayed in Table 1.
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Figure 3. Interconnected protein and miRNA networks regulate molecular pathways associated
with increased TMD score in the Discovery group. (A) Differences in the abundances of proteins
and miRNAs present in the salivary exosomes of Discovery group participants (n = 20) pre- and
post-work shift are illustrated via volcano plot; significant differences are points to the right of the
vertical line marked p = 0.05. The logio (abundance ratio: post-work/pre-work) is plotted against
the —logio (p-value). (B) The mean fold change of three significantly altered miRNA (miR-3185,
miR-642-5p, miR-134-3p) is shown to inversely relate to the abundances of proteins encoded by
one of their target genes (PGK1, PIGR, YWHAZ). (C) Gene set enrichment analysis of upregulated
and downregulated proteins using Enrichr [23] shows enrichment of KEGG database [24]
molecular pathways after a 12 h work shift. Results are ranked according to p value. (D) Functional
protein association network analysis using STRING [25] shows that associated and interacting

protein networks are differentially regulated after a 12 h work shift.

Gene Protein Fold Change: Protein p-Value: miRNA Fold Change: miRNA p-Value:
Protein Description miRNA
Symbol Post-/Pre-Work Post-/Pre-Work Post-/Pre-Work Post-/Pre-Work
LEG1 Liver-enriched gene 1 protein 446 0.079
AMY1A Alpha-amylase 1 "¢ 1.85 0.002
BPI fold-containing family A
BPIFA2 1.64 0.006
member
CA6 Carbonic anhydrase 6 * 15 0.083
hsa-miR-
PGK1 Phosphoglycerate kinase 1 134 0.08 3185 0.79 0.016
DPP4 Dipeptidyl peptidase 4 1.24 0.03
SBSN Suprabasin -1.23 0.06
Polymeric immunoglobulin hsa-miR-
PIGR -1.28 0.063 19 0.04
receptor ™" 642a-5p
CSTB Cystatin-B ™ -1.34 0.057
SPRR3 Small proline-rich protein 3 -1.49 0.01
Cellular retinoic acid-binding
CRABP2 -1.49 0.098
protein 2
FABPS Fatty acid-binding protein 5 -1.72 0.004
hsa-miR-134-
YWHAZ 14-3-3 protein zeta/delta ™* -222 0.036 3 15 0.058
P
Deleted in malignant brain
DMBT1 -2.63 0.027

tumors 1 "¢

™ = Membrane Protein; ® = Experimentally identified using neuron-specific marker (CD171); € = Relevant in Chronic Fatigue Syndrome.
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Table 1. Identification of differentially abundant proteins and miRNA in salivary exosomes in the

Discovery group. The protein—-miRNA pairs are listed in the same row.

NanoString miRNA analysis showed that 22 miRNAs significantly changed between pre- and
post-work shifts (absolute fold change > 1.2, p < 0.05, Supplementary Table S8, Figure 3A). In
addition, 69 miRNAs changed in correlation with changes in either the PoMS TMD (32 miRNAs)
or FI (37 miRNAs) subscale (Supplementary Tables S9, S10). As in the Test group, the abundance
of several miRNAs, miR-3185, miR-642-5p, and miR-134-3p, was found to inversely correlate
with the protein encoded by one of their target genes (Figure 3B, Table 1). This relationship
highlights three potential proteins (Phosphoglycerate Kinase, gene PGKI; Polymeric
Immunoglobulin Receptor, gene PIGR; and Tryptophan 5-Monooxygenase Activation Protein
Zeta, gene YWHAZ) and miRNA (miR-3185, miR-642a-5p, miR-134-3p) biomarkers to be
quantified in Validation group saliva. One of these miRNAs, miR-642a-5p, weakly correlated with
changes in the PoMS FI subscale (Supplementary Figure S2). Additional bioinformatic
approaches, including gene set enrichment, GO classification and pathway analysis (Figure 3C),
and functional protein network analysis (Figure 3D), were utilized to elucidate the potential
biological roles of the identified proteins in increased TMD score. In addition, correlations of
NanoString and qPCR analyses were determined for miR642a, miR3185, and miR3185
(Supplementary Figure S3). Of the six proteins that were increased and the eight proteins that
were decreased in the Discovery group (Table 1), three are encoded by genes that could be a target
of three of the miRNAs that changed in abundance in the opposite direction to that of the protein

(as expected for the normal downregulation of gene expression by a miRNA).
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5. Confirmation of Biomarkers and Fold Change in Validation Group Salivary Exosomes
5.1. Validation of Protein Biomarkers

Proteomic analysis of salivary exosomes from Validation group participants confirmed the
presence of 12 of the 14 candidate biomarkers identified in the Discovery group (Table 1, Figure
4A). As observed in the Discovery group, the mean fold change in the abundances of five proteins
CSTB, DDP4, FABPS, PIGR, and Y WAZ maintained an inverse relationship with changes in TMD
score. We note, however, that none of these changes were statistically significant (p < 0.05). The
abundance of six proteins identified in the Validation group (DPP4, BPIFA2, CA6, AMYI1A,
LEGI1, and DMBT1) did not correlate with changes in TMD or FI score but exhibited mean fold
changes similar to what was observed in the Discovery group. One protein, PGK1, identified in
the Discovery group was also identified in the Validation group, and its fold change showed a

positive but weak correlation with changes in FI score (Figure 4B).
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Figure 4. Proteins and miRNA identified in the Validation group are associated with Total Mood
Disturbance (TMD), Fatigue—Inertia (FI), and Work, and (A) 12 of the 14 proteins identified as
significantly altered in the Discovery group were also identified in the Validation group. The
abundance of one protein (PGK1) corelates with FI (red circle), and those of the five proteins
(DPP4, PIGR, CSTB, FABPS5, and YWHAZ) are associated with TMD (green circle). Of the
remaining six proteins, two (AMY 1A and DMBT1) were altered significantly (p < 0.05) aftera 12
h work shift (blue circle), while the remaining four (BPIFA2, CA6, SPRR3, and LEG1) were not

altered. (B) PGK1 fold change (y-axis) shows a weak positive correlation (R? = 0.50, r (10) =
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0.70, p = 0.0242) and (C) miR3185 fold change (y-axis) shows a weak negative correlation (R? =
0.53, r (10) = —0.73, p = 0.0165) with FI difference in Validation group participants after a work

shift.

5.2. Validation of miRNA Biomarkers

The Validation Group samples were assessed for a total of 13 miRNAs using qPCR. These
miRNAs were chosen based on the Discovery group. NanoString results which showed either large
or highly significant changes in their levels with either pre-shift/post shift or change with PoMS
subscales TMD or FI (Supplementary Tables S9, S10), specifically 13 miRNAs, were miR3185,
miR28, miR1296, miR182, miR614, miR4536, miR140, miR1257, miR518e, miR105, miR126,
miR642a, and miR134. The abundance of one miRNA in the validation group—miR3185—was

found to moderately correlate with PoMS FI subscale score differences (Figure 4C).

5.3. PGK1 Protein and miR3185 in Saliva as Potential Biomarkers of Fatigue

In the Test group participants’ salivary exosomes (with a lower rather than increased TMD score
post shift), the fold change in PGK1 was negative, and in the Discovery group, with participants
who recorded increased TMD and FI scores, it was positive (Figure SA). In 15 of 30 participants
in either the Discovery or Validation groups, wherein PGK1 was identified, there was an inverse

correlation with miR3185 in both positive and negative abundance ratios (Figure 5B).
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Figure 5. PGK1 levels in Test and Discovery groups, and correlation of PGK1 to mi3185. (A) The
PGKI1 fold change for the Test and Discovery groups is shown. (B) The relative PGK1 (x-axis)
and miR3185 levels (y-axis) display an inverse relationship. The correlation coefficient is R? =

0.48 r (15) = 0.69, p = 0.0044).

5.4. Integration of Test, Discovery, and Validation Data Reveals Proteins Associated with Work

When changes in protein abundances from the Test, Discovery, and Validation groups are
combined, five proteins (AMY 1A, BPIFA2, CA6, DPP4, and LEG1) significantly increase, and
two proteins (SBSN and DMBT1) significantly decrease after a 12 h work shift (absolute fold

change > 1.2, p < 0.05) (Supplementary Figure S4).

6. Discussion

Proteomics analysis of Test group saliva confirmed successful enrichment of exosome populations
and identified changes in the abundance of several proteins pre- and post-work shift. Some of the
proteins with altered abundances are known to be associated with Chronic Fatigue Syndrome
(CFS), including alpha amylase 1 (AMY1A), cystatin-B (CSTB), polymeric immunoglobulin
receptor (PIGR), deleted in malignant brain tumors 1 protein (DMBT1), lysozyme C (LYZ), and

ras-related C3 botulinum toxin substrate 1 (RACI1) [17,26,27,28]. The abundance of these CFS-
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associated proteins increased in some instances and decreased in others without correlation to the
‘improved’ mood reported by the Test group (Supplementary Table S2). It is significant that two
biomarkers, protein PGK1 and miR3185, show abundance in saliva exosomes and change
directions when the TMD score difference (Figure 2C) switches from negative to positive (Figure
4B,C); this shows that these biomarkers are responsive to changes in mood state and fatigue.

A subset of proteins with altered abundance in the Test group are membrane-bound proteins
(Supplementary Table S2), an appealing characteristic as these potential biomarkers could

possibly be identified without requiring exosome lysis in future studies.

In a single Test group participant, four of the proteins (BPIFA2, CSTB, PIGR, and PKM) with
altered abundance identified from pan-exosome-isolated samples were qualitatively validated
using global proteomics/Proteome Discoverer in neuron-derived exosomes (Supplementary
Tables S2, S4). A notable increase in fold change was observed when using a targeted mass
spectrometry approach for the neuron-derived exosomes. This discrepancy most likely results from
a systematic underestimation of quantitative ratios caused by co-fragmentation of undesirable
peptides when using isobaric mass tags such as those used in the untargeted proteomic analysis
[29]. This ratio compression does not occur when using targeted, label-free quantification
strategies resulting in more pronounced fold changes. Taking this into account, smaller fold
changes need to be considered significant when using isobaric mass tags for quantitative
proteomics in the discovery group analysis, and proteins of interest should be further analyzed
using targeted approaches. Alternatively, these augmented fold change results may also be due to
enhanced protein responses in neuron-derived exosomes, which become reduced in magnitude

when diluted in total exosomes.
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miRNA analysis on the Test group using the NanoString platform identified 22 miRNAs as
significantly changed between pre- and post-work shifts, 12 of which were also found to change
in the Discovery and Validation groups. These measurements were subsequently validated for two
miRNAs (miR1296-3p and miR519d-3p) using qPCR, providing reassurance of the reliability of
the NanoString platform. Several of these miRNAs were also found to exhibit changes in
abundance opposite to that of the identified protein encoded by their target genes, suggesting a
mechanism of gene regulation that is influencing the abundances of identified proteins. Omics
analyses in the Test group confirmed our ability to identify exosomal proteins and their associated

miRNAs that are detectable and may be altered pre- and post-work shift.

Global proteomic analysis of the larger Discovery group samples identified a considerably greater
number of significantly changed proteins, including increases in AMY 1A, BPI fold-containing
family A member (BPIFA2), dipeptidyl peptidase 4 (DPP4), and decreases in small proline-rich
protein 3 (SPRR3), fatty acid-binding protein 5 (FABPS), 14-3-3 protein zeta/delta (YWHAZ),
and DMBT1. Four proteins that were altered—AMY 1A (increased), CSTB (decreased), PIGR
(decreased), and DMBT1 (decreased)—are known to be associated with CFS. Several other
proteins, including liver-enriched gene 1(LEG1), carbonic anhydrase 6 (CA6), suprabasin (SBSN),
phosphoglycerate kinase 1 (PGK1), and cellular retinoic acid-binding protein 5, demonstrated
close to significant changes in abundance and were also considered potential biomarkers. Gene set
enrichment, GO classification and pathway analysis, and functional protein network analysis were
utilized to help understand the potential biological roles of the identified proteins. These analyses

highlighted the potential existence of regulated fatigue-associated protein networks that generate
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ATP in response to energy demand or cellular stress. PGK1 catalyzes the formation of ATP from
ADP and 1,3-diphosphoglycerate, playing an important role in glycolysis and energy homeostasis
[30]. AMY 1A hydrolyzes 1,4-alpha-glucosidic bonds in oligosaccharides and polysaccharides,
yielding glucose that is then available to generate ATP [31]. DPP4 also influences glucose levels

by deactivating incretins, which normally stimulate the release of pancreatic insulin [32].

NanoString miRNA analysis on the Discovery group identified 69 miRNAs that significantly
changed and correlated with PoMS TMD or FI (Supplementary Tables S9, S10). Interestingly,
some of these miRNAs exhibit changes in other CNS pathologies. For example, hsa-miR-142-3p
is increased in individuals who have experienced a mild traumatic brain injury [33]. We
hypothesize that the expression of these miRNAs is sensitive to changes in cognitive function and
that they regulate the expression of biologically relevant proteins and pathways. Integrated analysis
of the two-omics datasets was used to determine if any significantly altered miRNAs were known
to regulate target genes encoding significantly altered proteins. miRNA-protein/gene pairs were
selected if the direction of change in the miRNA was in the opposite direction of the change in the
protein, considering the typical mechanism of downregulation of a gene mRNA by upregulated
miRNA. This analysis identified three miRNA-protein/gene pairs: miR-3185—PGK1, miR-

642a—PIGR, and miR-134—YWHAZ.

Validation group saliva was used to determine if the candidate biomarkers identified in the
Discovery group analysis correlated with TMD or FI. Proteomic analysis identified 12 of the 14
proteins altered in the Discovery group to be present in Validation group exosomes and, while not

statistically significant, the mean fold change in CSTB, DDP4, FABPS5, PIGR, and YWAZ
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maintained an inverse relationship with changes in TMD score. Additionally, PGK1 maintained
and positive but weak correlation with changes in FI score. It should be noted that the magnitude
of TMD and FI difference scores in the validation group was significantly smaller than those of
the Discovery group, which may make biomarker validation more challenging and is most likely
evidenced by a lack of statistical significance. When the magnitude of FI score differences is
considered, PGK1 would be an interesting protein for continued evaluation as a biomarker of
cognitive fatigue. When the Validation group and Discovery group data were combined, the
abundance of the other six candidate biomarkers (DPP4, BPIFA2, CA6, AMY 1A, LEGI1, and
DMBTI1) were still significantly altered between pre- and post-work saliva but were not
determined to be associated with either TMD or FI. This notable observation highlights that many
of the originally identified potential biomarkers may be associated with biological processes
altered by work alone that are not impacted by changes in TMD or FI score. Therefore, these
proteins may still have value as biomarkers of biologically relevant phenomena unrelated to mood-

and fatigue-associated cognitive impairment.

Of 13 miRNAs selected for continued evaluation in Validation group samples, the abundance of
miR3185 was correlated with TMD and FI. miR3185 is of particular interest because it regulates
the target gene PGK1, a protein identified as a potential biomarker correlated with fatigue [34].
The relation between miR3185 and PGKI1 was strengthened by their inverse correlation,
suggesting a potential biological mechanism for regulation of the PGK1 gene by miR3185 may be
induced by fatigue. The inversely correlated levels of miR3185 and PGK1 could represent a
coregulated set that is not only a biomarker of fatigue but could possibly contribute to a mechanism

of fatigue induction or relief. The levels of miR3185 and PGK1 not only correlated with the degree
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of mood disturbance assessed by the POMS FI subscale, but the correlation extended beyond
increased FI to decreased FI; among subjects whose PoOMS FI difference was negative (reduced

fatigue), miR3185 increased, and PGK1 decreased.

PGK1 deficiency is associated with anemia syndromes that include the progressive onset of
weakness, fatigue, and lassitude [35] and motor neuron vulnerability in spinal muscular atrophy
(SMA) [36]. The increase in PGK1 with increased mood disturbance may represent a
compensatory response to boost energy levels, but this is speculative and might be elucidated by

following PGK1 levels in salivary exosomes over time during a demanding work shift.

Little is known about miR3185, other than it is specific to primate genomes [37] and reported to
be increased in cardiac tissues in cases of mechanical asphyxia [38] as well as associated with
increased survival in liver cancer [39]. PGK1 and miR3185 are both attractive biomarker targets
that could potentially be used to detect the onset of mood- and fatigue-associated cognitive

impairment in salivary exosomes.

There were some important limitations to this exploratory study for saliva biomarkers. The PoMS
questionnaire determines total mood disturbance, and not specifically CF, but two subscales—
fatigue—inertia (FI) and confusion—bewilderment (CB)—that were significantly worsened in the
Discovery group very likely affect cognitive performance, as previously reported for PoMS-
determined fatigue [2]. Confirmation of this association will require further study and the use of
objective CF-specific testing. We further note that work shifts were not controlled for time of day,

that is, the impact of circadian rhythm on exosomal content or for the activity levels of each of the
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participants, which could affect their reported PoMS scores. We did not calculate effect sizes for
comparison in the present study. Additionally, while the findings from neuron-derived exosomes
suggest concordance/overlap with findings from global analysis of exosomes isolated without
neuron-specific markers, these selected exosomes were from a single participant, and the findings
require validation with greater » numbers. Similarly, the miRNA/proteinbiomarkers described
require validation. Further, while some of the candidate biomarkers have interesting reported roles
in fatigue or CFS, the analysis performed here does not establish a causal relationship between the
PoMS TMD score/fatigue-inertia score and the changes in exosomal content pre- and post-shift.

In conclusion, our study identified proteins and miRNAs in salivary exosomes that correlate with
changes in mood state and fatigue as measured by the POMS questionnaire. They represent possible
biomarkers that can be quantified using saliva with the potential to reveal an increased risk for loss
of vigilance and decline in cognitive performance. These results add to the growing knowledge of
detectable changes in the biomolecular composition of exosomes in various pathologies and point
to a promising candidate biomarker, PGK1, in saliva, as well as suggest a possible mechanism in
which expression of the PGK1 gene is regulated by miR3185 in response to changes in fatigue.
This salivary biomarker requires further clinical validation in larger well-defined cohorts. The
limitations of the current study were the small sample size and the potential inaccuracies associated
with subjective self-assessment of mood states. Despite these limitations, this study demonstrates
the value of using an integrated multiomics approach to the identification of novel mechanisms
and biomarkers in salivary exosomes, with the possibility of developing a rapid saliva-based

antigen test for cognitive fatigue.

7. Methods
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7.1. Participants

Donors were recruited from UCLA medical and dental residents. A total of 36 residents
participated. The research was approved by the UCLA IRB committee (UCLA IRB # 17-000317).
Residents were given information about the research, and they gave oral consent for participation

in this study.

7.2. Whole Saliva Collection

Saliva samples were collected over a period of 60 min immediately before and following a 12 h
work shift in 50 mL conical tubes. Samples were centrifuged (2600 rcf, 4 °C, 15 min), and the
supernatants were aliquoted (1 mL) in microcentrifuge tubes containing Superase RNase inhibitor
(1 uL, Thermo Fisher Scientific, Cat #AM2694, Waltham, MA, USA) and stored at —80 °C until

processing.

7.3. The Profile of Mood States (PoMS) Questionnaire

Mood states were accessed using a modified version of the POMS questionnaire [40,41,42,43].
This consisted of a 62-item inventory of six subscales: tension—anxiety (TA), depression—dejection
(DD), anger-hostility (AH), vigor—activity (VA), fatigue—inertia (FI), and confusion—
bewilderment (CB). Responses were provided on a 5-point scale ranging from 1 (not at all) to 5
(extremely). The global indicator Total Mood Disturbance (TMD) is defined as: TMD = (AH +
CB + DD + FI + TA) — VA. An increase in TMD suggests the onset of mood disturbances that
would be considered unfavorable for optimum vigilance and cognitive performance, such as

increased fatigue which has been associated with increased cognitive fatigue and decreased
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cognitive performance [2]; decreases in TMD reflect positive changes in mood, for example, a

decrease in tension and anxiety.

7.4. Separation of Saliva Samples by PoMS TMD Score

Based on TMD scores, subject saliva samples were assigned to 3 groups, the Test group, Discovery
group, or Validation group (Figure 6), similarly to a previously reported approach used for the
analysis of saliva samples for biomarkers of traumatic brain injury [16]. The Test group comprised
saliva from 6 participants with a negative TMD difference, that is, those who reported no change
or an improvement in mood as a result of the work shift. The Discovery group comprised 20
subjects with the greatest increase in TMD score post shift. Saliva samples from both groups
underwent exosome isolation followed by proteomics and Nanostring miRNA analyses. The
Validation group consisted of 10 subjects with nearly unchanged or slightly increased or decreased
TMD post-shift scores. For the Validation group, the same methods were used as for the other two
groups, but proteomics were targeted for select proteins, and qPCR was performed for select genes.
These groups were established based on the hypothesis that potential biomarkers of fatigue
‘discovered’ in individuals reporting fatigue (Discovery group) could be tested for their potential
as biomarkers in the group that reported an opposite ‘improved’ change in mood (Test group) based
on the supposition that these biomarkers would either be unchanged or change in the opposite
direction in the Test group. The potential biomarkers were again ‘validated’ in the group with a

mix of scores (Validation group).
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Figure 6. Study flow scheme for Profile of Mood States (PoMS) assessment, sample collection,
processing, and analysis. (A) Resident participants (n = 36) were enrolled. (B) Participants
completed the PoOMS questionnaire and (C) collected saliva before a (D) 12 h work shift. (E) Saliva
was collected, and the (F) PoMS questionnaire completed again after the work shift. (G) Total
Mood Disturbance (TMD) and subscale (for example, fatigue—inertia, FI) scores were calculated.
Isolation of exosomes comprised (H) centrifugation, (I) binding of exosomes to exosome marker-
specific (and in one instance, neuronal-marker specific) antibody-conjugated Dynabeads, (J)
release of exosomes for processing, and omics analyses. Based on TMD, participant samples were
separated into Test (decrease in TMD or ‘improved’ mood), Discovery (increased in TMD or mood

disturbance), and Validation (little/no change in TMD) groups. Exosomes from each group

underwent the analyses shown.
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Salivary EVs were isolated using magnetic microsphere-based immunoprecipitation (IP) modified
from established methods [44]. Frozen saliva aliquots were thawed at 37 °C, spiked with HALT
Protease and Phosphatase Inhibitor Cocktail (Thermo Fisher Scientific, Cat # 78440, Waltham,
MA, USA), and diluted threefold with ice-cold phosphate-buffered saline (PBS) and centrifuged
(13,000 rct, 20 min, 4 °C). Supernatants were then incubated (overnight, 4 °C) with a mixture of
antibodies specific for various exosomal surface markers, including tetraspanins CD9, CD63, and
CD&8]1 (all Thermo Fisher Scientific, Cat # 10626D, 10628D, and 10630D, respectively, Waltham,
MA, USA) that were previously desalted (Zeba™ Spin Desalting Columns, 7K MWCO, 0.5 mL,
Thermo Fisher Scientific Cat # 89882, Waltham, MA, USA) and conjugated to Dynabeads
(Invitrogen DYNAL Dynabeads M-270 Epoxy, Thermo Fisher Scientific Cat # 14301, Waltham,
MA, USA) according to the manufacturer’s protocols. The isolated exosomes were used for

bottom-up proteomics by mass spectroscopy (MS) and miRNA analysis.

For isolation of salivary exosomes originating from neurons (performed for a single participant in
the Test Group), Dynabeads conjugated to antibodies specific for a neuronal surface marker CD171
(Thermo Fisher Scientific, Cat # MAS5-14140, Waltham, MA, USA) was used. After incubation,
the diluted saliva samples with Dynabeads were set on a magnetic bar for 1 min, after which
supernatant was discarded. The beads destined for proteomics analysis were subsequently washed
once with 1x PBS, twice with 0.15 M citrate phosphate buffer (pH 5.2), and once again with 1x
PBS. For beads destined for miRNA analysis, 0.1% BSA was added to both 1x PBS washes. The

isolated exosomes were used for targeted proteomics by MS.

7.6. Quantitative Global Proteomics Analysis
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Preliminary protein quantification assays indicated that the amount of total protein in samples post
immunoprecipitation-based EV enrichment from saliva was very low (<2 pg). Because of the
limited amount of protein in each sample, protein levels were normalized after the proteomic
analysis. After the proteins were digested with trypsin, peptides from each sample were chemically
modified with different isobaric tandem mass tag (TMT) labeling reagents. Upon isolation and
subsequent fragmentation of each peptide, reporter ions corresponding to each TMT reagent
provide relative abundances for those peptides in each sample. Thermo Scientific Proteome
Discoverer software uses this data to calculate the relative amount of total protein in each sample,
which is used to normalize the data post analysis via liquid chromatography-tandem mass

spectrometry

Immunoprecipitated exosomes were eluted from the Dynabeads at 95 °C for 5 min in lysis buffer
(100 pL, 12 mM sodium lauroyl sarcosine, 0.5% sodium deoxycholate, 50 mM triethylammonium
bicarbonate (TEAB), Halt™ Protease, and Phosphatase Inhibitor Cocktail), then subjected to bath
sonication (10 min, Bioruptor Pico, Diagenode Inc.; Denville, NJ, USA). The samples were treated
with tris (2-carboxyethyl) phosphine (10 pL, 55 mM in 50 mM TEAB, 30 min, 37 °C), followed
by treatment with chloroacetamide (10 pL, 120 mM in 50 mM TEAB, 30 min, 25 °C in the dark).
They were then diluted fivefold with aqueous 50 mM TEAB and incubated overnight with
Sequencing Grade Modified Trypsin (1 pg in 10 pL of 50 mM TEAB; Promega, Cat # V511A,
Madison, WI, USA). Following this, an equal volume of ethyl acetate/trifluoroacetic acid (TFA,
100/1, v/v) was added, and after vigorous mixing (5 min) and centrifugation (13,000% g, 5 min),
the supernatants were discarded, and the lower phases were dried in a centrifugal vacuum

concentrator. The samples were then desalted using a modified version of Rappsilber’s protocol
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[45], in which the dried samples were reconstituted in acetonitrile/water/TFA (solvent A, 100 uL,
2/98/0.1, v/v/v) and then loaded onto a small portion of a C18-silica disk (3M, Maplewood, MN,
USA) placed in a 200 pL pipette tip. Prior to sample loading, the C18 disk was prepared by
sequential treatment with methanol (20 pL), acetonitrile/water/TFA (solvent B, 20 puL,
80/20/0.1, v/v/v), and finally with solvent A (20 puL). After loading the sample, the disc was washed
with solvent A (20 uL, eluent discarded) and eluted with solvent B (40 pL). The collected eluent
was dried in a centrifugal vacuum concentrator. The samples were then chemically modified using
a TMT 1 1plex Isobaric Label Reagent Set (Thermo Fisher Scientific, Cat # A34808, Waltham, MA,
USA) as per the manufacturer’s protocol. The TMT-labeled peptides were dried and reconstituted
in solvent A (50 puL), and an aliquot (2 plL) was taken for measurement of total peptide
concentration (Pierce Quantitative Colorimetric Peptide, Thermo Fisher Scientific, Waltham, MA,
USA). The samples were then pooled and desalted again using the modified Rappsilber’s protocol.
The eluants were then dried and reconstituted in water/acetonitrile/FA (solvent B, 10 pL,
98/2/0.1, v/v/v), and aliquots (5 puL) were injected onto a reverse-phase nanobore HPLC column
(AcuTech Scientific, C18, 1.8 um particle size, 360 um x 20 cm, 150 um ID, San Diego, CA,
USA), equilibrated in solvent E, and eluted (500 nL/min) with an increasing concentration of
solvent F (acetonitrile/water/FA, 98/2/0.1, v/v/v: min/% F; 0/0, 5/3, 18/7, 74/12, 144/24, 153/27,
162/40, 164/80, 174/80, 176/0, 180/0) using an Eksigent NanoL.C-2D system (Sciex, Framingham,
MA, USA)). The effluent from the column was directed to a nanospray ionization source connected
to a hybrid quadrupole-Orbitrap mass spectrometer (Q Exactive Plus, Thermo Fisher Scientific,
Waltham, MA, USA), acquiring mass spectra in a data-dependent mode alternating between a full
scan (350—1700 m/z, automated gain control (AGC) target 3 x 10°, 50 ms maximum injection time,

FWHM resolution 70,000 at 200 m/z) and up to 15 MS/MS scans (quadrupole isolation of charge
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states 2—7, isolation window 0.7 m/z) with previously optimized fragmentation conditions
(normalized collision energy of 32, dynamic exclusion of 30 s, AGC target 1 x 10° 100 ms

maximum injection time, FWHM resolution 35,000 at 200 m/z).

7.7. Proteomics Analysis

Raw proteomic data were searched against the Uniprot human-reviewed protein database using
SEQUEST-HT in Proteome Discoverer (Version 2.4, Thermo Scientific, Waltham, MA, USA),
which provided measurements of abundances for identified peptides in each sample that were
normalized to total protein amount. Decoy database searching was used to identify high confidence
tryptic peptides (FDR < 1%). Tryptic peptides containing amino acid sequences unique to
individual proteins were used to identify and provide relative quantification between proteins in
each sample. Normalized protein abundances for pre- and post-work samples from each participant
were scaled so that the average abundance was 100. Median abundance values of all replicates

from each condition were used to generate abundance ratios for each protein (post-work/pre-work).

7.8. Protein Bioinformatics Analysis

Proteins exhibiting a fold change with a magnitude > 1.2 and a p value < 0.1 were subject to
comprehensive gene-set enrichment-analysis gene ontology (GO) classification and KEGG [24]
pathway analysis using Enrichr (Chen et al., 2013), as well as functional protein association
network analysis using the STRING database (version 11.5), which was used for functional
interpretation of the proteomics data and provided p-values corrected by the FDR method [25].
The relatively high p value of < 0.1 was set due to the limited number of samples that were

available for analysis; the selection of a higher significance threshold allowed us to expand the
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number of proteins to be assessed as potential biomarkers of fatigue in the Validation group so that
potential biomarkers would not be excluded. We note that this significance value was only used
for the selection of proteins for the additional analyses reported above and not for the final

presentation of findings of potential biomarkers.

7.9. Targeted LC-MS/MS Protein Quantification

Proteins isolated by antibody-conjugated microbeads were reduced, alkylated, and treated with
trypsin as described in Global Proteomics Analysis; however, in contrast with that sample
processing protocol, no isotopically labeled chemical tags were utilized to provide relative
quantification between peptides in different samples. Furthermore, the data were acquired with the
mass spectrometer utilizing a customized target-selected ion monitoring/data-dependent MS/MS
(t-SIM/dd-MS?) method in which an inclusion list was used to isolate and fragment select peptides
corresponding to specific proteins and measure precursor ion peak areas. Data from the global
proteomic analysis were used to identify unique peptides for this analysis and select the correct
m/z (Da) and charge state (Z) of each peptide targeted. The sensitivity gained by the targeted
analysis using the SIM scan (AGC target 2 x 10°, 130 ms maximum injection time, FWHM
resolution 70,000 at m/z 200, isolation window 2.0 m/z) permitted modification of the LC gradient
(min/% F; 0/0, 5/3, 55/22, 61/35, 63/80, 73/80, 75/0, 79/0) and shortening of mass spectrometer

acquisition time.

7.10. Global miRNA Analysis
RNA was extracted from the immunoprecipitated salivary exosomes using the SeraMir Exosome

RNA Column Purification Kit (System Biosciences, Palo Alto, CA, USA) according to the
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manufacturer’s protocol. The quality of the RNA was assessed via electrophoresis using the Small
RNA Kit (Agilent Technologies, Santa Clara, CA, USA) on a 2100 Bioanalyzer System (Agilent
Technologies) according to the manufacturer’s instructions. Global profiling of miRNA from Test
and Discovery group samples was completed at the UCLA Center for Systems Biomedicine with
the nCounter Human v3 miRNA Expression Assay (NanoString Technologies; Seattle, WA, USA),
in which 800 pairs of probes specific for a predefined set of biologically relevant miRNAs were
combined with a series of internal controls to form a Human miRNA Panel CodeSet (NanoString
Technologies, Seattle, WA, USA). miRNA (100 ng) targets of interest were hybridized overnight
with two juxta-positioned probes: a biotinylated capture probe and a uniquely fluorescently labeled
reporter probe for each target. The hybridized samples were then transferred to the nCounter Prep
Station, where excess probes were removed, and the target—probe complexes were immobilized
and aligned on the surface of a flow cell using an automated liquid handler. The unique sequences
of the reporter probes were counted using the nCounter Digital Analyzer and translated into the
number of counts per miRNA target. nSolver Analysis Software (NanoString Technologies,
Seattle, WA, USA) was used to facilitate data extraction and analysis. In Nanostring analysis, the
raw miRNA counts were normalized (corrected for multiple testing) using positive control (spike-
in) normalization and the geometric mean of the top 100 expressed miRNAs, performed using the

Benjamini—-Hochberg method within the Nanostring nSolver software.

7.11. Targeted miRNA Analysis
Quantitative polymerase chain reaction (QPCR) was used to verify the miRNA levels detected in
the NanoString analysis. For verification, the same RNA samples that were used in the NanoString

analysis were assayed for select miRNAs using the TagMan Advanced miRNA Assay (Thermo
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Fisher Scientific, Cat # A25576, Waltham, MA, USA) according to the manufacturer’s protocol.
gPCR amplification Ct values for each resident’s pre- and post-shift samples were compared using
the AACt method and converted to a % change in miRNA levels (post-work—pre-work) for each
subject. The RNA yield from exosomes isolated from 1 mL of saliva was, on average, 208 +/— 44
ng. This yield is comparable to published reports of saliva exosome RNA yields, specifically 209—

274 ng/mL of salivary exosomes [46].

7.12. Identification of miRNA Target Genes

Target genes associated with miRNAs exhibiting significant changes in abundance in response to
work shifts were identified using miRNet [47]. Proteins corresponding to these genes were
subsequently checked for and identified in the list of proteins identified in the global proteomics
analysis. Potential miRNA target genes were identified when the direction of change in the

abundance of a miRNA was opposite that of a protein encoded by its regulated gene.

7.13. Statistical Analysis

PoMS analysis. Both pre- and post-shift POMS scores from all 36 residents were included in the
analysis. Wilcoxon signed-rank test was used for the paired comparison between pre- and post-
work shifts. The analysis was performed using SAS version 9.4 (SAS Institute Inc., Cary, NC,

USA).

Proteomics analysis. A Student’s #-test was used to determine if the observed differences in protein

abundances between pre- vs. post-work for each group were statistically significant (p < 0.05).
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The p value of <0.1 described above was solely used to select proteins for further analysis and
assessment in the Validation group and not for the identification of potential biomarkers of fatigue.
miRNA analysis. A paired ¢-test was used to identify miRNAs exhibiting significant changes in
abundance in response to work shifts (fold change magnitude > 1.2; p value < 0.05). For
identifying miRNA associated with POMS scales in the discovery group, median values of FI and
TMD pre- and post-work were calculated, and candidate miRNA biomarkers were determined

using the Wilcoxon ranked-sum test with a false discovery rate (q) of <0.05.

7.14. Study Design
The study design and flow scheme, including enrollment, saliva collection, and POMS assessment
pre- and post-work shift, calculation of TMD and subscales scores for separation into Test,

Discovery, and Validation groups, and exosome isolation and analyses are shown in Figure 1.
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ABSTRACT

Alzheimer's Disease (AD) is the most common form of dementia and is characterized by the
gradual accumulation of amyloid-B (AP) plaques and tau neurofibrillary tangles in the brain,
leading to significant inflammation, synaptic injury, and progressive neuronal degeneration.
Though, despite a myriad of therapeutic approaches, disease-modifying treatment options for AD
patients remain severely limited. Clusterin (CLU) is the third strongest genetic risk factor for late-
onset Alzheimer's disease (LOAD). The secreted isoform (SCLU) mediates numerous
cytoprotective functions with the ability to slow or reverse the various molecular mechanisms
underlying AD pathophysiology. A "pharma" drug discovery model was used to identify potent,
brain-permeable small molecules that increase levels of sSCLU and to evaluate their effect on AD
pathology. A high-throughput screening (HTS) campaign identified several 'hits' that increase
sCLU levels, including histone deacetylase and bromodomain inhibitors. Various in-vitro ADME
assays were utilized to assess the drug-like properties of these compounds and select candidates
for pharmacokinetic/pharmacodynamic (PK/PD) analyses in-vivo. Exploratory medicinal
chemistry was used to design novel sCLU enhancers with increased potency and oral brain
bioavailability. Treatment of SXFAD-ApoE4 (E4AFAD) AD mice with the lead candidate, DDL-
357, resulted in increased expression of sCLU as well as proteins integral to maintaining
mitochondrial function, synaptic plasticity, and protein homeostasis. While additional research is
needed to evaluate the full extent of sCLU's involvement, this drug discovery effort has
undoubtedly shed light on a valuable therapeutic approach that warrants further evaluation as a

treatment for AD.

Key Words: Clusterin, Alzheimer’s Disease, BET Inhibitor, Drug Discovery
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INTRODUCTION

Alzheimer's Disease (AD) is the most common form of dementia and is characterized by the
gradual accumulation of amyloid-B (AP) plaques and tau neurofibrillary tangles in the brain,
leading to significant inflammation, synaptic injury, and progressive neuronal degeneration (Ref.
1, 2). Currently, more than 50 million people worldwide are living with AD, making it the seventh
leading cause of death in the United States. In 2021 alone, AD cost the nation $355 billion, and it
is projected that this number of cases will triple by 2050, imposing an unprecedented burden on
society and the healthcare system (Ref. 3, 4). Despite numerous therapeutic approaches, including
143 agents in clinical trials as of 2022, treatment options for AD patients remain severely limited
(Ref. 3). Of the three classes of FDA-approved drugs, namely acetylcholinesterase inhibitors and
N-methyl D-aspartyl (NMDA) receptor antagonists, only provide temporary symptomatic relief
without halting disease progression (Ref. 5, 6). Recently, two AB-directed antibodies, aducanumab
and lecanemab, demonstrated the ability to reduce AP plaques and slow cognitive decline in
clinical trials (Ref. 3). These therapies received authorization under the FDA's accelerated
approval pathway, highlighting the urgent need for novel disease-modifying therapeutic targets.
Furthermore, it may be necessary to develop multifaceted therapies that target both the primary
disease pathogenesis and the additional cellular stress responses associated with AD

pathophysiology.

While familial forms of the disease typically result from mutations in genes for amyloid precursor
protein (APP), presenilin (PSEN1), and presenilin 2 (PSEN2), the etiology of sporadic or late-
onset Alzheimer's disease (LOAD) is still largely unknown (Ref. 1, 7). LOAD, accounting for

approximately 95% of all AD cases, is considered a multifactorial disease that depends on the
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complex interaction of both genetic and environmental risk factors (Ref. 7). The third strongest
genetic risk factor for LOAD is a single nucleotide polymorphism (SNP) in a gene that encodes
clusterin (CLU), a multifunctional chaperone protein directly involved in a wide range of AD-
associated biological processes, including AP and Tau metabolism, lipid transport, immune
modulation, oxidative stress, and cell apoptosis (Ref. 8-10). Interestingly, seven CLU gene variants
have been associated with AD, and individuals carrying the C allele of the rs11136000 SNP show
increased AP and Tau deposition, faster cognitive decline, and decreased expression of the secreted
clusterin isoform (sCLU) compared to other isoforms (Ref. 9, 11-19). Consequently, extensive
research on CLU in different disease states, including neurodegeneration, cardiovascular disease,
and cancer, has led to the prevailing hypothesis that SCLU promotes cytoprotection, while

intracellular isoforms have pro-apoptotic properties (Ref. 8).

The most significant protective function of sCLU is its role in regulating protein homeostasis
within the central nervous system (CNS) (Fig. 1). Extensive research has demonstrated its ability
to bind and prevent the aggregation of toxic, misfolded proteins, including a-synuclein, TDP-43,
AP, and Tau (Fig. 1A) (Ref. 20-23). Moreover, sCLU is recognized as a crucial mediator of A
clearance from the brain. Its strong affinity for Ap and endocytic receptors such as LRP2 and
TREM2 enables efficient transportation of toxic AP species across the blood-brain barrier (BBB)
or into glial cells for lysosomal degradation (Fig. 1B, 1C) (Ref. 24-26). Additionally, sCLU
exhibits high binding affinity with ApoER2 and VLDR, inducing reelin signaling and a
corresponding decrease in tau phosphorylation (p-tau) (Fig. 1D) (Ref. 27-29). Extensive evidence
supports the role of sCLU in protecting against oxidative stress, harmful immunological changes,

and synaptic deficits, all of which are prominent pathological features contributing to the
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progression of AD (Fig. 1E, 1F, 1G) (Ref. 30-37). Notably, peripheral administration of human
recombinant SCLU in an AD mouse model has been shown to reduce A accumulation in the brain
and cerebral arteries, as well as alleviate associated hippocampal neuronal loss and pro-
inflammatory markers (Ref. 38). As scientific literature continues to accumulate, the therapeutic
potential of sCLU in preventing the molecular processes underlying AD becomes increasingly
apparent. It has not escaped our notice that the mechanisms described here immediately suggest
that increasing sCLU levels could represent a broader therapeutic approach for treating additional

proteinopathies, such as Parkinson's disease and amyotrophic lateral sclerosis.

Blood-Brain Barrier

Figure 1. Molecular mechanisms of secreted clusterin for preventing Alzheimer’s disease. (A)
sCLU binds and prevent the aggregation of AB. (B) sCLU interacts with LRP2 to transports A3
species across the blood-brain barrier into the periphery. (C) sCLU interacts with TREM?2 to
transport AP into glial cells for lysosomal degradation. (D) sCLU interacts with APOER2 and

VLDR to induce reelin signaling, which decreases tau phosphorylation by inhibiting GSK3p. (E)
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sCLU prevents oxidative stress and associated CASP3-mediated apoptosis. (F) sCLU prevents
assembly of the membrane attack complex and associated apoptosis. (G) sCLU interacts with

VGLUT]1 to stimulate excitatory neurotransmission.

This manuscript describes a comprehensive research program to identify potent, brain permeable,
small molecules that increase levels of sCLU and to evaluate their effect on AD pathology. This
was accomplished using a well-established drug discovery and development strategy involving
high-throughput screening (HTS) to identify compounds or ‘hits’ with potent sSCLU enhancing
ability, in-vitro absorption, distribution, metabolism, excretion and toxicity (ADMET) assays and
in-vivo pharmacokinetics (PK) analyses to assess drug-likeness and guide hit selection, exploratory
medicinal chemistry to design novel sCLU enhancers, and further efficacy testing in AD patient-
derived neural cells and 5SXFAD-ApoE4 (E4FAD) mice. This study demonstrates the value using
this approach to identify novel therapeutics and to determine which are likely to be effective in-
vivo. The lead drug candidates described here represent a promising new therapeutic paradigm
with the potential to prevent AD progression through numerous mechanisms, including, but not
limited to the reducing disease-causing AP plaques and Tau neurofibrillary tangles, as well as

promoting mitochondrial function, synaptic plasticity, and protein homeostasis.

METHODS

Human sCLU AlphalISA

Cell culture supernatant (2 uL) was added to a 384-well proxy plate preloaded with AlphalLISA
HiBlock buffer (2 uL, 1X, CAT#AL004C, Perkin Elmer). Then an anti-sCLU antibody mixture (2

puL, mAb J84, biotinylated (10 nM, Cat# 3717-6-1000, Mabtech) and mAb CLU aa 22-227
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(Cat#AF7084, R&D Systems), Acceptor bead conjugated (50 pg/mL, Cat#6772001, Perkin
Elmer)) was added and incubated at room temperature for 1 hour. AlphaScreen Streptavidin Donor
beads (2 pL, Cat#6760002S, Perkin Elmer) were added, incubated for an additional 30 minutes in

the dark, and the plate was read in an Envision plate reader.

Mouse sCLU ELISA

Brain tissue was homogenized and diluted to a protein concentration of 50 ng/mL. The Mouse
Clusterin ELISA Kit (Cat#ab199079, Abcam) was performed according to the manufacturer’s

protocol.

High Throughput Screening

Human glioblastoma U-87 MG cells were proliferated in EMEM with 10% FBS and 1% P/S
(complete medium) in 10 cm dishes until approximately 90% confluent. Following trypsinization,
a suspension of 2 x 10° cells/mL (25 pL) were added to 384-well plates containing complete
medium (25 pL) and library compounds from 9 plates (5 uM). After incubation for 30 hours at
37 °C and 5% CO., 2 pL of cell culture supernatant were analyzed via human sCLU AlphalLISA
as described above. Cell culture medium and cells were added to the 384-well plates using the
MultiDrop. The BioMek FX was used to pin the drugs and transfer the cell culture supernatant.

The MANTIS liquid handler was used to added human sCLU AlphalLISA reagents.

Dose Response Analysis

Human glioblastoma U-87 MG cells were proliferated in EMEM with 10% FBS and 1% P/S

(complete medium) in 10 cm dishes until approximately 90% confluent. Following trypsinization,
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a suspension of 2 x 10° cells/mL (25 pL) were added to 384-well plates containing complete
medium (25 pL) with various concentrations of compounds (5, 14, 41, 123, 370, 1111, 3333,
10000 nM). After incubation for 30 hours at 37 °C and 5% CO», 2 uL of cell culture supernatant

were analyzed via human sCLU Alphal.ISA as described above.

Cell Viability and Toxicity Analysis

Cell viability and toxicity were simultaneously assessed using the MultiTox-Fluor Multiplex

Cytotoxicity Assay (Cat# PRG9200, Fisher Scientific) according to the manufacturer’s protocol.

Compound Synthesis via Amide Coupling

(S)-2-(4-(4-chlorophenyl)-2,3,9-trimethyl-6H-thieno|[3,2-f][ 1,2,4]triazolo[4,3-a][ 1,4]diazepin-6-

yDacetic acid (1 equiv), amine-containing reagent (2 equiv), 1-Ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDC; 2 equiv.), Hydroxybenzotriazole (HOBt; 2 equiv.), and
N-N, Diisopropylethylamine (DIPEA; 2.5 equiv.) were added to a round bottom flask. The
reagents were solubilized using methylene chloride and the reaction mixture was stirred at room
temperature for 16 hours. The crude product was concentrated in vacuo and then purified via flash
column chromatography. A mobile phase of hexanes:ethyl acetate (time/% ethyl acetate: 0/0, 2/0,
7/50, 15/100, 20/0) was first utilized to elute any existing impurities, and the product was eluted
in the DCM:MeOH mobile phase (time/%MeOH: 0/0, 4/0, 35/15, 42/20, 45/50, 50/0). Identity and

purity of each compound was confirmed via LC-MS, LC-UV/Vis, and 'H NMR.

Compound Synthesis via Ester Coupling
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(S)-2-(4-(4-chlorophenyl)-2,3,9-trimethyl-6H-thieno|[3,2-f][ 1,2,4]triazolo[4,3-a][ 1,4]diazepin-6-

ylacetic acid (1 equiv), alcohol-containing reagent (3 equiv), and 4-Dimethylaminopyridine
(DMAP; 2 equiv) were added to a round bottom flask. The reagents were solubilized using
methylene chloride (800 pL) and was brought to 0 °C in an ice bath. A solution of
diisopropylcarbodiimide (DIC; 2 equiv) in methylene chloride (200 pnL) was added dropwise over
the course of 30 minutes and then slowly brought to room temperature. After stirring for 24 hours,
the reaction mixture was filtered through a filter funnel and concentrated in vacuo. The crude
product was purified via flash column chromatography. A mobile phase of hexanes:ethyl acetate
(time/% ethyl acetate: 0/0, 2/0, 7/50, 15/100, 20/0) was first utilized to elute any existing
impurities, and the product was eluted in the DCM:MeOH mobile phase (time/%MeOH: 0/0, 4/0,
35/15, 42/20, 45/50, 50/0). Identity and purity of each compound was confirmed via LC-MS, LC-

UV/Vis, and '"H NMR .

Liver Microsome Stability Assay

An aliquot (1 pL) of test compound (1 mM, 100% DMSO) was added to an aqueous liver
microsome solution (1000 puL, PBS pH 7.4, 0.5mg/mL human liver microsomes (Thermo Fisher
Scientific, CattHMMPL), 2 mM NADPH, 2 mM MgCl2) and incubated at 37 °C for 120 min.
Aliquots (50 pL) of the microsome solution were taken at various time points (0, 5, 10, 15, 30, 60,
90, 120 min) and added to a reaction quenching solution (200 pL 100% Acetonitrile) containing
an internal standard. Solutions were clarified by centrifugation (16,000 x g, 5 min), and the
supernatants were transferred to new tubes and lyophilized. Samples were reconstituted in 100 uLL
0f'50/50/0.1 (Water/Acetonitrile/Formic Acid) prior to analysis via liquid chromatography-tandem

mass spectrometry (LC-MS/MS). Chromatographic peak areas normalized to the internal standard
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were plotted at each time point and the half-life (ti2) of compound in liver microsomes was
determined by using the trendline equation to calculate the time at which compound abundance

was 50% of that at time point 0 (to).

Plasma and Brain Tissue Binding Assays

Brain tissue was homogenized in PBS (pH 7.4) (1: 3 weight(mg)/volume(uL)) and the protein
concentration was determined using the Micro BCA™ Protein Assay Kit (Thermo Fisher
Scientific, Cat#23235). Brain homogenate was clarified and diluted to 20 mg/mL in PBS (pH 7.4).
Either brain homogenate or plasma was and added to Slide-A-Lyzer™ MINI Dialysis Devices,
10K MWCO dialysis cups (Thermo Fisher Scientific, Cat#PI88401) in a 48-well plate containing
PBS (500 pL; pH 7.4). 1 uL of 1 mM compound was added to the brain homogenate (Final
Concentration: 2 uM compound, 0.5% DMSO) and incubated on a rocker for 4.5 hours at 37 °C.
50 puL of brain homogenate or plasma (within the dialysis cup) and PBS (within the 48-well plate)
were transferred to new microcentrifuge tubes containing 400 pL of quenching reagent (100%
Acetonitrile) containing internal standard. Solutions were clarified by centrifugation (16,000 x g,
5 min), and the supernatants were transferred to new tubes and lyophilized. Samples were
reconstituted in 100 pL of 50/50/0.1 (Water/Acetonitrile/Formic Acid) prior to analysis via liquid
chromatography-tandem mass spectrometry (LC-MS/MS). The % of the unbound drug (fu,bound)
was calculated using the following equation:

% Bound = [1- (PBS chromatographic peak area/ brain homogenate or plasma chromatographic

peak area)] x 100

Blood-Brain Barrier (BBB) Permeability Assay
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A liquid chromatography-ultraviolet/visible spectroscopy (LC-UV/Vis) assay was performed on a
1290 Infinity HPLC system (Agilent Technologies) with an HPLC column containing
immobilized phosphatidylcholine (IAM.PC.DD, Regis Technologies, Cat#774011, 5 um 300 A
100 x 4.6 mm). The HPLC method was a mixture of 6.7 mM phosphate buffer saline (pH 7.4;
solvent A) and acetonitrile (solvent B), and a gradient was used for the elution of the compounds
(min/%B: 0/20, 20/60, 21/20, 30/20). The retention time of the compound (t;) and void volume
time of the column (to) were recorded. Blood-brain barrier (BBB) permeability (Pm) was calculated
using the following equations as described by Yoon et al (DOI: 10.1177/1087057105281656):
Kiam = (t:- t0) / to ; Pm = (Kiam / MW*) x 1010

Compounds with a P, >0.85 were determined to be BBB permeable (CNS+) at pH 7.

In-Vivo Pharmacokinetics

Following oral administration of compound via pipette feeding, mice brain tissue and plasma were
collected after euthanasia and perfusion at 1, 2, 4, 6 and 8 hours. Brain tissue were homogenized
in a bead beater using 5 volumes of ice-cold 80% acetonitrile (1/5; mg of brain/uL of 80% ACN).
Plasma analytes were extracted using 4 volumes of ice-cold acetonitrile (1/4; uL of plasma/uL of
ACN). Solutions were clarified by centrifugation (16,000 x g, 5 min) and the supernatants were
transferred to new tubes and lyophilized. Samples were reconstituted in 100 pL of 50/50/0.1
(Water/Acetonitrile/Formic Acid) prior to analysis via liquid chromatography-tandem mass
spectrometry (LC-MS/MS). An internal standard (IS) was added to every sample to account for
compound loss during sample processing. Standards were made in drug naive plasma and brain
lysates with increasing amounts of analyte (S1,S2: 0 pmol/ S3,S4: 1 pmol/ S5,S6: 10 pmol/ S7,S8:

100 pmol, S9,S10: 1000 pmol). The standard curve was made by plotting the known amount of
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analyte per standard vs. the ratio of measured chromatographic peak areas corresponding to the
analyte over that of the IS (analyte/IS). The trendline equation was then used to calculate the

absolute concentrations of each compound in plasma and brain tissue.

Kinetic Solubility

Test compound (10 mM, 100% DMSO) was diluted separately into aqueous buffer (100 uM; PBS
pH 7.4) and DMSO at various concentrations (500, 250, 125, 62.5, 31.3, 15.6, 7.8, 3.9, 2, 1 uM).
The solutions were then incubated at 37 © C for 90 min and centrifuged (16000xg, 5 min). An
aliquot of each supernatant is analyzed by UV/Vis (if possible) or LC-MS/MS. A standard curve
was made by plotting the known amount of analyte per standard in DMSO vs. absorbance or
chromatographic peak area. Kinetic solubility (mM) was calculated using the trendline equation

with maximum absorbance or chromatographic peak area observed in the aqueous sample.

Liquid Chromatography-Tandem Mass Spectrometry

Analysis of compound levels was done at the UCLA Pasarow Mass Spectrometry Lab (PMSL;
Julian Whitelegge, Ph.D., Director). A targeted LC-MS/MS assay was developed for each
compound using the multiple reaction monitoring (MRM) acquisition method on a 6460 triple
quadrupole mass spectrometer (Agilent Technologies) coupled to a 1290 Infinity HPLC system
(Agilent Technologies) with a Phenomenex analytical column (Kinetex 1.7 um C18 100 A 100 x
2.1 mm). The HPLC method utilized a mixture of solvent A (99.9/1 Water/Formic Acid) and
solvent B (99.9/1 Acetonitrile/Formic Acid) and a gradient was use for the elution of the
compounds (min/%B: 0/1, 3/1, 19/99, 20/1, 30/1). Two fragment ions originating from each

compound were monitored at specific LC retention times to ensure specificity and accurate
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quantification in the complex biological samples. The normalized chromatographic peak areas
were determined by taking the ratio of measured chromatographic peak areas corresponding to

each compound over that of the internal standard (Analyte/IS).

Proteomics

Hippocampus were homogenized in lysis buffer (12 mM sodium lauroyl sarcosine, 0.5% sodium
deoxycholate, 50 mM triethylammonium bicarbonate (TEAB), Halt™ Protease and Phosphatase
Inhibitor Cocktail (Thermo Fisher Scientific)), the samples were reduced and alkylated with tris(2-
carboxyethyl)phosphine (10 mM) and chloroacetamide (40 mM) for 30 minutes at 95 °C, and then
digested with trypsin (20 ug) for 16 hours at 37 °C. The samples were then isotopically labeled
(TMT18plex Isobaric Label Reagent Set, Thermo Fisher Scientific) according to the
manufacturer’s protocol to provide relative quantitation between samples. The samples were then
fractionated separately via high pH reversed-phase chromatography (Pierce™ High pH Reversed-
Phase Peptide Fractionation Kit) as per manufacturer’s protocol for increased proteome coverage.
Aliquots of each fraction were injected onto a reverse phase nanobore HPLC column (AcuTech
Scientific, C18, 1.8um particle size, 360 um x 20 cm, 150 um ID), equilibrated in solvent A
(water/acetonitrile/FA, 98/2/0.1, v/v/v) and eluted (300 nL/min) with an increasing concentration
of solvent B (acetonitrile/water/FA, 98/2/0.1, v/v/v: min/% F; 0/0, 5/3, 18/7, 74/12, 144/24,
153/27, 162/40, 164/80, 174/80, 176/0, 180/0) using an EASY-nLC II (Thermo Fisher Scientific).
The effluent from the column was directed to a nanospray ionization source connected to a hybrid
quadrupole-Orbitrap mass spectrometer (Q Exactive Plus, Thermo Fisher Scientific) acquiring
mass spectra in a data-dependent mode alternating between a full scan (m/z 350-1700, automated

gain control (AGC) target 3 x 106, 50 ms maximum injection time, FWHM resolution 70,000 at
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m/z 200) and up to 15 MS/MS scans (quadrupole isolation of charge states 2-7, isolation window
0.7 m/z) with previously optimized fragmentation conditions (normalized collision energy of 32,
dynamic exclusion of 30 s, AGC target 1 x 105, 100 ms maximum injection time, FWHM
resolution 35,000 at m/z 200). Raw proteomic data were searched against a Uniprot database
containing the complete human proteome using SEQUEST-HT (including dynamic modifications:
oxidation (+15.995) on M, deamidation (+0.984) on N/Q, and carbamidomethyl (+57.021),
phosphorylation (+79.966) on S/T/Y) in Proteome Discoverer (Version 2,4, Thermo Scientific),
which provided measurements of relative abundance of the identified peptides. Decoy database
searching was used to generate high confidence tryptic peptides (FDR < 1%). Tryptic peptides
containing amino acid sequences unique to individual proteins were used to identify and provide
relative quantification between different proteins in each sample. Post-translationally modified
peptides from each protein were normalized to protein abundance and peptides exhibiting a p-
value < 0.05 with a log2-fold change > 0.5 were analyzed using a series of bioinformatics tools
including functional protein association network analysis, comprehensive gene set enrichment
gene ontology (GO) classification and pathway analysis, as well as kinase substrate enrichment

analyses.

Neurite Outgrowth Assay in iPSC-Derived Human Neurons.

The iPSC derived human neurons were provided by the Kornblum lab to be cultured in normal
growth conditions (37°C, 5% CO2) for 2-3 days. Cells were cultured in CELLSTAR uClear 384
well plates, PS, F bottom at seeding density of 5000 cells per well coated overnight with 30ug/mL
poly-D-lysine and 2 ug/mL laminin. Media was replaced every 3 days with Lonza Primary Neuron

Basal Medium (PNBM) supplemented with 2mM L-glutamine, GA-1000, and 2% NSF-1. On day
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3, cells were treated with DDL357 in doses ranging from 15,000nM to 0.76 nM for 48 hours. All
compounds were diluted in 0.5% DMSO and pinned to 384 well plates with 25 pL of cell media
per well with pin size of 250 nL using BioMek FX (Beckman Coulter, CA). After 48 hours, media
was replaced twice to ensure removal of any remaining compound residues before imaging for
neurite outgrowth with Calcein-AM and Hoescht. Imaging was done at UCLA Molecular
Screening Shared Resource core facility (MSSR; Robert Damoiseaux, Ph.D., Director) with
ImageXPress Confocal (Molecular Devices, CA) using a 10x objective. Total neurite outgrowth
was measured via a MetaXpress (Molecular Devices, CA) neurite outgrowth analysis algorithm.
Neurite outgrowth was set to detect cell bodies with approximate width of > 20um and outgrowth
with maximal width of Sum and length of > 100 um with intensity of 1000 grey scales over
background. Mean neurite outgrowth per drug exposure was determined by normalizing to vehicle
control (n = 60). Neurite outgrowth assay data were compared using a two-way ANOVA for drug
effect and concentration. Internal standards were designed in each plate with controls of untreated
neurons (n = 24) and vehicle controls of neurons treated with 0.5% DMSO (n = 60) since all
compounds were dissolved in 0.5% DMSO - the concentration that showed no signs of cell toxicity

from previous studies.

RESULTS

HTS Identifies HDAC and BET Inhibitors to Increase sCLU Levels in U-87 MG cells

A customized AlphaLISA immunoassay developed and optimized to quantify sCLU secreted from
human U-87 MG glioblastoma cells in a 384-well plate format was utilized to screen nine UCLA
drug libraries consisting of 2,880 FDA-approved compounds at a concentration of 5 uM (Fig. 2A).

Three of the thirty-two compounds chosen for confirmatory retesting in triplicate significantly
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increased sCLU relative to DMSO treated controls (Fig. 2B). The validated hits compromised of
the histone deacetylase (HDAC) inhibitor, vorinostat, the bromodomain and extraterminal protein
(BET) inhibitor, I-BET151, and the naturally occurring alkaloid, piperlongumine that are known
inhibit the activity of proteins that recognize acetylated histone motifs (Fig. 2C). Further testing
of additional structurally diverse compounds confirmed that HDAC and BET inhibitors increase
sCLU in U-87 MG cells (Fig. 2D). A dose response analysis identified the BET inhibitors to be
significantly more potent than the HDAC inhibitors (Fig. 2E). [-BET151 and (+)-JQ1 both
demonstrated low nanomolar potency, increasing sCLU with ECso’s of 234 nM and 70 nM,
respectively. Vorinostat and belinostat, on the other hand, both had ECs¢’s in the micromolar range
at 1626 nM and 1164 nM, respectively. Testing of selective HDAC inhibitors determined HDACI,
HDAC3, and HDAC6 to be capable of increasing sCLU levels, but not as much as pan HDAC
inhibitor, vorinostat (Fig. 2F). Testing of bromodomain (BD) selective inhibitors identified BD2
of BET proteins to be essential the mechanism of enhancing sCLU (Fig. 2G). BD2 selective
inhibitor, ABBV744, increased sCLU levels significantly at all tested concentrations. BDI
selective inhibitor, MS436, only increased sCLU at 5 uM, a concentration at which it is no longer
selective for just BD1. Dual treatment with both inhibitors did not have an additive effect on
enhancing sCLU. Though, dual inhibition of both HDAC and BET proteins with vorinostat and
[-BET151 did result in a significant synergistic increase in sCLU levels (Fig. 2H). Evaluation of
both compounds in a cytotoxicity assay identified vorinostat to be significantly toxic to U-87 MG
cells at concentrations greater than 5 uM, while I-BET151 was well tolerated up to 50 uM (Fig.

21).
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Figure 2. High-throughput screening identifies HDAC and BET inhibitors to increase sCLU levels

in U-87 MG glioblastoma cells. (A) sCLU levels from a high-throughput screening of LOPAC and

Prestwick chemical libraries at a concentration of 5 uM in U-87 MG glioblastoma cells. (B) sCLU

levels from the retesting of 32 compounds selected from the high-throughput screen in triplicate.

(C) Schematic showing the molecular relationship between HDAC inhibitor, vorinostat, and BET

inhibitor, [-BET151. (D) sCLU levels following treatment with HDAC inhibitors (vorinostat and

belinostat), BET inhibitors (I-BET151 and (+)-JQ1), and the inactive enantiomer of (+)-JQ1 ((-)-

JQ1). (E) Dose-response curves showing sCLU levels and calculated ECso values for vorinostat

(2533 nM), belinostat (1108 nM), I-BET151 (609 nM), and (+)-JQ1 (71 nM), following treatment

at concentrations of 2, 7, 206, 62, 185, 556, 1667 and 5000 nM. (F) sCLU levels following testing

of isoform selective HDAC inhibitors (CM-675, santacruzamate A, RGFP966, tasquinimod,

BRD4354, MPT0G211, HDACS-IN-1, SIS17) and vorinostat at a concentration of 5 puM.
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(G) sCLU following testing of bromodomain selective inhibitors, MS436 and ABBV744,
independently and jointly at concentrations of 0.2, 1 and 5 uM. (H) sCLU following testing of
vorinostat and I-BET151 independently and jointly at concentrations of 0.2, 1 and 5 uM. (I) Live
and dead U-87 MG cell measures following treatment with vorinostat or -BET151 at 23, 69, 206,
617, 1852, 5556, 16667 and 50000 nM. All results graphed as mean = SEM. All statistics were

performed with a two-way ANOVA (*p <0.05; **p <0.001; ***p <0.0001; ****p <0.00001).

Hit-to-Lead Optimization Identifies Candidates with Good ADME Properties

Optimization efforts led to the synthesis of ten new chemical entities (NCEs) and physiochemical
evaluation of nineteen different BET inhibitors for the purposes of identifying the sSCLU enhancers
likely to be successful therapeutics in-vivo (Table 1). Two general synthetic approaches were
utilized to synthesize novel analogs of the known BET inhibitor (+)-JQ1. The synthesis of the
validated analogs DDL-351, -355, -356, -357, and -358, was made possible by performing an ester
coupling reaction between the commercially available (+)-JQ1 carboxylic acid (1 equiv) and an
alcohol-containing substituent (2 equiv), in the presence of 4-Dimethylaminopyridine (DMAP; 2
equiv) and diisopropylcarbodiimide (DIC; 2 equiv) (Fig. 3A). The synthesis of DDL-352, -353, -
354, and -359, was made possible by performing an amide coupling reaction between the (+)-JQ1
carboxylic acid (1 equiv) and an amide-containing substituent (2 equiv), in the presence of 1-Ethyl-
3-(3-dimethylaminopropyl)carbodiimide (EDC; 2 equiv.), Hydroxybenzotriazole (HOBt; 2
equiv.), and N-N, Diisopropylethylamine (DIPEA; 2.5 equiv.) (Fig. 3B). Bromodomain-
containing protein 2 and 4 (BRD2/4) inhibition assays and sCLU levels were subsequently used
to identify the ester-containing analogs as significantly more potent (Fig. 3C, 3D). Of these

compounds, DDL-357 exhibited the greatest potency in-vitro with BRD2/4 1Cs¢’s of 161 and 20
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nM and a sCLU ECsg of 18 nM (Fig. 3C). Assessment of biological activity of each analog, it was
clear that the ester-containing analogs were significantly more potent that the amide-containing
analogs (Fig. 3C, 3D). To determine which compounds were likely to demonstrate therapeutic
efficacy in-vivo, various in-vitro assays were used to assess physiochemical properties that
influence compound absorption, distribution, metabolism, excretion (ADME). This included the
assessment of compound solubility, liver microsome stability, plasma binding, brain tissue binding
and blood-brain-barrier permeability (Table 1). Desired in-vitro ADME property values and go/no
go criteria for continued evaluation in-vivo are as follows: Aqueous Kinetic Solubility > 50 uM;
Liver Microsomal Stability ti» > 1 hours; Plasma Binding < 90%; Brain Tissue Binding < 80%;
BBB Permeability P, > 0.85 = CNS+; In-Vitro Efficacious Dose < 100 nM. Only one known BET
inhibitor, (+)-JQ1 PA, and three NCEs, DDL-356, DDL-357, and DLL-360, met these strict
ADME criteria. Of these compounds, DDL-357 exhibited the greatest potency in-vitro with an

ECso of 18 nM, and was therefore chosen as lead candidate for further efficacy testing in-vivo.

BBB
Molecular Kinetic Microsomal Plasma Brain Tissue | Permeability In-Vitro
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*Desired physiochemical property values: Kinetic Solubility > 50 uM; Microsomal Stability t;,, > 1 hours; Plasma Binding < 90%; Brain Tissue Binding <
80%; PAMPA P, > 0.85 = CNS+; In-Vitro Efficacious Dose < 100 nM

Table 1. Physiochemical Properties of Candidate sCLU Enhancers.
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Figure 3. Synthetic scheme for the synthesis of novel sCLU enhancers. (A) General synthetic
scheme used for the synthesis of ester-containing (+)-JQ1 analogs. (B) General synthetic scheme
used for the synthesis of amide-containing (+)-JQI analogs. (C) The chemical structure and
biological activity (sSCLU ECso, BRD2/4 1Cs¢’s) for ester-containing analogs, DDL-351, - 355, -
356, -357, and -358. The chemical structure and biological activity (sCLU ECso, BRD2/4 1Cs¢’s)

for amide-containing analogs, DDL-352, - 353, -354, -358, and -360. Green indicates a
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modification that results in increase potency, relative to (+)-JQ-1. Red indicates a modification

that results in decreased potency, relative to (+)-JQ-1.

Short-Term Administration of DDL-357 Promotes Mitochondrial Function, Synaptic Plasticity

and Protein Homeostasis E4/FAD Mice

Proof-of-concept pharmacokinetic/pharmacodynamic (PK/PD) analyses were performed to see if
the DDL-357 was orally brain bioavailable and capable of increasing sCLU levels in E4/FAD
mice. In-vivo pharmacokinetics confirmed DDL-357 to brain bioavailable following oral
administration via pipette feeding, reached a maximum brain concentration of 1850 nM, 1-hour
post administration at a dose of 30 mg/kg (Fig. 4A). When brain tissue binding is considered
(75.3%), the unbound brain concentration of DDL-357 is still 457 nM, which is almost 10-fold
greater than the predetermined in-vitro efficacious dose (ECso = 50 nM) (Fig. 4A). Based on these
results, DDL-357 was chosen for short-term preclinical efficacy testing in four-month-old E4/FAD
mice. Two-weeks of bidaily treatments at a dose of 15 mg/kg was determined to significantly
increase sCLU levels in the hippocampus by approximately 1.3-fold, relative to vehicle treated
controls (Fig. 4B). Interestingly, levels of Amyloid 3 1-42 (AB42) in the hippocampus were found
to be decreased by approximately 1.3-fold (Fig. 4C). Though, unfortunately, due to high variability
in AP42 levels in this mouse model, this change was not significant. Subsequent mass-
spectrometry-based proteomics analysis comparing DDL-357 and vehicle-treated hippocampal
lysates identified many additional differentially expressed proteins (Fig. 4D). A gene-set
enrichment gene ontology analysis was utilized to identify biological processes associated with
proteins that were significantly upregulated at least 1.3-fold (Fig. 4E). There was notable

enrichment of many AD-relevant biological processes such as but not limited to: Amyloid B
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clearance by transcytosis, WNT signaling pathway, synaptic vesicle recycling, and protein
localization to mitochondrion. The enrichment was used to identify disease-relevant genes that
play a role in promoting synaptic plasticity, metabolic homeostasis, and/or protein homeostasis -
biological processes that are well-known for being disrupted during the development of AD
pathogenesis. (Fig. 4F, Table 2). Notably, many of the upregulated proteins have been previously
identified to be decreased in AD patients (Table 2). The results of this analysis prompted the
assessment of DDL-357 as a mediator of neurite outgrowth in Human iPSC-derived neurons. The
extent of neurite outgrowth can be clearly visualized in images taken of DMSO and DDL-357
treated wells after 48 hours (Fig. SA, 5B). Excitingly, DDL-357 exhibited a concentration-
dependent increase in neurite outgrowth that plateaued at 1.5-fold at a concentration of only 7 nM,

when compared to DMSO-treated controls (Fig. 5C).
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Figure 4. Short-term administration of DDL-357 promotes synaptic, metabolic, and protein
homeostasis in E4/FAD mice. (A) DDL-357 brain concentrations (total and unbound), 1, 2, 4, 6
and 8 hours following oral administration at a dose of 30 mg/kg. (B) sCLU levels in the
hippocampus of E4/FAD mice following administration of DDL-357 at a dose of 15 mg/kg or
vehicle, bidaily, for two weeks. (C) Amyloid B 1-42 levels in the hippocampus of E4/FAD mice
following administration of DDL-357 at a dose of 15 mg/kg or vehicle, bidaily, for two weeks.
(D) Differences in the abundances of proteins, illustrated via volcano plot, in the hippocampus of
E4/FAD mice following administration of DDL-357 at a dose of 15 mg/kg or vehicle, bidaily, for
two weeks. The—logio (p-value) is plotted against logio (abundance ratio: DDL-357/Vehicle). (E)
Gene ontology enrichment analysis using proteins significantly upregulated in the hippocampus
of DDL-357 treated E4/FAD mice, relative to vehicle treated controls. (F) A schematic illustrating
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the DDL-357-upregulated genes important for maintaining AD-relevant biological functions,
including mitochondrial function, protein homeostasis, and synaptic plasticity. All results graphed
as mean = SEM. All statistics were performed with a two-way ANOVA (*p < 0.05; **p < 0.001;

k% < 0,0001; ***%p < 0.00001).

Abundance
Ratio
Gene Description 357, P-Value | Expression in AD Biological Function
BLMH Bleomycin hydrolase 8.14E-12 Metabolic Synaptic plasticity and Anti- ion
NDUFC2 NADI i oxidoreductase subunit C2 4.29 1.02€-02 Down Metabolic is - Mif ial Respiratory Chain NADH Dehydrogenase (Cl) Subunit
APIS Apoptosis Inhibitor-5 3.83 2.19E-03 Metabolic is - Anti-Apoptotic Regulator of E2F1
NDUFS5 NADH:ubi ase subunit S5 2.45 4.81E-14 Down Metabolic is - Mi ial Respiratory Chain NADH Dehydrog (Cl) Subunit
PRDX3 roxiredoxin 3 1.80 1.74E-10 Down Metabolic is; Anti-| ion - Mi ial Antioxidant Protein
SLC4A10 Solute carrier family 4 member 10 174 2.96E-08 Down i is - i ial/Glycolytic Enzymes; Synaptic Plasticity - Short Term Plasticity
NDUFB4 NADH:Ubiquinone Oxidoreductase Subunit B4 149 3.10E-06 Down Metabolic F is - Mi ial Respiratory Chain NADH Dehydrogenase (CI) Subunit
NDUFA13 NADH:Ubiquinone Oxidoreductase Subunit A13 137 7.18E-05 Down Metabolic F is - Mi ial Respiratory Chain NADH Dehydrogenase (CI) Subunit
UQCRFs1 Cytochrome b-c1 complex subunit Rieske, mitochondrial 134 3.67E-06 Down Metabolic Homeostasi chondrial Membrane Respiratory Chain Ubi ochrome C Oxidoreductase (CIlI) Subunit
PSMD3 265 proteasome non-ATPase regulatory subunit 3 151E-13 Up Protein Homeostasis - Proteosomal Protein
TRPV2 | Transient receptor potential cation channel subfamily V member 2 3.70E-14 down Protein is - Receptor ing AB Phagocytosis/Clearence via Microglia
RABSA Ras-related protein Rab-8A 5.63E-10 down Protein is - Reduces a-synuclein a ion; Synaptic Plasticity - Postsynaptic Receptor Trafficking
SMCR8 Guanine nucleotide exchange protein 430 2.92E-11 Protein ¢ - Lysosome Regulator
GRPEL1 GrpE protein homolog 1, mitochondrial 274 131E-02 Protein, [ is - Mi ial UPR Regulator
Rab27b Ras-related protein Rab-278 219 1.38E-05 Up Protein ¢ is - Autophagy Regulator - Reduces a-synuclein Toxicity; Synaptic Plasticity - Promotes Presynaptic LTP
ccn2 T-complex protein 1 subunit beta 1.96 3.98E-05 Protein is - Protein Aggregate Receptor/Chaperone
EIFSA eukaryotic initiation factor SA 1.89 2.11E-03 Protein is- Inhibits TDP-43 Aggregation/UPR Regulator
VBP1 VHL Binding Protein 1 1.70 1.87E-03 | Mutation Associated Protein is - Facilitates Protein D ion; Synaptic Plasticity - Wat Signaling
UBE2L3 ubiquitin conjugating enzyme E2 L3 152 138E-02 | Mutation Associated H i
ALCAM Activated leukocyte cell adhesion molecule 3.48 9.02E-05 Up in Plasma Synaptic Plasticity - Promotes Axon Elongation and
PPP3R1 Calcineurin subunit B 2552 4.79E-10 Down Synaptic Plasticity - Axon Guidance, ic Synapse, LTP, and MAPK Signaling Pathways
DLGAP2 Disks large-associated protein 2 2.09 5.45E-03 Down Synaptic Plasticity - Critically Regulates Dendritic Spine Density and Morphology & Memory
NPTXR Neuronal pentraxin receptor 2.02 2.04E-13 Down Synaptic Plasticity - Mediates Uptake of Synaptic Material and Clustering of AMPA Receptors. Crucial for LTP
GNAI2 Guanine nucleotide-binding protein G(i) subunit alpha-2 1.90 1.09E-06 Down Synaptic Plasticity - Associated with LTP
Synaptic Plasticity - Increases BDNF; Metabolic Homeostasis - Traffics Mitochondrial Proteins; Protein Homeostasis - Scaffold
HTT Huntingtin Protein 1.69 3.70E-03 Up for Autophagy
Synaptic Plasticity - Presynaptic Maintenance is Crucial for Cognitive Function; Autophagy - Mediates Autophagosome-
SNAP29 neuronal protein 29 153 1.53E-06 Down Lysosome Fusion
ITSN1 Intersectin 1 1.47 4.54£-08 Synaptic Plasticity - Activates Reelin Signaling Through VLDLR
PLCBL | 1 4, beta-1 144 3.28E-03 Synaptic Plasticity - Enhances and NMDAR-mediated LTP

Table 2. Alzheimer’s Disease-relevant proteins upregulated in E4/FAD mice following DDL-357

treatment.
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Figure 5. DDL-357 promotes neurite outgrowth in human iPSC-derived neurons. (A) Confocal
image of Calcein-AM stained iPSC-derived neurons 48 hours after treatment with 0.5% DMSO.
(B) Confocal image of Calcein-AM stained iPSC-derived neurons 48 hours after treatment with
DDL-357 at a concentration of 6.9 nM. (C) Measurements of neurite outgrowth in iPSC-derived
neurons following treatment with 0.5% DMSO or DDL-357 at a concentrations of 0.8, 2.3, 6.9,
20.6, 61.7, and 185.2 nM. All results graphed as mean + SEM. All statistics were performed with

a two-way ANOVA (*p < 0.05; **p < 0.001; ***p < 0.0001; ****p < 0.00001).

DISCUSSION

To the best of our knowledge, this study represents the first description of a drug discovery effort
aimed at identifying potent, brain-permeable small molecules that increase levels of sCLU, and
evaluating their effects on AD. A high-throughput screening (HTS) approach successfully
identified three compounds (vorinostat, [-BET151, piperlongumine) that significantly increased
sCLU levels secreted from glioblastoma cells. Interestingly, all three compounds shared a common
theme of inhibiting proteins that recognize acetyl functional groups on lysine residues. Two of
these compounds, vorinostat and piperlongumine, had been classified as HDAC inhibitors.
HDAC: are enzymes that regulate the transcription process by removing acetyl groups from lysine

residues of histones and transcription factors and have been associated with various
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neurodegenerative diseases, including AD (Ref. 39-40). Interestingly, HDAC inhibition has been
described as a promising therapeutic strategy offering neuroprotection by reversing the
hypoacetylation commonly observed in AD, preventing AB-induced hyperphosphorylation of tau,
and promoting the expression of crucial genes associated with synaptic plasticity, learning, and
memory (Ref. 39-40). Not surprisingly, vorinostat is already being tested in phase 1 clinical trials
for treating AD (Ref. 3). The other compound identified in the HTS was the well-known BET
inhibitor, I-BET151. Similar to HDACs, BET proteins are widely acknowledged as master
transcriptional regulators in response to physiological and pathophysiological cues (Ref. 41). This
function is facilitated by two acetyl lysine-recognizing bromodomains (BDs) that recruit
transcription factors and coactivators to target gene sites, activating the transcriptional machinery
(Ref. 41). With this in mind, it is easy to conceive how pharmacological inhibition of HDACs
could exert downstream effects on BET proteins. Accordingly, the inhibition of BET proteins has
also been recognized as a potential therapeutic strategy for treating AD (Ref. 42). BET inhibitors
have been shown to reduce neuroinflammation and tau phosphorylation, while also promoting
brain plasticity and cognitive function (Ref. 42-45). Many of the molecular mechanisms
underlying these neurotrophic changes are not well characterized and may be mediated by sCLU.
Needless to say, these findings reveal a shared molecular pathway connecting impaired protein

acetylation with sCLU and AD pathogenesis.

Through testing a structurally diverse array of HDAC and BET inhibitors, a comprehensive
investigation was conducted into the molecular mechanisms underlying sCLU expression. While
the availability of entirely selective inhibitors somewhat constrained the experiments, the results

suggest that three HDACs (HDAC1, HDAC3, HDAC6) and BD2 of BRD4 are involved in
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regulating sSCLU expression. This information could be utilized in the pursuit of developing more
selective sCLU-enhancing therapeutics that avoid disrupting the normal homeostatic functions of
all HDAC or BET proteins simultaneously. Limiting drug promiscuity is often critical in
preventing adverse reactions/effects that contribute to drug attrition (Ref. 46). Most notably, the
findings also revealed BET inhibitors to be considerably more potent and less toxic than HDAC
inhibitors, effectively elevating sCLU levels at low nanomolar concentrations without causing any
significant cellular toxicity. Consequently, it was concluded that BET inhibition represents a more
valuable therapeutic approach, as pharmacologically relevant drug levels were much more

attainable in- vivo, and less likely to cause unwanted side effects.

In pursuit of identifying BET inhibitors likely to be successful therapeutics for treating CNS
disorders in-vivo, various in-vitro assays were used to evaluate physicochemical properties that
influence drug ADME. While a compound may exhibit good in-vitro drug activity, it does not
automatically guarantee favorable in-vivo activity unless it also possesses good bioavailability and
half-life (Ref. 47). Moreover, the escalating costs associated with the development of novel
therapeutics and the high rate of candidate attrition have prompted a shift in drug discovery
strategies towards the simultaneous evaluation of comprehensive drug physicochemical and
ADME properties alongside efficacy (Ref. 48). This comprehensive assessment holds particular
significance for CNS disorders due to the selective exclusion of nearly 100% of large-molecule
neurotherapeutics and over 98% of all small-molecule drugs by the blood-brain barrier (BBB)
(Ref. 49). Additional optimization efforts also resulted in the design and synthesis of ten novel
JQ1 analogs. Of the nineteen compounds assessed, only one known BET inhibitor and three NCEs

met the stringent go/no-go ADME criteria required for further evaluation in-vivo. Moreover, DDL-
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357 exhibited enhanced potency, BBB permeability, and metabolic stability, along with decreased
brain tissue and plasma binding. As a result, it was selected as the lead sCLU enhancing drug

candidate moving forward.

Proof-of-concept pharmacokinetic and pharmacodynamic analyses were subsequently conducted
to determine if DDL-357 could reach therapeutically relevant concentrations in the brain and
effectively increase sCLU levels. As predicted by the in-vitro ADME assessment, DDL-357
exhibited excellent brain bioavailability, reaching micromolar concentrations one-hour post-
administration at a dose of 30 mg/kg. Even after brain tissue binding is considered, the unbound
concentration of DDL-357 that is free to interact with the pharmacological target is still more than
20-fold greater in-vitro ECso. Following this, DDL-357 demonstrated a significant increase in
hippocampal sCLU levels in the E4/FAD AD mouse model after two weeks of treatment.
Interestingly, a corresponding decrease in AP42 levels was also observed, but due to large
variability, it was not deemed statistically significant. It is possible that a longer study in a larger
cohort of mice would yield different results. Unfortunately, the effects of DDL-357 on p-tau levels

were unable to be assessed, as the mice do not express the human form of tau.

To further characterize the pharmacological effects of DDL-357 in-vivo, an unbiased proteomics
analysis was utilized to identify additional differentially expressed proteins. This approach
revealed increased expression of various proteins critical to mitochondrial function, synaptic
plasticity, and protein homeostasis - processes known to be disrupted during AD pathogenesis
(Ref. 50-52). This included several proteins from complex I, NADH:ubiquinone oxidoreductase

(NDUFA13, NDUFC2, NDUFS5, NDUFB4), and complex III, ubiquinol-cytochrome c¢
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oxidoreductase (UQCRFS1), of the mitochondrial respiratory chain. These proteins are notably
decreased in AD patient brains, and in some cases, this decrease has been suggested to be causative
of the disease (Ref. 53-59). Increasing these proteins has important implications for maintaining
mitochondrial bioenergetics vital to supporting neuronal function and preventing oxidative
damage in AD (Ref. 58-59). Interestingly, there was also an upregulation of several autophagy-
regulating proteins (SMCRS, TRPV2, RAB8A, RAB27B, GRPEL1) known to enhance
autophagic-lysosomal clearance of protein aggregates, including AP and alpha-synuclein (asyn)
(Ref. 60-64). This was accompanied by increases in important molecular chaperones (CCT2,
CCT3, VBPI1), as well as additional components of the endo-lysosome autophagy pathway
(VSP39) and the ubiquitin-proteasome system degradation pathway (UBE2L3, PSMD3) (Ref. 65-
71). Several proteins critical for maintaining synaptic function, dendritic spine morphology, long-
term potentiation, and associated learning and memory processes were also upregulated (SNAP29,
ALCAM, ITSN1, DLGAP2, NPTXR) (Ref. 72-79). Interestingly, one of these proteins, ITSN1, is
a prominent component of the reelin signaling pathway and should, therefore, work in conjunction
with sCLU to reduce levels of p-tau (Ref. 27-29, 74-75). Encouraged by these findings, DDL-357
was tested on human iPSC-derived neurons and shown to significantly enhance neurite outgrowth.
While the effects of DDL-357 on mitochondrial respiration have yet to be tested in these cells, it
is hypothesized that a Seahorse-based bioenergetics analysis will show pronounced increases in

ATP production.

This discovery of a novel class of sCLU enhancers presents an opportunity for further evaluation
and development of these compounds as novel therapeutics for treating Alzheimer’s disease. The

results described provide evidence of numerous disease-relevant biological processes mediated by
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BET proteins. Moreover, it provides evidence that BET inhibition may represent a
mechanistically-related, yet superior therapeutic approach when compared to HDAC inhibition,
which is currently being evaluated in clinical trials. The lead drug candidate, DDL-357,
specifically shows promise as a potent, multifaceted therapeutic that may inhibit primary disease
pathogenesis while also promoting various neuroprotective functions such as mitochondrial
function, synaptic plasticity, and protein homeostasis. We are confident that a long-term in-vivo
study in a different AD mouse model (containing three mutations associated with familial
Alzheimer's disease:APP Swedish, MAPT P301L, and PSEN1 M146V), the 3xTg-AD mouse
model, will provide further evidence of drug efficacy and spawn the emergence of a promising
new clinical candidate that may, one day, be used to treat MCI and AD patients. While additional
research is needed to evaluate the full extent of sSCLU's involvement, this drug discovery effort has
undoubtedly shed light on a valuable therapeutic approach that warrants further evaluation as a

treatment for AD.
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DDL-351:
& 1H NMR (400 MHz, CDCI3) & 7.41 (m, 2H), 7.32 (m, 2H), 5.25 (m, 1H), 4.12 (g, J = 6.47 Hz,
1H), 3.57 (m, 1H), 2.68 (s, 3H), 2.41 (s, 3H), 1.90 (m, 2H), 1.77 (m, 2H), 1.69 (s, 3H), 1.60 (m,

2H), 1.25 (t, J = 7.06 Hz, 2H). LC-MS m/z [M+H] * 483.17.

DDL-352:
'H NMR (400 MHz, CDCl3) § 7.39 (d, J = 8 Hz, 2H), 7.31 (d, J= 8 Hz, 2H), 4.80 (t, /=4 Hz
1H), 3.69 — 3.49 (m, 4H), 2.95 (s, 3H), 2.88 (d, J= 0.6 Hz, 2H), 2.66 (s, 3H), 2.39 (s, 3H), 2.09 —

1.85 (m, 4H). LC-MS m/z [M+H] * 468.17.

DDL-353:
'H NMR (400 MHz, CDCls) § 7.46 — 7.32 (m, 4H), 4.68 (t, J = 7.1 Hz, 1H), 4.22 (h, J= 6.9 Hz,
1H), 3.54 (dd, J = 14.3, 7.3 Hz, 1H), 3.38 (dd, J = 14.3, 6.8 Hz, 1H), 2.72 (s, 3H), 2.41 (s, 3H),

2.23 (s, 3H), 2.06 — 1.88 (m, 2H), 1.65 — 1.46 (m, 6H). LC-MS m/z [M+H]" 468.17.

DDL-354:
'H NMR (300 MHz, CDCl3) § 7.50 — 7.32 (m, 4H), 5.08 (t, /= 7.1 Hz, 1H), 4.74 (m, 1H), 3.62
(s, 2H), 3.12 (d, J= 6.7 Hz, 2H), 2.73 (s, 3H), 2.45 (s, 3H), 1.73 (s, 3H), 1.39-1.51 (d, /= 6.9 Hz,

6H). LC-MS m/z [M+H]" 500.16. LC-MS m/z

DDL-355:
'H NMR (300 MHz, CDCl3) § 7.50 — 7.32 (m, 4H), 5.16 — 5.04 (m, 1H), 4.64 (dd, J = 7.5, 6.6

Hz, 1H), 3.70 — 3.59 (m, 2H), 2.73 (s, 3H), 2.45 (s, 3H), 2.26 — 2.11 (m, 2H), 1.93 — 1.79 (m,
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1H), 1.73 (s, 3H), 1.69 — 1.59 (m, 1H), 1.30 (dt, J = 7.1, 4.1 Hz, 1H), 0.90 (dd, J = 14.6, 6.8 Hz,

1H). LC-MS m/z [M+H]* 455.14.

DDL-356:
'H NMR (400 MHz, CDCl3) § 7.44 — 7.36 (m, 2H), 7.36 — 7.30 (m, 2H), 5.52 (tt, ] = 6.4, 5.3 Hz,
1H), 4.91 (tdd, J = 7.5, 6.3, 1.0 Hz, 2H), 4.72 (dddd, T = 7.5, 5.0, 3.8, 0.9 Hz, 2H), 4.60 (t, ] = 6.3
Hz, 1H), 3.77 - 3.60 (m, 2H), 2.72-2.67 (s, 3H), 2.46-2.39 (s, 3H), 1.71-1.65 (s, 3H). LC-MS

m/z [M+H]* 457.12.

DDL-357:
& '"H NMR (400 MHz, CDCI3) 8'H NMR (300 MHz, CDCl3) § 7.50 — 7.32 (m, 4H), 4.65 (t, J =
7.0 Hz, 1H), 4.30 — 4.17 (m, 1H), 3.63 (d, J=7.1 Hz, 2H), 2.73 (s, 3H), 2.46 (d, J = 0.8 Hz, 3H),

1.73 (s, 3H), 0.95 - 0.72 (m, 4H). LC-MS m/z [M+H] " 441.12.

DDL-358:
& "H NMR (400 MHz, CDCI3) § 7.44 — 7.30 (m, 4H), 4.63 (t, ] = 6.7 Hz, 1H), 4.18 (t, ] = 6.6
Hz, 2H), 3.62 (d, J = 1.4 Hz, 2H), 2.73 (s, 3H), 2.42 (s, 3H), 1.69 (s, 3H), 1.68 — 1.62 (m, 2H),

1.47 — 1.34 (m, 2H), 0.94 (t, ] = 7.4 Hz, 3H). LC-MS m/z [M+H] * 457.15.

DDL-359
'H NMR (400 MHz, CDCls) & 7.39 (d, J = 4 Hz, 2H), 7.32 (d, J = 4 Hz, 2H), 5.03 (t, J = 8 Hz,
1H), 4.54 (sept, J = 4 Hz, 1H), 3.54 (q, 4Hz, 1H), 2.66 (s, 2H), 2.61 (s, 6H), 2.39 (s, 3H) 1.45 (d,

J=4Hz, 3H), 1.23 (d, J = 4 Hz, 3H), 1.205 (d, J = 2 Hz, 3H). LC-MS m/z [M+H]* 514.17.

130



DDL-360

"H NMR (400 MHz, CDCI3) 6 7.46 (d, J = 8 Hz, 2H), 7.41 (d, J = 8 Hz, 2H), 4.46 (t, J = 8 Hz,

1H), 3.09 (d, J = 8 Hz), 2.56 (s, 3H), 2.38 (s, 3H), 1.59 (s, 3H), 1.20 (s, IH). LC-MS m/z [M+H]
+416.10.
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ABSTRACT

Vascular cognitive impairment and dementia (VCID) is the second leading cause of dementia
worldwide and commonly occurs after a stroke. Many patients with clinical Alzheimer's disease
(AD) also show pathological evidence of vascular brain injury, further increasing its consequence.
Accumulating literature suggests that destabilization of the neuronal cytoskeleton and the
aggregation of hyperphosphorylated tau (p-tau) drive VCID pathogenesis post-stroke injury, and
that this is mediated by microtubule affinity-regulating kinase 4 (MARK4). MARK4 is
significantly up-regulated in stroke-injured cortical neurons, leading to selective axonal
remodeling and phosphorylation of tau at the gateway site, serine 262. The present study
investigates MARK4 inhibition as a novel therapeutic approach to prevent p-tau associated with
vascular cognitive impairment. A molecular hybridization approach, utilizing molecular docking
within the catalytic domain of the MARK4 crystal structure, facilitated the de novo design of novel
inhibitors with favorable protein-ligand interactions. Subsequent testing of the compounds in a
MARK4 inhibition assay enabled the identification of key structural elements for biological
activity, further guiding optimization efforts. This led to the design and synthesis of twenty-four
new chemical entities and ultimately DDL-662, a potent and selective MARK4 inhibitor capable
of inhibiting MARK4-mediated phosphorylation of Ser262 on full-length human tau in-vitro.
Importantly, DDL-662 also demonstrated limited toxicity and physicochemical properties
consistent with good drug-likeness for treating central nervous system (CNS) disorders. This
discovery represents a promising, first-in-class therapeutic strategy for preventing tau-mediated
cortical disconnection following vascular brain injury that warrants further evaluation in-vivo.
Key Words: Microtubule Affinity-Regulating Kinase, Tau, Phosphorylation, Stroke, Cognitive

Impairment, Vascular Injury, Alzheimer’s Disease
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INTRODUCTION

Stroke stands as a leading cause of adult disability in the United States, with vascular cognitive
impairment and dementia (VCID) ranking as the second most prevalent dementia form, only
surpassed by Alzheimer's disease (AD). In the United States alone, around 795,000 individuals
experience either new or recurrent strokes annually (Ref. 1). The economic consequences of stroke
are substantial, resulting in medical care expenses exceeding $18 billion, alongside an additional
$15 billion attributed to post-stroke disability and reduced productivity (Ref. 2). The occurrence
of cognitive impairment following a stroke ranges from 15% to 70%, and it can manifest either
immediately after a stroke event or gradually due to chronic cerebral microvascular disease (Ref.

3-11).

The primary neuropathological manifestation in VCID is the presence of microvascular ischemia
in the brain's white matter, which accumulates progressively over time (Ref. 12). Similar to AD,
white matter injury in VCID is a progressive phenomenon, and the currently established stroke
prevention strategies have proven unsuccessful in clinical trials (Ref. 13-14). Autopsy findings
reveal that approximately 50% of dementia patients exhibit mixed dementia, characterized by
features of chronic cerebrovascular disease, such as white matter injury, in addition to AD
pathology (Ref. 15). Magnetic resonance imaging demonstrates a correlation between the degree
of AD pathology and the presence of white matter hyperintensities in patients, and cerebrovascular
pathology was significantly more pronounced in a cohort of sporadic AD subjects compared to
those with autosomal dominant AD (Ref. 12, 16). Furthermore, cortical tau burden is associated
with white matter hyperintensities on MRI, suggesting a relationship between axonal injury in the

white matter and pathological changes in the connected cortex (Ref. 17, 18). Currently, there are
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no therapeutic strategies specifically developed to target VCID and prevent neuronal pathology

after a stroke.

The family of enzymes known as microtubule affinity-regulating kinases (MARK) plays a crucial
role in regulating the cellular cytoskeleton (Ref. 19). In both humans and rodents, there are four
MARK enzymes, all of which have been implicated in Alzheimer's disease (AD) and are associated
with hyperphosphorylated tau (p-tau) found in neurofibrillary tangles (NFTs) (Ref. 20). Single
nucleotide polymorphisms near the genetic loci of MARKA4, identified through genetic linkage
analysis, have been associated with sporadic dementia (Ref. 21). Among the MARK enzymes,
MARK4 is most closely correlated with Braak stage pathology in the AD brain (Ref. 22). Its
primary function as a kinase is to phosphorylate tau at a specific residue, serine 262 (Ser262),
within the KXGS motif located in tau's microtubule-binding domain. Phosphorylation at Ser262
precedes the formation of NFTs and has the potential to induce neuronal cell death (Ref. 23-24).
The role of tau phosphorylation at Ser262 remains controversial, but the majority of evidence
suggests that phosphorylation at this site within the tau repeat domains acts as a gateway
phosphorylation event, facilitating additional phosphorylation events, tau aggregation, and
sensitization of neurons to B-amyloid-induced tau aggregation (Ref. 25-28). Interestingly,
MARK4-mediated phosphorylation of tau at Ser262 has also been closely associated with vascular
cognitive impairment and dementia (VCID) (Ref. 29). Specifically, the increased expression of
MARK4 in deep layer cortical neurons following a stroke strongly suggests that p-tau-mediated
reorganization of the neuronal cytoskeleton contributes to the shortening and/or loss of the axon
initial segment (AIS), the primary regulator of neuronal excitability (Ref. 29). These findings

reveal a shared molecular pathway mediated by MARK4, which connects subcortical vascular
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injury in the form of axonal ischemia to the predominant pathology observed in AD: tau

phosphorylation.

The present study investigates the inhibition of MARK4 as a novel therapeutic approach to prevent
the phosphorylation of tau at Ser262, which is associated with vascular cognitive impairment. In
this study, we describe the design, optimization, and characterization of potent, bioavailable, and
selective inhibitors targeting MARK4. Through in-silico techniques, novel MARK4 inhibitors
were designed de novo using a molecular hybridization approach followed by molecular docking
of small molecules in the catalytic domain of the MARK4 crystal structure. Subsequent testing of
biological activity in a MARK4 inhibition assay and structure-activity relationship analyses guided
optimization efforts, leading to the design and synthesis of twenty-four new chemical entities,
including DDL-662, a potent and selective inhibitor capable of inhibiting MARK4-mediated
phosphorylation of Ser262 on full-length human tau in-vitro. Various in-vitro ADME assays were
then used to assess the drug-like properties of candidate inhibitors. This accurately predicted the
good brain bioavailability of the lead candidate DDL-662, which awaits evaluation in mouse
models that reliably induce MARK4-mediated increases in tau phosphorylation at serine 262. The
selective MARK4 inhibitors presented in this study hold promise as a first-in-class therapeutic
strategy for preventing p-tau-mediated pathogenesis and cognitive impairment following vascular

brain injury.

METHODS

Molecular Docking and Scoring of Protein-Ligand Binding Energy
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Molecular docking and scoring was performed in Flare (Cresset, v.7) using the Lead Finder
docking algorithm (Ref. 30). Lead Finder combines a generic algorithm search with local
optimization procedures. Three different scoring functions are employed and optimized for the
accurate prediction of 3D docked ligand poses, protein-ligand binding energy and rank-ordering
of active and inactive compounds in virtual screening experiments. Pocket Detection in Flare is
based on the fpocket and MDpocket methods, and can be used to identify and characterize pockets
and cavities within a protein structure, enabling the identification of possible drug binding active

sites, water binding pockets, channels and small cavities, large solvent-exposed sites (Ref. 31-32).

Compound Synthesis via Amide Coupling

Carboxylic acid-containing substituent (1 equiv.), amine-containing substituent (2 equiv.), 1-ethyl-
3-(3-dimethylaminopropyl)carbodiimide (EDC; 1.1 equiv.), hydroxybenzotriazole (HOBt; 1.1
equiv.), and N-N, diisopropylethylamine (DIPEA; 2 equiv.) were added to a round bottom flask.
The reagents were solubilized using anhydrous tetrahydrofuran and the reaction mixture was
stirred at 23 °C for 16 hours. The crude product was concentrated in vacuo, reconstituted with
ethyl acetate, and an aqueous work-up was performed in a separatory funnel using a saturated
sodium bicarbonate solution. The retained organic phase was dried with anhydrous sodium
sulphate, concentrated in vacuo, and then purified via flash column chromatography using a 4 g
silica flash column with a mobile phase of hexanes:ethyl acetate (time/% ethyl acetate: 0/0, 3/0,
30/100, 40/100). The tert-butyloxycarbonyl (BOC) amine protecting group was removed by the
addition of 4.0 N hydrochloric acid (HCI) in Dioxane at 4 °C for 30 minutes. Identity and purity

of each compound was confirmed via LC-MS and 'H NMR.
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Purity Analysis via Liquid Chromatography-Mass Spectrometry (LC-MS)

Analysis of purity by liquid chromatography-mass spectrometry (LC-MS) was done at the UCLA
Pasarow Mass Spectrometry Lab (PMSL; Julian Whitelegge, Ph.D., Director). Compounds were
diluted to 10 mM in DMSO, then diluted 100-fold in in 50/50/0.1 Water/Acetonitrile/Formic Acid
(100 uM final concentration). An aliquot (10 uL) was analyzed using a LTQ Orbitrap XL mass
spectrometer (Thermo Fisher Scientific) coupled to an UltiMate 3000 HPLC (Thermo Fisher
Scientific) with a Phenomenex analytical column (Kinetex 1.7 um C18 100 A 100 x 2.1 mm). The
mass spectrometer acquisition method scanned a mass range from 100 — 2000 m/z. The HPLC
method utilized a mixture of solvent A (99.9/1 Water/Formic Acid) and solvent B (99.9/1
Acetonitrile/Formic Acid) and a gradient was use for the elution of the compounds (min/%B: 0/0,
3/0, 19/99, 20/99, 21/0, 30/0). An ion extracted chromatogram (IEC) using the m/z corresponding
to the [M+H]" ion was utilized to identify the chromatographic peak for each compound. Purity
was calculated by dividing the chromatographic peak area for each compound by the sum of all

the non-background peak areas in the total ion chromatogram (TIC).

Purity Analysis via Proton Nuclear Magnetic Resonance Spectroscopy (\H NMR)

Analysis of purity by magnetic resonance spectroscopy was done at the UCLA Molecular
Instrumentation Center (MIC; Ignacio Martini, Ph.D., Director). ~4 mg of compound were diluted
in 750 uL of MeOH-D4 and analyzed using a AV400 nmr spectrometer (Bruker) containing a 5
mm broadband Z-gradient probe with Automatic Tune and Match (ATM). The analysis method
consisted of a 64-scan proton nmr (‘H-NMR) utilizing default parameters. Predicted 'H-NMR
spectra were obtained using the ChemNMR 'H estimation function in ChemDraw (PerkinElmer).

The experimental data was visualized and interpreted using Mnova (Mestrelab Research).
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HotSpot Kinase Assay:

Enzyme activity and compound ICso’s were determined using a radiometric kinase inhibition
assay. Compounds were tested in range of ten concentrations from 100 uM to 0.0017 uM using 3-
fold serial dilutions. Enzymes were incubated for one hour with each compound and 10 uM
radioisotope-labelled ATP (**P-ATP), and kinase activity was subsequently detected using (**P)
phosphorylation of an appropriately selected peptide substrate. ICso curve fits were performed for

compounds that inhibited enzyme activity greater than 50%.

Kinetic Solubility

Test compound (10 mM, 100% DMSO) was diluted separately into aqueous buffer (100 uM; PBS
pH 7.4) and DMSO at various concentrations (0.1, 1, 10, 100 uM). The solutions were then
incubated at 37 ° C for 90 min and centrifuged (16000xg, 5 min). An aliquot of each supernatant
is analyzed by LC-MS/MS. A standard curve was made by plotting the known amount of analyte
per standard in DMSO vs. absorbance or chromatographic peak area. Kinetic solubility (mM) was
calculated using the trendline equation with maximum absorbance or chromatographic peak area

observed in the aqueous sample.

Liver Microsome Stability Assay

An aliquot (1 pL) of test compound (1 mM, 100% DMSO) was added to an aqueous liver
microsome solution (1000 puL, PBS pH 7.4, 0.5mg/mL human liver microsomes (Thermo Fisher
Scientific, CattHMMPL), 2 mM NADPH, 2 mM MgCl2) and incubated at 37 °C for 120 min.

Aliquots (50 pL) of the microsome solution were taken at various time points (0, 5, 10, 15, 30, 60,
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90, 120 min) and added to a reaction quenching solution (400 nL. 100% Acetonitrile) containing
an internal standard. Solutions were clarified by centrifugation (16,000 x g, 5 min), and the
supernatants were transferred to new tubes and lyophilized. Samples were reconstituted in 100 uLL
0f'50/50/0.1 (Water/Acetonitrile/Formic Acid) prior to analysis via liquid chromatography-tandem
mass spectrometry (LC-MS/MS). Chromatographic peak areas normalized to the internal standard
were plotted at each time point and the half-life (ti2) of compound in liver microsomes was
determined by using the trendline equation to calculate the time at which compound abundance

was 50% of that at time point 0 (to).

Plasma and Brain Tissue Binding Assays

Brain tissue was homogenized in PBS (pH 7.4) (1: 3 weight(mg)/volume(uL)) and the protein
concentration was determined using the Micro BCA™ Protein Assay Kit (Thermo Fisher
Scientific, Cat#23235). Brain homogenate was clarified and diluted to 20 mg/mL in PBS (pH 7.4).
Either brain homogenate or plasma was and added to Slide-A-Lyzer™ MINI Dialysis Devices,
10K MWCO dialysis cups (Thermo Fisher Scientific, Cat#PI188401) in a 48-well plate containing
PBS (500 pL; pH 7.4). 1 uL of 1 mM compound was added to the brain homogenate (Final
Concentration: 2 puM compound, 0.5% DMSO) and incubated on a rocker for 4.5 hours at 37 °C.
50 puL of brain homogenate or plasma (within the dialysis cup) and PBS (within the 48-well plate)
were transferred to new microcentrifuge tubes containing 400 puL of quenching reagent (100%
Acetonitrile) containing internal standard. Solutions were clarified by centrifugation (16,000 x g,
5 min), and the supernatants were transferred to new tubes and lyophilized. Samples were

reconstituted in 100 pL of 50/50/0.1 (Water/Acetonitrile/Formic Acid) prior to analysis via liquid
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chromatography-tandem mass spectrometry (LC-MS/MS). The % of the unbound drug (fu,bound)
was calculated using the following equation:
% Bound = [1- (PBS chromatographic peak area/ brain homogenate or plasma chromatographic

peak area)] x 100

Blood-Brain Barrier (BBB) Permeability Assay

A liquid chromatography-ultraviolet/visible spectroscopy (LC-UV/Vis) assay was performed on a
1290 Infinity HPLC system (Agilent Technologies) with an HPLC column containing
immobilized phosphatidylcholine (IAM.PC.DD, Regis Technologies, Cat#774011, 5 um 300 A
100 x 4.6 mm). The HPLC method was a mixture of 6.7 mM phosphate buffer saline (pH 7.4;
solvent A) and acetonitrile (solvent B), and a gradient was used for the elution of the compounds
(min/%B: 0/20, 20/60, 21/20, 30/20). The retention time of the compound (t;) and void volume
time of the column (to) were recorded. Blood-brain barrier (BBB) permeability (Pm) was calculated
using the following equations as described by Yoon et al (DOI: 10.1177/1087057105281656):
Kiam = (t:- t0) / to; Pm = (Kiam / MW*) x 1010

Compounds with a P, >0.85 were determined to be BBB permeable (CNS+) at pH 7.

In-Vivo Pharmacokinetics

Following oral administration of compound, mice brain tissue and plasma were collected after
euthanasia and perfusion at 1, 2, 4, and 6 hours. Brain tissue were homogenized in a bead beater
using 5 volumes of ice-cold 80% acetonitrile (1/5; mg of brain/uL of 80% ACN). Plasma analytes
were extracted using 4 volumes of ice-cold acetonitrile (1/4; pL of plasma/uL of ACN). Solutions

were clarified by centrifugation (16,000 x g, 5 min) and the supernatants were transferred to new
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tubes and lyophilized. Samples were reconstituted in 100 pL of 50/50/0.1
(Water/Acetonitrile/Formic Acid) prior to analysis via liquid chromatography-tandem mass
spectrometry (LC-MS/MS). An internal standard (IS) was added to every sample to account for
compound loss during sample processing. Standards were made in drug naive plasma and brain
lysates with increasing amounts of analyte (S1, S2: 0 pmol/ S3, S4: 1 pmol/ S5, S6: 10 pmol/ S7,
S8: 100 pmol, S9, S10: 1000 pmol). The standard curve was made by plotting the known amount
of analyte per standard vs. the ratio of measured chromatographic peak areas corresponding to the
analyte over that of the IS (analyte/IS). The trendline equation was then used to calculate the

absolute concentrations of each compound in plasma and brain tissue.

Liquid Chromatography-Tandem Mass Spectrometry

Analysis of compound levels was done at the UCLA Pasarow Mass Spectrometry Lab (PMSL;
Julian Whitelegge, Ph.D., Director). A targeted LC-MS/MS assay was developed for each
compound using the multiple reaction monitoring (MRM) acquisition method on a 6460 triple
quadrupole mass spectrometer (Agilent Technologies) coupled to a 1290 Infinity HPLC system
(Agilent Technologies) with a Phenomenex analytical column (Kinetex 1.7 um C18 100 A 100 x
2.1 mm). The HPLC method utilized a mixture of solvent A (99.9/1 Water/Formic Acid) and
solvent B (99.9/1 Acetonitrile/Formic Acid) and a gradient was use for the elution of the
compounds (min/%B: 0/1, 3/1, 19/99, 20/1, 30/1). Two fragment ions originating from each
compound were monitored at specific LC retention times to ensure specificity and accurate
quantification in the complex biological samples. The normalized chromatographic peak areas
were determined by taking the ratio of measured chromatographic peak areas corresponding to

each compound over that of the internal standard (Analyte/IS).
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Intracerebroventricular (ICV) injection with IL-1/5

Tau P301S (PS19 line) tauopathy mice received unilateral intracerebroventricular (ICV) injections
of either 0.2 ng of IL-1f or vehicle (0.1% BSA/PBS, pH 7.4) for control (n=4 animals per group).
During the surgical procedure animals were deeply anesthetized with isoflurane and injections
were performed at rate 0.6 pl/min by Hamilton syringe at a depth of 1.8 mm, -0.2 mm posterior to
bregma and 1 mm to the right of midline using a small animal stereotactic frame. Mice were
sacrificed 2 hours after the injections with overdose of pentobarbital, and brain tissue were
collected after transcardial perfusion with normal saline. Cerebellum tissue were dissected,

weighted, snap frozen on dry ice, and stored at -80 °C until further analysis.

RESULTS

In-Silico Design Guides Synthesis of Selective MARK4 Inhibitors

Using molecular hybridization of isatin-triazole hydrazones (Ref. 33) to the pyrazolone pyrimidine
inhibitor (Ref. 34), we designed de novo a novel series of MARK4 inhibitors. Computer-aided
molecular docking of these small molecules in the catalytic domain of the MARK4 crystal
structure PDB: 5ES1 (Ref. 34) were used to model potential protein-ligand physiochemical
interactions and facilitate de novo design of novel structures with favorable binding energies (Fig.
1A). The general synthetic approach utilized to synthesize novel MARK4 inhibitors consisted of
two consecutive reactions (Fig. 1B). Briefly, each intermediate was synthesized by performing a
coupling reaction between a carboxylic acid-containing substituent (1 equiv) and an amine-
containing substituent (2 equiv) in the presence of 1-ethyl-3-(3-

dimethylaminopropyl)carbodiimide (EDC; 1.15 equiv) and hydroxybenzotriazole (HOBt; 1 equiv)
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at 23 °C for 16 hours. Next, each analog was synthesized by removing the tert-butyloxycarbonyl
(BOC) amine protecting group by the addition of 4.0 N hydrochloric acid (HCI) in Dioxane at 4
°C for 30 minutes. Optimization efforts led to the design and synthesis of twenty-four new
chemical entities (NCEs) with chemical alterations in three different regions of the molecule (A,
B, C) (Fig. 1B, Supplementary Fig. S1). Six of these analogs (DDL-652, -661, -662, -663, -672,
-673) were determined to inhibit MARK4 activity more than 50% at a concentration of 100 uM in
aradiometric kinase inhibition assay using a short peptide substrate (Fig. 1C, 1D). A dose response
analysis identified DDL-662 as the most potent MARK4 inhibitor, with an ICso of 1.8 uM (Fig.
1D). DDL-662 was also determined to be partially selective for MARK4 over other MARK
enzymes, inhibiting MARK2 and MARK3 with a ICso’s of 8.6 uM and 25.1 uM, respectively (Fig.

1E).
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Figure 1. In-Silico design guides synthesis of selective MARK4 inhibitors. (A) A schematic
showing molecular docking of DDL-662 in the catalytic domain MARK4 crystal structure
PDB:5SES1 (Ref. 34) and predicted protein-ligand physiochemical interactions. (B) General
synthetic scheme used to synthesize novel MARK4 inhibitors. Different regions of the molecule
to be modified are A (red), B (green) and C (blue). (C) Structures of new chemical entities that
inhibit MARK4 activity greater than 50%. (D) MARK4 activity (%) following treatment with each
compound at a concentration of 100 uM (E) Dose-response curves showing MARK4 activity (%)
and calculated I1Cso values for DDL-652 (70 uM), -661 (10 uM), -662 (2 uM), -663 (23 uM), -672
(61 uM), -673 (98 uM), following treatment at concentrations of 5, 15, 45, 137, 412, 1235, 3703,
11111, 33333 and 100000 nM. (F) Dose-response curves showing enzyme activity (%) and
calculated 1Cso values for DDL-662 and MARK2 (8.6 uM), MARK3 (25.1 uM) and MARK4 (1.8
uM), following treatment at concentrations of 5, 15, 45, 137, 412, 1235, 3703, 11111, 33333 and

100000 nM.

Hit-to-Lead Optimization Identifies Candidates with Good ADME Properties

A structure-activity relationship analysis of the synthesized analogs revealed structural elements
required for compound activity and/or enhanced MARK4 inhibition (Fig. 2). While the first analog
designed, DDL-651, only marginally inhibited MARK4 by approximately 10% at a concentration
of 100 uM, substantial improvements in potency were achieved by systematically modifying
chemical subgroups in regions A, B or C, followed by testing of biological activity in a MARK4
inhibition assay. Substitution of a cyclopentane ring with a cyclohexane in region C dramatically
increased potency, improving the ICso from greater than 100 uM to 70 uM. Additional

improvements in MARK4 inhibitory activity were achieved through iteratively modifying
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functional groups in the para position on the benzyl group in region A. Ultimately, replacement of
the hydrogen bond accepting methoxy group with a trifluoromethyl resulted in the identification

of the most potent MARK inhibitor, DDL-662, which has an ICso of 1.8 uM.

YC” / >

Reglon A optimization: / Hit-To-Lead Optimization
Substitute trifluoromethyl group at | ‘/

HN

O NH;
(o] N:N

Region C optimization:
Replace cyclopentane with cyclohexane

para position on the benzene. | /,’ ring.

1C50: 1.8 pM / O NH7 ‘j\\/\/ N ‘ * IC50: 70 pM
N N HN F = /|
e - s
DDL-651 DDL-662 |
1C50: > 100 pM 1C50: 1.8 pM /

O NH; 4
- A
F NN HN N=N

Region A optimization:

) he HN_O
/l Region A optimization:

Substitute fluorine at para position on £ Substitute methoxy group at para position on
the benzene. N —— benzene.
1C50: 10 uM \J +  1C50: 24 uM

Figure 2. Hit-to-lead optimization of MARK4 inhibitors. A schematic showing hit-to-lead
optimization of MARK4 inhibitors through systematic altering of chemical subgroups in regions

A, B and C, which ultimately led to the identification of potent lead candidate, DDL-662.

To determine which compounds were likely to be successful therapeutics in-vivo, various in-vitro
assays were used to determine physiochemical properties that influence compound absorption,
distribution, metabolism, excretion (ADME) (Table 1). This included the assessment of compound
solubility, metabolic stability, plasma binding, brain tissue binding, and blood-brain barrier (BBB)
permeability. Desired in-vitro ADME property values are as follows: Aqueous Kinetic Solubility

> 100 uM; Liver Microsomal Stability ti2 > 1 hour; Plasma Binding < 90%; Brain Tissue Binding
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< 80%, BBB Permeability P, > 0.85. All six candidate MARK4 inhibitors tested in these ADME

assays demonstrated favorable physiochemical properties, indicating that they should display good

in-vivo brain bioavailability. Due to its favorable physiochemical properties as well as significantly

enhanced potency, DDL-662 was selected as the lead MARK4 inhibitor for further evaluation in

an in-vitro tau phosphorylation assay and in-vivo.

BBB In-Vitro
Molecular Kinetic Microsomal Brain Tissue Permeability Efficacious
Weight Solubility Stability Plasma Binding Binding PAMPA Dose
Compound Structure [Da] [uM] [ty/, (min)] [% Bound] [% Bound] [Pm] (nM)]
N O NH,
DDL-652 AN Y 329.4 >100 >120 68.5 324 2.55 70
(o} N=y
HN
DDL-661 H,C N:N HN 313.41 >100 >120 68.4 40.1 3.86 10
o 2
NN
DDL-662 F N=N HN 367.38 >100 >120 83.6 65.2 2.79 2
F F
N O NH,
DDL-663 F N: 317.37 >100 >120 48.4 34.2 3.18 23
N HN
o R
NM .
DDL-672 N:N N F 389.33 >100 >120 85.3 41.6 1.27 61
F F
Fe
o K
NM
DDL-673 N:N N F 389.33 >100 >120 85.1 43 1.23 98
F F
Fr
*Desired ADME property values: Kinetic Solubility > 100 pM; Microsomal Stability t1/2 > 1 hrs; Plasma Binding < 90%; Brain Tissue Binding < 80%; PAMPA Pm > 0.85 = CNS+; in-vitro efficacious
dose <5 uM

Table 1. In-vitro ADME properties of candidate MARK4 inhibitors.

Lead Candidate, DDL-662, is Bioavailable and Prevents MARK4-mediated Tau Phosphorylation

An in-vitro tau phosphorylation assay was developed and utilized to determine that lead candidate,

DDL-662, significantly decreased MARK4-mediated increases in p-tau at serine 262 at
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concentration of 10 uM (Fig. 3A). DDL-662 was also shown to be well-tolerated in a cell toxicity
assay in primary mouse cortical neurons and human hepatoma cells (HepG2) (Fig. 3B). Though,
there was a significant decline in the survival of the human embryonic kidney cells (HEK293T) at
a concentration of 10 uM (Fig. 3B). A subsequent pharmacokinetics analysis confirmed DDL-662
to be orally bioavailable following oral administration via pipette feeding. DDL-662 reached a
maximum brain concentration of approximately 1 uM, 2-hours post administration at a dose of 20
mg/kg, which is close to the predetermined in-vitro efficacious dose (ECso = 1.8 uM) (Fig. 3C).
Next, a rapid p-tau ser262 in-vivo assay was established employing intracerebroventricular (ICV)
injection of interleukin-1p (IL-1PB) into the frontal cortex of the PS19 transgenic mouse model
expressing mutant human tau, inducing approximately a 1.7-fold increase in phosphorylation after

only two hours (Fig. 3D).
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Figure 3. DDL-662 is Bioavailable and Prevents MARK4-mediated Tau Phosphorylation. (A)
Levels of tau phosphorylation at serine 262, following incubation with MARK4 in the presence of
0.1% DMSO, DDL-58 (10 uM), or DDL-662 (10 uM). (B) Cell Survival (%) of primary mouse
cortical neurons (PMCN), human embryonic kidney cells (HEK293T) and human hepatoma cells
(HepG2), following treatment with DDL-662 at concentrations of 0.078, 0.156,0.313, 0.625, 1.25,
2.5, 5, 10 uM. (C) DDL-662 brain and plasma concentrations, 1, 2, 4 and 6 hours following oral
administration at a dose of 20 mg/kg. (D) Levels of tau phosphorylation at serine 262, relative to
total tau, in the frontal cortex 2 hours after intracerebroventricular injection of vehicle or IL-13

(0.2 ng).

DISCUSSION
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To the best of our knowledge, this study represents the first description of the design, optimization,
and characterization of MARKA4-selective inhibitors aimed at preventing site-specific
phosphorylation of tau at Serine 262, which is associated with the onset of VCID. A molecular
hybridization approach utilizing molecular docking within the catalytic domain of the MARK4
crystal structure facilitated the de novo design of novel inhibitors with favorable protein-ligand
interactions. While this was fundamental to defining the general structure of this novel class of
inhibitors, testing of these compounds in a MARK4 inhibition assay and subsequent structure-
activity-relationship analyses were needed to identify key structural elements for biological
activity that guided further optimization efforts. This led to the design and synthesis of twenty-
four novel MARK4 inhibitors and ultimately DDL-662, the most potent inhibitor with an IC50 of
1.8 uM. Remarkably, DDL-662 also demonstrated approximately 5-fold and 14-fold selectivity
for MARK4 over MARK?2 and MARK3, respectively. This potentially allows its use as a MARK4-
specific therapeutic, as proper dose-setting could be utilized to achieve DDL-662 concentrations
high enough to inhibit MARK4 without affecting the activity of the other MARK enzymes. While
MARK?2 and MARK3 have also been implicated in the pathological phosphorylation of tau, it has
not been shown to be linked to or initiated by vascular brain injury. Hence, the development of
selective therapeutics targeting MARK4 represents a valuable approach, as it avoids disrupting the
normal homeostatic functions of other MARK enzymes. Limiting drug promiscuity is critical in

preventing adverse reactions/effects that often contribute to drug attrition (Ref. 35).

Importantly, DDL-662 also demonstrated physicochemical properties consistent with good drug-
likeness for treating central nervous system (CNS) disorders. It is crucial to note that while a

compound may exhibit good in-vitro drug activity, it does not automatically guarantee favorable
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in-vivo activity unless it also possesses good bioavailability and half-life (Ref. 36). Moreover, the
escalating costs associated with the development of novel therapeutics and the high rate of
candidate attrition have prompted a shift in drug discovery strategies towards the simultaneous
evaluation of comprehensive drug physicochemical and ADME properties alongside efficacy (Ref.
37). This comprehensive assessment holds particular significance for CNS disorders due to the
selective exclusion of nearly 100% of large-molecule neurotherapeutics and over 98% of all small-
molecule drugs by the blood-brain barrier (BBB) (Ref. 38). In-vitro ADME assays, indicating a
high degree of aqueous solubility (>100 uM), metabolic stability (>120 min), BBB permeability
(CNS+), as well as low plasma binding (83.6%) and brain tissue binding (65.2%), accurately
predicted good brain bioavailability in-vivo. A pharmacokinetic analysis revealed that DDL-662
could reach therapeutically relevant micromolar concentrations in the brain, achieving a maximum
concentration of 1 uM following oral administration at a dose of 20 mg/kg. Based on this
information, one could assume that doubling the dose to 40 mg/kg would result in a brain
concentration greater than the DDL-662 IC50 (1.8 uM) and inhibit the phosphorylation of tau at
serine 262 in-vivo. Given that drug toxicity is a key contributor to drug attrition in preclinical and
clinical development, and a reasonable concern at micromolar concentrations, DDL-662
cytotoxicity was evaluated in primary mouse cortical neurons and two cell lines commonly used
to assess nephrotoxicity and hepatotoxicity (Ref. 39-40). Encouragingly, there was no significant
toxicity observed at concentrations necessary for therapeutic efficacy. However, there was some
indication that DDL-662 may be toxic to kidney cells at higher concentrations, highlighting the
importance of pharmacokinetics and toxicology studies for establishing proper dosing and
ensuring patient (or mouse) safety. Overall, the potency, selectivity, bioavailability, and toxicology

of DDL-662 support its use as a safe MARK4-specific therapeutic in-vivo.
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Prior to further evaluation in-vivo, DDL-662 was tested in an in-vitro phosphorylation assay using
a recombinant human tau substrate. Not surprisingly, significant inhibition of tau phosphorylation
at serine 262 was observed following DDL-662 treatment at a concentration of 10 uM. This
provided additional confidence that the designed inhibitors not only prevented the interaction
between the radiometric kinase assay substrate and MARKA4, but, as predicted, also likely occupied
the catalytic domain of MARKA4, effectively inhibiting MARK4 phosphorylation of any substrate,
including tau. To assess the efficacy of DDL-662 in-vivo, a rapid in-vivo tau phosphorylation assay
was developed based on previous evidence that IL-13 exacerbates tau pathology (Ref. 38-39). As
expected, the injection of IL-1B into the frontal cortex of the PS19 tauopathy mice induced
significant increases in tau phosphorylation at serine 262 after only two hours. While it is yet to
be tested, we are optimistic that the administration of DDL-662 prior to ICV injection will prevent
IL-1B-induced phosphorylation of serine 262. We also plan to evaluate DDL-662 in a more
disease-relevant, chronic in-vivo study, utilizing a mouse model of subcortical white matter
ischemic injury known to increase MARK4-mediated phosphorylation of tau at serine 262 (Ref.

29, 41-42).

In conclusion, the results presented here highlight the usefulness of in-silico approaches such as
molecular docking for de novo drug design and structure-activity-relationship analyses to guide
lead optimization. This approach led to the development of DDL-662, a potent, selective, and
bioavailable MARK4 inhibitor that prevents MARK4-induced tau phosphorylation at serine 262
in-vitro. This discovery presents an opportunity for further development and evaluation of these

inhibitors as a new therapeutic approach to prevent the pathological accumulation of
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hyperphosphorylated tau associated with the onset of VCID and AD. The ultimate goal is to
develop more potent candidates targeting MARK4 and assess them in more advanced models of

stroke and VCID.
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SUPPLEMENATRY ANALYTICAL MATERIAL

DDL-651:

'H NMR ((CD5),S0) 81.65 (m, 6H), 52.11 (m, 2H), § 3.22 (s, 2H), & 3.73 (s, 3H), 5 5.57 (s, 2H),
§6.92 (s, 2H), § 7.34 (s, 2H), 5 7.81(s, 1H), & 8.07 (s, 2H), & 8.65 (s, 1H). LC-MS m/z [M+H]* =

330.19

DDL-652:
'"H NMR (400 MHz, MeOD) & 8.46 (s, 1H), 7.31 (d, J= 63.1 Hz, 2H), 6.95 (d, J = 12.6 Hz, 2H),
5.58 (s, 2H), 4.49 (s, 1H), 3.78 (s, 3H), 3.74 (d, J = 0.0 Hz, 1H), 3.67 (d, J = 0.0 Hz, 2H), 3.58 (s,

1H), 1.74 (dd, J = 4434.5, 2126.0 Hz, 8H). LC-MS m/z [M+H]" = 330.19

DDL-653
'H NMR (400 MHz, DMSO) § 7.99 (s, 1H), 7.90 (s, 2H), 7.17 (d, J = 95.2 Hz, 2H), 6.94 (d, J =
32.8, 0.0 Hz, 2H), 5.56 (d, J = 0.0 Hz, 2H), 3.73 (s, 3H), 3.70 (dd, J = 6.8, 1.4 Hz, 1H), 3.68 —

3.64 (m, 1H), 2.47 (s, 3H), 1.67 (d, J = 64.0 Hz, 9H. LC-MS m/z [M+H]* = 344.20

DDL-654

'H NMR (400 MHz, DMSO) § 8.04 (d, J = 8.0 Hz, 1H), 7.94 (s, 3H), 7.78 (d, J = 8.1 Hz, 2H),
7.41 (d, J = 8.0 Hz, 2H), 5.80 (s, 2H), 4.27 (d, J = 7.6 Hz, 1H), 3.76 — 3.63 (m, 2H), 3.55 — 3.39
(m, 3H), 2.49 (s, 10H), 1.88 — 1.35 (m, 10H), 0.07 (d, J = 3.6 Hz, 1H). LC-MS m/z [M+H]" =

382.18
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DDL-655
'H NMR (400 MHz, DMSO) § 10.95 (s, 1H), 7.85 (s, 4H), 7.08 (d, J = 61.0 Hz, 4H), 4.25 (d, J =
80.7 Hz, 4H), 3.69 (d, J = 97.6 Hz, 10H), 3.23 (s, 1H), 2.22 (s, 2H), 2.05 — 1.12 (m, 12H). LC-

MS m/z [M+H]" =317.19

DDL-656
'H NMR (400 MHz, MeOD) & 8.47 (s, 1H), 7.37 (s, 6H), 5.67 (s, 2H), 4.49 (dd, J = 355.8, 332.2
Hz, 1H), 3.74 (d, J= 0.0 Hz, 1H), 3.66 (dd, J = 289.8, 0.0 Hz, 2H), 3.61 — 3.55 (m, 1H), 1.83 (s,

8H). LC-MS m/z [M+H]* = 300.18

DDL-657
'H NMR (400 MHz, MeOD) & 8.49 (s, 1H), 7.55 — 7.44 (m, 1H), 7.14 — 7.01 (m, 2H), 5.79 (s,
2H), 4.50 (s, 1H), 3.67 (dd, J= 1519.1, 0.0 Hz, 1H), 3.50 (dd, J = 8.3, 4.7 Hz, 1H), 1.83 (s, SH).

LC-MS m/z [M+H]" = 336.16

DDL-658
'H NMR (400 MHz, MeOD) & 8.40 (s, 1H), 7.32 (d, 2H), 6.94 (d, 2H), 5.58 (s, 2H), 4.51 (s, 1H),
3.78 (s, 3H), 3.74 (ddd, J = 6.0, 5.0, 0.9 Hz, 2H), 3.69 — 3.64 (m, 2H), 3.60 — 3.56 (m, 1H), 2.19

(s, 2H), 1.76 (s, 4H). LC-MS m/z [M+H]* = 316.17

DDL-659
'H NMR (400 MHz, DMSO) § 8.65 (s, 1H), 7.36 (d, 2H), 6.93 (d, 2H), 5.57 (s, 2H), 3.84 (s,

1H), 3.73 (s, 3H), 3.43 (s, 2H), 3.11 (s, 1H), 2.12 — 1.15 (m, 8H). LC-MS m/z [M+H]" = 330.19
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DDL-660
'H NMR (400 MHz, DMSO) § 8.65 (s, 1H), 8.53 (s, 1H), 7.98 (s, 3H), 7.36 (s, 2H), 6.95 (s, 2H),
5.57 (s, 2H), 4.23 (s, 2H), 3.73 (s, 3H), 3.10 (s, 1H), 2.10 — 1.99 (m, 1H), 1.74 (dd, J = 36.7, 12.1

Hz, 3H), 1.45 (dt, J=30.8, 11.8 Hz, 2H), 1.29 — 1.12 (m, 3H). LC-MS m/z [M+H]* = 330.19

DDL-661
'H NMR (300 MHz, DEUTERIUM OXIDE) & ppm 8.33 (s, 1 H) 7.17 (s, 4H) 5.51 (s, 2 H) 4.33 -
4.45 (m, 1 H) 3.66 - 3.76 (m, 1 H) 2.21 (s, 4 H) 1.58- 1.82 (m, 6 H) 1.43 - 1.55 (m, 2 H). LC-MS

m/z [M+H]" = 314.19

DDL-662
'H NMR (300 MHz, DEUTERIUM OXIDE) & ppm 8.45 (s, 1 H) 7.69 (d, J=8.2 Hz, 2 H) 7.45 (d,
J=8.2 Hz, 2 H) 5.71 (s, 2 H) 4.40 - 4.52 (m, 1 H).71 - 3.82 (m, 1 H) 1.63 - 1.92 (m, 6 H) 1.47 -

1.61 (m, 3 H). LC-MS m/z [M+H]" = 368.17

DDL-663

'H NMR (300 MHz, DEUTERIUM OXIDE) & ppm 8.41 (d, J=1.2 Hz, 1 H) 7.25 - 7.46 (m, 2 H)
6.97 - 7.20 (m, 2 H) 5.60 (s, 2 H) 4.39 - 4.51 (m, 2 H) 3.61 - 3.73 (m, 1 H) 1.63 - 1.92 (m, 6 H)

1.51 - 1.62 (m, 2 H). LC-MS m/z [M+H]" = 318.17

DDL-664
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'H NMR (400 MHz, MeOD) & 8.49 (s, 1H), 7.33 — 7.18 (m, 1H), 6.97 — 6.89 (m, 3H), 6.89 —
6.82 (m, 1H), 5.63 (s, 2H), 4.49 (s, 1H), 3.75 — 3.72 (m, 1H), 3.69 — 3.63 (m, 2H), 3.61 — 3.54

(m, 1H), 1.95 — 1.60 (m, 8H). LC-MS m/z [M+H]" = 330.19

DDL-665:
"H NMR: § 7.81-8.00 (m, 4H),7.37-7.71 (m, 4H), 5.42 (s, 1H), 2.98 (dt, J= 10.3, 2.8 Hz,

1H),1.33-1.85 (8H). LC-MS m/z [M+H] " = 350.19

DDL-666:
'H NMR: § 7.58-8.04 (m, 6H), 7.37-7.53 (m, 2H), 5.40 (s, 2H), 3.92 (q, J = 2.8 Hz, 1H), 2.98

(dt, J=10.3, 2.8 Hz, 1H), 1.33-1.85 (m, 8H). LC-MS m/z [M+H] " =350.19

DDL-667:
'HNMR: § 7.77 (d, J= 1.6 Hz, 1H). 7.56 (d, J= 1.6 Hz, 1H), 7.21 (ddd, J = 8.4, 1.3, 0.6 Hz,
2H), 6.93 (ddd, J = 8.4, 1.2, 0.6 Hz, 2H), 5.16 (s, 2H), 4.52 (q, J = 2.8 Hz, 1H), 2.98 (dt, J =

10.3, 2.8 Hz, 1H), 1.33-1.85 (m, 8H). LC-MS m/z [M+H] " =317.17

DDL-668:
'H NMR: §
7.86 (s,1H). 7.65 (ddd, J = 8.6, 1.9, 0.5 Hz, 2H), 7.50 (ddd, J = 8.6, 1.5, 0.5 Hz, 2H), 5.36 (s,

2H), 4.09 (d, J= 2.8 Hz, 1H), 3.01 (m, 1H), 1.43-1.83 (m, 6H). LC-MS m/z [M+H]* = 404.15
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DDL-669:
'"H NMR: § 7.86 (s, 1H), 7.65 (ddd, J= 8.6, 1.9, 0.5 Hz, 2H), 7.50 (ddd, J = 8.6, 1.5, 0.5 Hz, 2H),
5.26 (s, 2H), 4.09 (d, J = 2.8 Hz, 1H), 3.01 (dt, J= 10.3, 2.8 Hz, 1H), 1.43-1.83 (m, 6H). LC-MS

m/z [M+H]* = 404.15

DDL-670:
'"HNMR: § 7.83 (1H, s), 6.49 (d, J= 11.2 Hz, 1H), 5.81 (d, J= 1.9 Hz, 1H), 5.47 (s, 2H), 4.36-
4.48 (m, 2H), 4.03 (ddd, J= 8.1, 7.6, 7.0 Hz, 1H), 3.65 (m, 1H), 2.47-2.59 (m, 2H), 1.53-1.96

(m, 6H). LC-MS m/z [M+H] " = 354.15

DDL-671:
'"H NMR: § 8.73 (s, 1H), 7.22-7.45 (m, SH), 5.31 (s, 2H), 3.96 (q, J = 2.8 Hz, 1H), 2.97 (dt, J =

10.3, 2.8 Hz, 1H), 1.33-1.75 (8H). LC-MS m/z [M+H] * =299.38

DDL-672:

"H NMR: § 7.85 (s, 1H). 7.65 (ddd, J = 8.6, 1.9, 0.5 Hz, 2H), 7.50 (ddd, J = 8.6, 1.5, 0.5 Hz, 2H),
5.42 (s, 2H), 4.05 (tdd, /= 10.2, 3.3, 2.6 Hz, 1H), 2.87 (d, /= 6.0 Hz, 1H), 2.54-2.77 (m, 3H),

1.85-2.10 (m, 2H). LC-MS m/z [M+H] "= 390.13

DDL-673:
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'"H NMR: § 7.85 (s, 1H). 7.65 (ddd, J = 8.6, 1.9, 0.5 Hz, 2H), 7.50 (ddd, J = 8.6, 1.5, 0.5 Hz, 2H),
5.36 (s, 2H), 4.05 (m, 1H), 2.87 (d, J = 6.0 Hz, 1H), 2.54-2.77 (m, 3H), 1.85-2.10 (m, 2H). LC-

MS m/z [M+H] " =390.13

DDL-674:
"H NMR: § 7.86 (s, 1H). 7.65 (ddd, J = 8.6, 1.9, 0.5 Hz, 2H), 7.50 (ddd, J = 8.6, 1.5, 0.5 Hz, 2H),
5.36 (s, 2H), 3.83-4.01 (m, 2H), 3.54 (dd, J=14.7, 10.2 Hz, 1H), 3.18-3.43 (m, 2H), 1.65-1.93

(m, 2H). LC-MS m/z [M+H]* = 390.13
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ABSTRACT

Limb-girdle muscular dystrophy type R1 (LGMDR1) is caused by autosomal recessive mutations
in the gene encoding calpain 3 (CAPN3). As was shown in mouse model of LDMGR1 (C3KO
mouse), CAPN3 is an essential component of the triad protein complex, which regulates calcium
release in response to exercise and activates signaling pathways vital for muscle remodeling. As a
result, C3KO mice have muscles that show diminished calcium/calmodulin-dependent protein
kinase 2 (CAMKII) signaling during exercise. This leads to attenuated gene expression profiles
characterized by a decreased expression of slow phenotype genes required for muscle growth and
adaptation. Recently, a high-throughput screen identified a small molecule named AMBMP (2-
Amino-4-[3,4-(methylenedioxy)benzylamino]-6-(3-methoxyphenyl)pyrimidine). This molecule
was reported to activate CaMKII signaling and improve skeletal muscle health in an LGMDRI1
mouse model. However, the therapeutic potential of AMBMP is hindered by its limited potency,
bioavailability, and significant toxicity. In this study, we present an exploratory medicinal
chemistry effort to develop more efficacious analogs of AMBMP. This is achieved using structure-
activity relationship (SAR) analyses, in-vitro ADME characterization, and target engagement
studies involving small molecule therapeutic-based affinity chromatography. Additionally, mass
spectrometry-based global and phosphoproteomics studies were conducted to identify indirect
drug targets. Through these efforts, we discovered analogs with increased activity, solubility, and
metabolic stability compared to the original AMBMP molecule. Furthermore, we identified both
direct and indirect molecular targets of AMBMP that play integral roles in enhancing CaMKII-

mediated signaling. and myosin light chain 2 expression.

Key Words: AMBMP, Limb Girdle Muscular Dystrophy, Proteomics, Mechanism of Action
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INTRODUCTION

Limb-girdle muscular dystrophies (LGMDs) constitute a group of genetically inherited
neuromuscular disorders characterized by the progressive wasting of proximal muscles in the legs
and arms (Ref. 1). Limb-girdle muscular dystrophy type R1 (LGMDRI1) is one of the most
prevalent forms of the LGMD and is caused by autosomal recessive mutations in the gene encoding
calpain 3 (CAPN3), a calcium-dependent cysteine protease (Ref. 2-3). Individuals affected by
LGMDRI typically begin to show symptoms of muscle weakness in their second decade of life,
and most will require the use of a wheelchair within 10-20 years after the first clinical signs of
disease (Ref. 4). The muscle tissue of these patients is characterized by disrupted myofibrillar
architecture, small fiber diameter, and abnormal mitochondrial structure/function (Ref. 5-8).
Unfortunately, aside from physical therapy to help slow muscle wasting, there are currently no

available treatment options that halt disease progression.

Muscle pathology in the muscles of CAPN3 knockout (C3KO) mice has many similarities with
human LGMDRI1 biopsies, and it is associated with reduced slow-oxidative (SO) fibers,
mitochondrial abnormalities, and irregular lipid metabolism (Ref. 9-12). These deficits are likely
related to the function of CAPN3 in maintaining the integrity of the triad protein complex. This
complex regulates calcium release in response to exercise and activates signaling pathways vital
for muscle remodeling (Ref. 13-15). The loss of CAPN3 in C3KO mice and LGMDRI1 patient
biopsies is associated with reduced triad components, namely ryanodine receptor 1 (RYR1) and
calcium calmodulin kinase II (CaMKIIP). This reduction results in diminished CaMKII-mediated

signaling (Ref. 11, 13). Consequently, in response to exercise, C3KO muscles exhibit attenuated
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gene expression profiles characterized by a decreased expression of slow phenotype genes (Ref.
11-12). These findings underscore the specific impairment of CaMKII-mediated signaling in

LGMDRI1, which hinders downstream gene expression essential for muscle growth and adaptation.

Recently, a high-throughput screening effort was employed to identify small molecules capable of
compensating for reduced CaMKIIP signaling, aiming to counteract the impaired adaptive
expression of slow oxidative SO genes observed in LGMDRI1 (Ref. 16). This endeavor involved
screening for compounds that increase the expression of one of the downstream transcriptional
target of CaMKIIP signaling, gene encoding a slow isoform of myosin light chain 2 (MYL2). This
study identified several MYL2 enhancing compounds, including N4-(1,3-benzodioxol-5-
ylmethyl)-6-(3-methoxyphenyl)-2,4-pyrimidinediamine hydrochloride (AMBMP).
Encouragingly, AMBMP also demonstrated the ability to activate CaMKIIf in vivo, stimulate the
expression of slow genes, enhance oxidative metabolic capacity, and improve muscle function
when administered to C3KO mice (Ref. 16). While it appears to be a highly promising candidate
for treating LGMDRU1, the therapeutic potential of AMBMP is impeded by its limited potency and
bioavailability, along with significant toxicity. Furthermore, the precise molecular mechanism
through which AMBMP activates CaMKIIP signaling and increases MYL2 expression remains

unknown.

This manuscript presents a comprehensive research program aimed at developing more
biologically active and bioavailable analogs of AMBMP, as well as uncovering the mechanism of
action (MOA) through which it increases MYL2 gene expression. An iterative medicinal chemistry

approach involving structure-activity relationship (SAR) analyses was employed to design and
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synthesize fourteen novel AMBMP analogs. Various in-vitro absorption, distribution, metabolism,
and excretion (ADME) assays were then utilized to assess the drug-like properties of candidate
MYL2-enhancing compounds as well as to identify lead candidate, AMBMP-13, which
demonstrates both increased activity and bioavailability when compared to AMBMP.
Furthermore, established methodologies such as small molecule therapeutic-based affinity
chromatography and mass spectrometry-based global and phosphoproteomics were employed to
identify both direct and indirect molecular targets of these MYL2 enhancing compounds. While
the exact mechanism awaits validation, the findings suggest that AMBMP increases MYL2
expression through an S100A6-mediated mechanism that enhances CAMKII signaling and
stabilizes the transcriptional coactivator PGC-la. Further exploration and validation of this
mechanism promises to enhance our understanding of these compounds as modulators of
CaMKIIB signaling and slow oxidative (SO) gene expression, potentially unveiling novel

therapeutic strategies for LGMD treatment.

METHODS

Synthesis of AMBMP Intermediate via C-N Cross Coupling

To a 50 mL round bottom flask equipped with a stir bar, 4,6-dichloropyrimidin-2-amine (500 mg,
3.05 mmol, 1 eq), benzo[d][1,3]dioxol-5-ylmethanamine (506 mg, 3.05 mmol, 1 eq), and N,N-
Diisopropylethylamine (DIPEA) (591 mg, 4.56 mmol, 1.5 eq) in 10 mL of ethanol were added
under N>. The reaction mixture was stirred at 70 °C for 12 h. The mixture was concentrated under
reduced pressure, washed with NaHCOj; and extracted with ethyl acetate (4 x 30 mL). The organic

layer was collected, dried with Na>SO4 and then purified by flash chromatography using a gradient
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method with hexane and ethyl acetate. Fractions corresponding to the product peak were combined

and concentrated to yield the final product.

Synthesis of AMBMP Analogs via Suzuki-Miyvaura Coupling Reaction

N4-(benzo[d][1,3]dioxol-5-ylmethyl)-6-chloropyrimidine-2,4-diamine (1.0 eq), boronic acid-
containing starting material (2.0 eq), sodium carbonate (4.0 eq) and tetrakis(triphenylphosphine)-
palladium(0) (0.5 eq) were added to a 125 mL glass pressure and suspended in 25 mL of toluene-
ethanol (2:1). The reaction mixture was stirred for 72 h at 110°C under nitrogen. Upon cooling,
the crude product was filtered through celite and the filtrate was collected and concentrated under
reduced pressure. The concentrate was then washed with NaHCO3 and extracted with ethyl
acetate (4 x 30 mL). The organic layer was collected, dried with Na2SO4 and then purified by
flash chromatography using a gradient method with DCM and methanol. Fractions containing the

product were combined and concentrated under reduced pressure to yield the final product.

Additional steps for synthesis of AMBMP14: To a round bottom flask equipped with a stir bar,
N4-(benzo[d][1,3]dioxol-5-ylmethyl-6-3-((trimethylsilyl)ethynyl)phenyl)pyrimidine-2,4-diamine
(AMBMP 14 Intermediate) and potassium carbonate were added under N>. 2 mL of Degassed
methanol was added to the flask and then the reaction was stirred for 2 h at room temperature. The
reaction was monitored by TLC using 50:50 Ethyl Acetate: Hexane as the developing solvent.
Once the reaction was complete, the reaction mixture was concentrated under reduced pressure

and then further dried using the lyophilization to yield the final product.

Purity Analysis via Liquid Chromatography-Mass Spectrometry
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Analysis of purity by liquid chromatography-mass spectrometry (LC-MS) was done at the UCLA
Pasarow Mass Spectrometry Lab (PMSL; Julian Whitelegge, Ph.D., Director). DDL-672 was
diluted to 10 mM in DMSO, then diluted 100-fold in in 50/50/0.1 Water/Acetonitrile/Formic Acid
(100 uM final concentration). An aliquot (10 uL) was analyzed using a LTQ Orbitrap XL mass
spectrometer (Thermo Fisher Scientific) coupled to an UltiMate 3000 HPLC (Thermo Fisher
Scientific) with a Phenomenex analytical column (Kinetex 1.7 pum C18 100 A 100 x 2.1 mm). The
mass spectrometer acquisition method scanned a mass range from 100 — 2000 m/z. The HPLC
method utilized a mixture of solvent A (99.9/1 Water/Formic Acid) and solvent B (99.9/1
Acetonitrile/Formic Acid) and a gradient was use for the elution of the compounds (min/%B: 0/0,
3/0, 19/99, 20/99, 21/0, 30/0). An ion extracted chromatogram (IEC) using the m/z corresponding
to the [M+H]" ion was utilized to identify the chromatographic peak for each compound. Purity
was calculated by dividing the chromatographic peak area for each compound by the sum of all

the non-background peak areas in the total ion chromatogram (TIC).

Purity Analysis via Magnetic Resonance Spectroscopy

Analysis of purity by magnetic resonance spectroscopy was done at the UCLA Molecular
Instrumentation Center (MIC; Ignacio Martini, Ph.D., Director). Compounds were diluted in 600
pL of CDCIl; and analyzed using an AV400 NMR spectrometer (Bruker) containing a 5 mm
broadband Z-gradient probe with Automatic Tune and Match (ATM). The analysis method
consisted of a 64-scan proton NMR (*H-NMR) utilizing default parameters. Predicted '"H-NMR
spectra were obtained using the ChemNMR 'H estimation function in ChemDraw (PerkinElmer).

The experimental data were visualized and interpreted using Mnova (Mestrelab Research).
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Compound Treatment of C2C12 Cells

C2C12 myoblasts were cultured in complete DMEM (Dulbecco's modified Eagle's medium, 10%
fetal bovine serum (FBS), 2 mM L-glutamine, 100 units/mL penicillin G, 100 pg/mL
streptomycin) until 90% confluent. Following one wash with phosphate buffered saline (PBS, pH
7.4), differentiation media (Dulbecco's modified Eagle's medium, 2% horse serum (Gibco), 2 mM
L-glutamine, 100 units/mL penicillin G, 100 pg/mL streptomycin) was added containing
compounds at different concentrations or 0.05% DMSO. For analysis of MYL2 mRNA levels:
Forty-eight hours later, cells were harvested for RNA extraction and qPCR analysis. For analysis
of protein and protein phosphorylation: After 3 min, 15 min, 60 min or 24 hours, the cells were
washed once with ice-cold PBS with Halt™ Protease and Phosphatase Inhibitor Cocktail (Thermo
Scientific, Waltham, MA)) and then collected via scraping with ice-cold lysis buffer (1 mL, 12
mM sodium lauroyl sarcosine, 0.5% sodium deoxycholate, 50 mM triethylammonium bicarbonate
(TEAB)), Halt™ Protease and Phosphatase Inhibitor Cocktail (Thermo Scientific, Waltham,

MA)).

Real-Time PCR

Total RNAs were isolated from cells or tissues using Trizol. cDNA was generated using iScript
Reverse Transcriptase Supermix (Cat#1708841, Bio-Rad) and was used for real-time PCR with
1Taq Universal SYBR Green Supermix (Cat#1725124, BioRad) according to the manufacturer’s
instructions. All real-time PCR reactions were run in CFX Connect Real-Time PCR System (Bio-
Rad). The primers used in these experiments are shown below:

RT-PCR Myl2 forward 5- AGTTCAAGGAAGCCTTCACAATC-3'

RT-PCR Myl2 reverse 5'- ATTGGACCTGGAGCCTCTTTGAT-3’
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Cell Viability and Toxicity Analysis

Cell viability and toxicity were simultaneously assessed using the MultiTox-Fluor Multiplex

Cytotoxicity Assay (Cat# PRG9200, Fisher Scientific) according to the manufacturer’s protocol.

Liver Microsome Stability Assay

An aliquot (1 pL) of test compound (1 mM, 100% DMSO) was added to an aqueous liver
microsome solution (1000 uL, PBS pH 7.4, 0.5mg/mL human liver microsomes (CatAHMMPL,
Thermo Fisher Scientific), 2 mM NADPH, 2 mM MgCl2) and incubated at 37 °C for 120 min.
Aliquots (50 pL) of the microsome solution were taken at various time points (0, 5, 10, 15, 30, 60,
90, 120 min) and added to a reaction quenching solution (200 pL. 100% Acetonitrile) containing
an internal standard. Solutions were clarified by centrifugation (16,000 x g, 5 min), and the
supernatants were transferred to new tubes and lyophilized. Samples were reconstituted in 100 uLL
0f'50/50/0.1 (Water/Acetonitrile/Formic Acid) prior to analysis via liquid chromatography-tandem
mass spectrometry (LC-MS/MS). Chromatographic peak areas normalized to the internal standard
were plotted at each time point and the half-life (ti2) of compound in liver microsomes was
determined by using the trendline equation to calculate the time at which compound abundance

was 50% of that at time point 0 (to).

Plasma and Muscle Tissue Binding Assays

Muscle tissue was homogenized in PBS (pH 7.4) (1: 3 weight(mg)/volume(pL)) and the protein
concentration was determined using the Micro BCA™ Protein Assay Kit (Cat#23235, Thermo

Fisher Scientific). Muscle homogenate was clarified and diluted to 20 mg/mL in PBS (pH 7.4).
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Either muscle homogenate or plasma was added to Slide-A-Lyzer™ MINI Dialysis Devices, 10K
MWCO dialysis cups (Cat#P188401, Thermo Fisher Scientific) in a 48-well plate containing PBS
(500 pL; pH 7.4). 1 pL of 1 mM compound was added to the muscle homogenate (Final
Concentration: 2 puM compound, 0.5% DMSO) and incubated on a rocker for 4.5 hours at 37 °C.
50 uL of muscle homogenate or plasma (within the dialysis cup) and PBS (within the 48-well
plate) were transferred to new microcentrifuge tubes containing 400 pL of quenching reagent
(100% Acetonitrile) containing internal standard. Solutions were clarified by centrifugation
(16,000 x g, 5 min), and the supernatants were transferred to new tubes and lyophilized. Samples
were reconstituted in 100 pL of 50/50/0.1 (Water/Acetonitrile/Formic Acid) prior to analysis via
LC-MS/MS. The % of the unbound drug (fubound) Was calculated using the following equation:
% Bound = [1- (PBS chromatographic peak area/ muscle homogenate or plasma

chromatographic peak area)] x 100

In-Vivo Pharmacokinetics

Following oral administration of compound, mouse muscle tissue and plasma were collected after
euthanasia and perfusion at 1, 2, 4 and 6 hours. muscle tissue was homogenized in a bead beater
using 5 volumes of ice-cold 80% acetonitrile (1/5; mg of brain/uL of 80% ACN). Plasma analytes
were extracted using 4 volumes of ice-cold acetonitrile (1/4; uL of plasma/uL of ACN). Solutions
were clarified by centrifugation (16,000 x g, 5 min) and the supernatants were transferred to new
tubes and lyophilized. Samples were reconstituted in 100 pL of 50/50/0.1
(Water/Acetonitrile/Formic Acid) prior to analysis via LC-MS/MS. An internal standard (IS) was
added to every sample to account for compound loss during sample processing. Standards were

made in drug naive plasma or muscle lysates with increasing amounts of analyte (S1,S2: 0 pmol/
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S3,S4: 1 pmol/ S5,S6: 10 pmol/ S7,S8: 100 pmol, S9,S10: 1000 pmol). The standard curve was
made by plotting the known amount of analyte per standard vs. the ratio of measured
chromatographic peak areas corresponding to the analyte over that of the IS (analyte/IS). The
trendline equation was then used to calculate the absolute concentrations of each compound in

plasma and muscle tissue.

Kinetic Solubility

Test compound (10 mM, 100% DMSO) was diluted separately into aqueous buffer (100 uM; PBS
pH 7.4) and DMSO at various concentrations (500, 250, 125, 62.5, 31.3, 15.6, 7.8, 3.9, 2, 1 uM).
The solutions were then incubated at 37 © C for 90 min and centrifuged (16000xg, 5 min). An
aliquot of each supernatant is analyzed by UV/Vis (if possible) or LC-MS/MS. A standard curve
was made by plotting the known amount of analyte per standard in DMSO vs. absorbance or
chromatographic peak area. Aqueous Kinetic solubility (mM) was calculated using the trendline
equation with maximum absorbance or chromatographic peak area observed in the aqueous

sample.

Small Molecule Analysis via Liquid Chromatography-Tandem Mass Spectrometry

A targeted LC-MS/MS assay was developed for each compound using the multiple reaction
monitoring (MRM) acquisition method on a 6460 triple quadrupole mass spectrometer (Agilent
Technologies) coupled to a 1290 Infinity HPLC system (Agilent Technologies) with a
Phenomenex analytical column (Kinetex 1.7 um C18 100 A 100 x 2.1 mm). The HPLC method
utilized a mixture of solvent A (99.9/1 Water/Formic Acid) and solvent B (99.9/1

Acetonitrile/Formic Acid) and a gradient was use for the elution of the compounds (min/%B: 0/1,
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3/1, 19/99, 20/1, 30/1). Two fragment ions originating from each compound were monitored at
specific LC retention times to ensure specificity and accurate quantification in the complex
biological samples. The normalized chromatographic peak areas were determined by taking the
ratio of measured chromatographic peak areas corresponding to each compound over that of the

internal standard (Analyte/IS).

Synthesis of AMBMP-14 Agarose Beads

Disulfide azide agarose (1 equiv., Cat# 1238-2, Click Chemistry Tools) was incubated with
AMBMP-14 (2 equiv.) and bromotris(triphenylphosphine)copper(I) (0.2 equiv., Cat# 572144,
Sigma Aldrich) in the presence of dimethylformamide (DMF, 2 mL) and triethylamine (TEA, 1
equiv.). The reaction mixture was stirred at 60 °C for 16 hours. Following centrifugation (1,000 x
g, 2 min), the supernatant was discarded, and the agarose beads were washed with DMF 12 times
and then with PBS 6 times. Each wash consisted of a 2-minute incubation, centrifugation (1,000 x
g, 2 min), and removal of the supernatant. A small aliquot of beads (20 uL) was taken for validation
of successful coupling via mass spectrometry following incubation with tris (2-carboxyethyl)
phosphine (TCEP, 20 mM, 10 min). Control agarose beads were subject to the all the same

reactions and wash conditions, except without the addition of AMBMP-14.

Small-Molecule Affinity Purification

Differentiated C2C12 myotubes (10 cm dish) were washed once with ice-cold PBS, then collected
via scraping with ice-cold lysis buffer (1 mL, M-PER™ Mammalian Protein Extraction Reagent
with Halt™ Protease and Phosphatase Inhibitor Cocktail (Thermo Fisher Scientific). The lysates

were clarified via centrifugation (16,000 x g) and protein concentration was assessed using a Micro
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BCA™ Protein Assay Kit (Thermo Fisher Scientific) according to the manufacturer’s protocol.
All samples were diluted in lysis buffer to an equal volume (1 mL) and concentration (1 mg/mL).
Either AMBMP-14 agarose beads or control agarose beads (100 uL, n=4 per lysate) were added
to each sample and incubated with very gentle mixing on an end-over-end rotator at 4 °C for two
hours. Following centrifugation (1,000 x g, 2 min), the supernatant was discarded, and the agarose
beads were washed with ice-cold lysis buffer 8 times. Each wash consisted of a 5-minute
incubation at 4 °C, centrifugation (1,000 x g, 2 min), and removal of the supernatant. Bound
proteins were then eluted off the agarose beads with tris (2-carboxyethyl) phosphine (200 uL, 10
mM in lysis buffer, 30 min) and the supernatant was collected and processed for proteomics

analysis via mass spectrometry.

Proteomics Sample Processing

Samples were treated with tris (2-carboxyethyl) phosphine (10 mM) and chloroacetamide (40 mM)
in 50 mM triethyl ammonium bicarbonate (TEAB) at 95° C for 30 min. They were then diluted 5-
fold with aqueous 50 mM TEAB and incubated overnight with Sequencing Grade Modified
Trypsin (1 ug in 10 uL of 50 mM TEAB; Promega, Madison, WI). Following this an equal volume
of ethyl acetate/trifluoroacetic acid (TFA, 100/1, v/v) was added and after vigorous mixing (5 min)
and centrifugation (13,000 x g, 5 min), the supernatants were discarded, and the lower phases were
dried in a centrifugal vacuum concentrator. The samples were then desalted using a modified
version of Rappsilber's protocol in which the dried samples were reconstituted in
acetonitrile/water/TFA (solvent A, 100 uL, 2/98/0.1, v/v/v) and then loaded onto a small portion
of a C18-silica disk (3M, Maplewood, MN) that was placed in a 200 uL pipette tip (Ref. 17). Prior

to sample loading the C18 disk was prepared by sequential treatment with methanol (20 uL),
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acetonitrile/water/TFA (solvent B, 20 uL, 80/20/0.1, v/v/v) and finally with solvent A (20 uL).
After loading the sample, the disc was washed with solvent A (20 uL, eluent discarded) and eluted
with solvent B (40 uL). The collected eluent was dried in a centrifugal vacuum concentrator and
reconstituted in water/acetonitrile/FA (solvent E, 10 uL, 98/2/0.1, v/v/v). Additional Steps for
Global and Phosphoproteomics of AMBMPI13 treated C2C12 Cells: Tryptic peptides were
isotopically labeled (TMT18plex Isobaric Label Reagent Set, Thermo Fisher Scientific) according
to the manufacturer’s protocol to provide relative quantitation between samples. Phosphorylated
peptides were sequentially enriched using two complementary affinity resins (Thermo Scientific™
High-Select™ TiO2 Phosphopeptide Enrichment kit and High-Select™ Fe-NTA Phosphopeptide
Enrichment kit) according to manufacturer’s protocols. The phosphopeptide-enriched eluate and
flow-through were fractionated separately via high pH reversed-phase chromatography (Pierce™
High pH Reversed-Phase Peptide Fractionation Kit) according to the manufacturer’s protocol for

increased proteome coverage.

Peptide Analysis via Liquid Chromatography-Tandem Mass Spectrometry

Aliquots (5 uL) were injected onto a reverse phase nanobore HPLC column (AcuTech Scientific,
C18, 1.8um particle size, 360 um x 20 cm, 150 um ID), equilibrated in solvent C and eluted (500
nL/min) with an increasing concentration of solvent D (acetonitrile/water/FA, 98/2/0.1, v/v/v:
min/% F; 0/0, 5/3, 18/7, 74/12, 144/24, 153/27, 162/40, 164/80, 174/80, 176/0, 180/0) using an
EASY-nLC II (Thermo Fisher Scientific). The effluent from the column was directed to a
nanospray ionization source connected to a hybrid quadrupole-Orbitrap mass spectrometer (Q
Exactive Plus, Thermo Fisher Scientific) acquiring mass spectra in a data-dependent mode

alternating between a full scan (m/z 350-1700, automated gain control (AGC) target 3 x 106, 50
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ms maximum injection time, FWHM resolution 70,000 at m/z 200) and up to 15 MS/MS scans
(quadrupole isolation of charge states 2-7, isolation window 0.7 m/z) with previously optimized
fragmentation conditions (normalized collision energy of 32, dynamic exclusion of 30 s, AGC

target 1 x 105, 100 ms maximum injection time, FWHM resolution 35,000 at m/z 200).

Proteomics Data Analysis

Raw proteomic data were searched against a Uniprot database containing the complete human
proteome using SEQUEST-HT (including dynamic modifications: oxidation (+15.995) on M,
deamidation (+0.984) on N/Q, and carbamidomethyl on C (+57.021), phosphorylation on S/T/Y
(+79.966)) in Proteome Discoverer (Version 2,4, Thermo Scientific), which provided the relative
abundances of the identified peptides. Decoy database searching was used to generate high
confidence tryptic peptides (FDR < 1%) (Ref. 18). Tryptic peptides containing amino acid
sequences unique to individual proteins were used to identify and provide relative quantification
between different proteins in each sample. Post-translationally modified peptides from each
protein were normalized to protein abundance in each sample. Peptides exhibiting a p-value <0.05
with a log2-fold change > 0.5 were be analyzed using a series of bioinformatics tools including
functional protein association network analysis, comprehensive gene set enrichment gene ontology
(GO) classification and pathway analysis, as well as kinase substrate enrichment analyses (Ref.

19-22)

RESULTS

Hit-to-Lead Optimization Identifies More Biologically Active and Bioavailable MYL2 Enhancers
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The general approach utilized to synthesize novel analogs of AMBMP consisted of two
consecutive reactions (Fig. 1A). Briefly, the AMBMP intermediate, N4-(benzo[d][1,3]dioxol-5-
ylmethyl)-6-chloropyrimidine-2,4-diamine, was synthesized by performing a C-N cross-coupling
reaction between 4,6-dichloropyrimidin-2-amine (1 equiv) and benzo[d][1,3]dioxo0l-5-
ylmethanamine (1 equiv) in the presence of N,N-Diisopropylethylamine (DIPEA; 1.5 equiv) at 70
°C for 12 hours. Next, each analog was synthesized by performing a Suzuki-Miyaura coupling
reaction between the AMBMP intermediate (1 equiv) and a boronic acid-containing substituent (2
equiv), in the presence of sodium carbonate (4.0 equiv) and tetrakis(triphenylphosphine)-
palladium(0) (0.5 equiv) at 110°C for 72 hours. Optimization efforts led to the synthesis of fourteen
new chemical entities (NCEs): AMBMP-1 — AMBMP-14 (Fig. 1B). Three of these analogs
(AMBMP-6, -13, & -14) were determined to increase MYL2 mRNA expression more than the

original HTS hit, AMBMP (Fig. 1C).
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Figure 1. Synthesis and testing of novel AMBMP analogs. (a) General synthetic scheme used for
the synthesize novel analogs of AMBMP. (B) Chemical subgroups for AMBMP and the fourteen
new chemical entities (NCEs): AMBMP-1 — AMBMP-14. Green indicates a modification that
resulted in equal or increased MYL2 expression, relative to AMBMP. Red indicates a modification
that resulted in decreased MY L2 expression, relative to AMBMP. (C) MYL2 expression in C2C12

cells following a 48-hour treatment with AMBMP or analogs 1 — 14.

To determine which compounds were likely to be successful therapeutics in-vivo, AMBMP and
the two most active analogs were subjected to various in-vitro assays to determine the
physiochemical properties that influence compound absorption, distribution, metabolism,
excretion (ADME) (Table 1). This included the assessment of kinetic solubility, liver microsome
stability, plasma and muscle tissue binding, and cell toxicity (Table 1). Desired in-vitro ADME
property values are as follows: Kinetic Solubility > 50 uM; Liver Microsomal Stability ti» > 1
hour; Plasma Binding < 95%; Cell Toxicity (Ciwx) > 20 uM; Muscle Tissue Binding < 80%. While
AMBMP exhibited favorable muscle tissue binding properties, it had relatively poor kinetic
solubility (43 uM), high plasma binding (99.7%), significant cellular toxicity (19 uM), and a short
half-life in liver microsomes (55 min). Interestingly, both NCEs, AMBMP-6 and -13, had
significantly improved kinetic solubility (94 uM) and metabolic stability in liver microsomes
(>120 min), relative to AMBMP. Additionally, AMBMP-13 was determined to be approximately
1.6-fold less toxic (30 uM). A structure-activity relationship analysis of the synthesized analogs
revealed structural elements required for activity and/or enhanced MYL2 expression (Fig. 2). The
most notable finding was that the addition of a hydroxyl moiety at either positions R' or R? were

able to significantly increase compound activity, solubility, and metabolic stability. Additionally,
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it is important to note that bulky substitutions in these positions or at R? resulted decreased or no
activity. Based on these results, AMBMP-13, was chosen as the lead candidate for further

evaluation in-vivo.

Liver Microsome Muscle Tissue
Molecular Weight| Kinetic Solubility Stability Plasma Binding Binding Cell Toxicity
Compound Structure [Da] [uM] [t1/2 (min)] [% bound] [% bound] [Ctox (uM)]
o
H >
N (o)
AMBMP OI i 350.4 43 55 99.7 37.4 19
N_N
h
NH,
OH
(o]
H >
AMBMP-6 N o 336.3 9 5120 99.1 204 14
N_N
e
NH,
OH
(o]
AMBMP-13 o) B N (¢] 366.38 94 >120 99.6 45.1 30
! N_N
b
NH,
*Desired ADME property values: Kinetic Solubility > 50 pM; Microsomal Stability t,,, > 1 hour; Plasma Binding < 95%; Muscle Tissue Binding < 80%; Cell Toxicity > 20 uM

Table 1. In-vitro ADME properties of candidate MYL2 enhancers. Red font represents undesirable

ADME property values.
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Figure 2. Key structure-activity relationship control elements for MYL2 activity, solubility, and

metabolic stability.

Identification of Direct and Indirect Molecular Targets of AMBMP

Copper (I)-catalyzed click chemistry was employed to couple an alkyne-containing analog of
AMBMP, AMBMP-14, to azide-containing agarose beads, creating a small molecule-based
affinity probe for enriching direct molecular targets (Fig. 3A). Successful coupling was confirmed
via liquid chromatography-mass spectrometry (LC-MS) after releasing the bound small molecule
with a reducing agent (Fig. 3B). A subsequent affinity purification followed by mass spectrometry-
based proteomics identified numerous proteins significantly enriched by the AMBMP-14 agarose,

relative to control agarose beads, that were associated with disease and/or drug-relevant signaling
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pathways (calcium/wnt signaling pathways) (Fig. 3C). Notably, one of the most abundant proteins
from the affinity purification was S100 calcium binding protein (SI00A6), a calcium-binding
protein associated with various signaling pathways that regulate several important cellular
functions, such as proliferation, apoptosis, and cytoskeleton dynamics (Ref. 23). Interestingly,
S100A6 expression has been previously indicated to be increased in LGMDRI1 patients (Ref. 24).
This led to the hypothesis that SI00A6 mediates drug-induced increases in MYL2 expression.
Subsequent RNA interference-mediated protein knockdown of S100A6 expression in
differentiating C2C12 cells was demonstrated to significantly increase MYL2 expression, relative

to scramble siRNA treated controls (Fig. 3D).

Given that cell signaling via protein post-translational modifications (PTMs), such as
phosphorylation, mediates the biological outcomes of many therapeutics, global and
phosphoproteomics were utilized to identify indirect molecular targets of AMBMP that may serve
as essential downstream effectors for enhancing MYL2 expression (Ref. 25). A
phosphoproteomics analysis of differentiating C2C12 cells treated with the AMBMP-13 was
conducted to identify kinases which showed significant changes in protein phosphorylation in
response to drug treatment. Several time-points (3 min, 15 min, 60 min, 24 hours) were assessed
relative to 0.05% DMSO treated controls (Fig. 3E). A substrate-specific kinase enrichment
analysis utilizing this data identified several kinases that were significantly activated 15 minutes
(CAMK2D, MAP2K 1, PRKACA) and 60 minutes (CAMK2D, RPS6KA2, RPS6KA3, PRKACA)
after AMBMP-13 treatment (Fig. 3F). A global proteomics analysis revealed significant changes
in the abundance of numerous proteins 24 hours after AMBMP-13 treatment, relative to 0.05%

DMSO treated controls (Fig. 3G). A transcription factor enrichment analysis was performed using
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these data and identified several MYL2-associated and PGC1a-activated transcription factors (Fig.
3H). Integrating the findings from the AMBMP-14 affinity purification and the AMBMP-13
global and phosphoproteomics analyses led to the predominant hypothesis that AMBMP increases
MYL2 expression through an S100A6-mediated mechanism (Fig. 3I). Specifically, AMBMP may
inhibit the interaction of SI00A6 with the receptor for advanced glycation endproducts (RAGE),
resulting in increased intracellular cyclic adenosine monophosphate (cAMP). Enhancing cAMP
leads to activation of protein kinase A (PKA), CAMKII, and P38a/mitogen-activated protein
kinase 14 (MAPK14), leading to peroxisome proliferator-activated receptor gamma coactivator 1-

alpha (PGCla)-mediated activation of MY L2-associated transcription factors, such as zinc finger

protein 281 (ZNF281).
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Figure 3. Identification of direct and indirect molecular targets of AMBMP. (a) A small molecule-

based affinity probe for enriching direct molecular targets of AMBMP14. (B) A structure and mass
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spectrum for the small molecule released from the affinity probe with a reducing agent. (C) Levels
of significance (p-value) for cellular pathways in the National Center for Advancing Translational
Sciences (NCATS) BioPlanet pathway database, using proteins identified in the AMBMP-14
affinity purification. (D) A western blot for B-Actin, MYL2, and S100A6, and densitometry
quantified levels of MYL2/B-Actin in C2C12 cells, following a 48-hour treatment with S100A6
siRNA or a scrambled siRNA control. (E) The relative abundance of phosphorylated peptides in
C2C12 cells, following treatment with AMBMP-13 at a concentration of 2.5 uM for 3, 15 or 60
minutes. (F) Levels of significance (p-value) for kinases in the Kinase Enrichment Analysis 2
(KEAZ2) database, activated 15 and 60 minutes after AMBMP-13 treatment. (G) Differences in the
abundances of proteins, illustrated via volcano plot, in C2C12 cells 24-hours after AMBMP-13
treatment. The—logio (p-value) is plotted against logio (abundance ratio: AMBMP-13/Vehicle).
(H) Levels of significance (p-value) for transcription factors in the ChIP Enrichment Analysis
(ChEA) 2022 database, activated 24 hours after AMBMP-13 treatment. (I) A hypothesized
mechanism of action through which AMBMP and biological active anaologs increase MYL2

expression.

Evaluation of S10046 Levels and AMBMP-13 Efficacy In-Vivo

A gene expression analysis identified multiple S100 calcium binding proteins (S100A4, S100A6)
to be significantly increased in the muscle LGMD2A patients, relative to healthy controls,
supporting the idea that inhibiting S100A6 function may serve as a viable therapeutic strategy.
(Fig. 4A). A proof-of-concept pharmacokinetic/pharmacodynamic (PK/PD) analyses was
performed to see if the AMBMP-13 was orally bioavailable and increased MYL2 levels in-vivo in

LGMDRI1 mouse model. A pharmacokinetics analysis confirmed AMBMP-13 to be reasonably
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bioavailable following oral administration via pipette feeding. AMBMP-13 reached a maximum
muscle concentration of 348 nM, 1-hour post administration at a dose of 20 mg/kg (Fig. 4B). A
short in-vivo study in LGMDR1 mouse model was performed at two doses of (10 and 20 mg/kg)
utilizing intraperitoneal injection (IP) injection as the route of administration. Both doses induced

significant increases MYL2 expression of approximately 2.7-fold (Fig. 4C).
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Figure 4. Evaluation of S100 protein levels in LGMD2A patients and AMBMP-13 efficacy in-vivo
in LGMDRI1 mouse model. (A) mRNA levels of S100 calcium binding proteins, SI00A4, S100A6
and S100A10 in the muscle LGMD2A patients, relative to healthy controls. (B) AMBMP-13
plasma and muscle concentrations, 1, 2, 4 and 6 hours following oral administration at a dose of
20 mg/kg. (C) MYL2 mRNA levels in the muscles of CAPN3 knockout (C3KO) mice, following
administration of vehicle or AMBMP-13 via intraperitoneal injection (IP) injection at a dose of 10

or 20 mg/kg, daily, for 5 days.

DISCUSSION

To the best of our knowledge, this study represents the first description of a medicinal chemistry
effort to develop more biologically active and bioavailable analogs of AMBMP for the treatment
of LGMDRI. This hit-to-lead optimization was performed by systematically altering chemical

subgroups around the methoxyphenyl ring of the AMBMP molecule. The biological activity of
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each analog was assessed and utilized to conduct a structure-activity-relationship analysis that
guided further drug design. This approach enabled the identification of structural elements required
for and contributing to biological activity, ultimately leading to the design and synthesis of two
novel analogs, AMBMP-6 and AMBMP-13, that increase MYL2 mRNA expression more than
AMBMP. To determine which of these compounds were likely to be successful therapeutics for
treating muscular disorders in-vivo, various in-vitro assays were employed to evaluate
physicochemical properties influencing drug ADME. While a compound may exhibit good in-
vitro drug activity, it does not automatically guarantee favorable in-vivo activity unless it also
possesses good bioavailability and half-life (Ref. 26). Moreover, the escalating costs associated
with the development of novel therapeutics and the high rate of candidate attrition have prompted
a shift in drug discovery strategies towards the simultaneous evaluation of comprehensive drug
physicochemical properties alongside efficacy (Ref. 27). Notably, both AMBMP-6 and -13
exhibited considerably improved kinetic solubility (94 uM) and metabolic stability in liver
microsomes (>120 min) compared to AMBMP. Moreover, AMBMP-13 was determined to be
significantly less toxic (30 uM) than both AMBMP (19 uM) and AMBMP-6 (14 uM). Since drug
toxicity is a key contributor to drug attrition in preclinical and clinical development, AMBMP-13
was selected as the lead drug candidate moving forward. Remarkably, the simple addition of a
hydroxyl moiety to the 5-position of the 3-methoxyphenyl ring in AMBMP substantially increased

biological activity, solubility, metabolic stability, as well as reduced cellular toxicity.

Determining the molecular mechanism through which a drug exerts its physiological effect is a
central aspect of the drug discovery process, frequently utilized to develop more effective

therapeutics. Knowledge of direct drug targets often facilitates the design of novel small molecules
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that are more potent and selective (Ref. 28). Meanwhile, understanding of indirect drug targets can
pinpoint downstream effectors suitable for alternative therapeutic strategies (Ref. 29). Therefore,
an incomplete understanding of a drug's MOA can serve as a bottleneck, hindering the success rate
during preclinical development. The synthesis of a biologically active alkyne-containing analog,
AMBMP-14, capable of being linked to azide agarose beads, enabled the use of small molecule
affinity chromatography to enrich direct targets these MYL?2 enhancers. Interestingly, a subsequent
affinity purification followed by mass spectrometry-based proteomics identified numerous
proteins associated with calcium and WNT signaling pathways. This was interpreted as a
validation of the experimental approach, as AMBMP has been previously documented as an
activator of WNT signaling (Ref. 30). While we were encouraged by these results, this approach
identified numerous direct targets of AMBMP that needed to be individually validated as
modulators of MYL2 expression. Interestingly, an important calcium signaling protein, SI00A6,
was determined to be one of the most abundant proteins from the affinity purification.
Additionally, S100A6 was confirmed to be increased in LGMDRI1 patients, suggesting that the
inhibition of S100A6 could serve as a valuable therapeutic approach for treating LGMDRI1, and
that it may be a direct pharmacological target of AMBMP. In subsequent experiments, siRNA-
mediated knockdown of S100A6 expression was shown to increase MYL2 levels, confirming our
hypothesis and demonstrating the value of chemoproteomics for identifying novel drug targets.
This finding has important implications for the development of even more potent candidates, as
in-silico molecular docking approaches can now be utilized to predict favorable S100A6-drug

interactions, further guiding future drug design (Ref. 31).
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Interestingly, changes in protein phosphorylation status following AMBMP-13 treatment
suggested activation of the CAMKII-P38 MAPK signaling axis, which was previously identified
to be diminished in C3KO muscles as well as essential for the transcription of genes required for
muscle growth and adaptation (Ref. 12). This analysis also suggested activation of PKA, an
upstream activator of CaMKII that can act through numerous mechanisms, including increasing
calcium entry via the L-type calcium channel, increasing sarcoplasmic reticulum calcium release
via RYR, and inhibiting CAMKII-targeting protein phosphatase 1 (PP1) (Ref. 32). Furthermore,
administration of recombinant S1I00A6 has been demonstrated to decrease cAMP levels and PKA
activity in a RAGE-dependent fashion (Ref. 33). These findings not only identify critical
components of a potential AMBMP MOA, but also suggests the existence of multiple mechanisms
through which increased expression of S100A6 can contribute to the diminished CAMKII
signaling observed in LGMDRI1. Further studies are required to validate proposed molecular

mechanisms of SI00A6 role in controlling CaMKII signaling.

Finally, a transcription factor enrichment analysis using upregulated proteins from the global
proteomics analysis identified the activation of multiple MYL2-associated transcription factors.
Interestingly, many of the enriched transcription factors are also known to be activated by PGCla,
which was previously shown to be decreased in the muscles of C3KO mice (Ref. 12). Integration
of these findings allowed us to establish a working MOA through which AMBMP enhances MYL2
expression. Specifically, we propose that AMBMP inhibits the interaction of SI00A6 with RAGE,
subsequently increasing cAMP-dependent activation of PKA, CAMKII, and P38 MAPK. This
leads to the stabilization of the transcriptional co-activator PGCla, resulting in an increased

transcription of SO genes, including MYL2. While validation of this mechanism is still ongoing,
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this information may prove invaluable for identifying novel therapeutic approaches for treating
LGMDRI. For instance, potent RAGE receptor antagonists, currently being investigated as
treatments for both cancer and Alzheimer’s disease, could ultimately be more efficacious

activators of CaMKII signaling in LGMDR patients (Ref. 34-35).

In conclusion, the results presented here describe a successful research endeavor to develop more
biologically active and bioavailable analogs of AMBMP as well as uncover the MOA through
which these compounds increase MYL2 gene expression. The methodology involved an iterative
medicinal chemistry approach employing structure-activity relationship (SAR) analyses to guide
design of fourteen novel AMBMP analogs. Additionally, the drug-like attributes of potential
MYL2-enhancing compounds were assessed using in-vitro ADME assays, resulting in the
identification of a more biologically active and bioavailable lead candidate, AMBMP-13.
Moreover, small molecule therapeutic-based affinity chromatography and mass spectrometry-
based global and phosphoproteomics revealed both direct and indirect molecular targets influenced
by these MYL2 enhancing compounds, suggesting a potential drug MOA as well as novel
mechanisms through which S100A6 can contribute to the diminished CAMKII signaling. While
the proposed pharmacological mechanism still necessitates validation, further investigation of
these findings promises to aid in the development of more efficacious activators of CaMKII
signaling that may one day be used to counteract impaired adaptive expression of SO genes in

LGMDRI patients.
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SUPPLEMENTARY ANALYTICAL MATERIAL
AMBMP Intermediate:
"H NMR (400 MHz, CDCl3) § 6.78-6.73 (m, 3H), 5.95 (s, 2H), 5.78 (s, 1H), 4.93 (s, 2H), 4.38 (s,

2H), 1.69 (s, 1H). LC-MS, [M+H]*, m/z: 279.0

AMBMP-6:
'"H NMR (400 MHz, MeOD) § 7.23 (s, 3H), 6.85 (s, 3H), 6.77 (s, 1H), 6.17 (s, 1H), 5.91 (s, 2H),

4.47 (s, 2H). LC-MS [M+H]*, m/z: 336.9

AMBMP-13:
'H NMR (400 MHz, DMSO-d6) & 9.53 (s, 1H), 7.32 (s, 1H), 6.92-6.76 (m, J=4.00, 4.80, 8.00,
5H), 6.37 (¢, J=2.24,1H), 6.16 (s, 1H), 6.00 (s, 2H), 5.97 (s, 2H), 4.40-4.41 (d, ]=4.00, 2H), 3.73

(s, 3H), 3.68 (s, 1H), 2.07 (s, 1H). LC-MS [M+H]*, m/z: 367

AMBMP-14:
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'"H NMR (400 MHz, MeOD) § 7.92 (td, J = 1.8, 0.6 Hz, 1H), 7.80 (ddd, /= 7.8, 1.8, 1.2 Hz, 1H),
7.52(dt,J=7.7, 1.4 Hz, 1H), 7.41 (td, J = 7.8, 0.6 Hz, 1H), 6.88 — 6.80 (m, 2H), 6.79 — 6.74 (m,

1H), 6.22 (s, 1H), 5.91 (s, 2H), 4.48 (s, 2H), 3.35 (s, 1H). LC-MS [M+H]", m/z: 345.1
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ABSTRACT

Duchenne muscular dystrophy (DMD) is a severe genetic disorder affecting about 1 in 5700 males
globally, leading to childhood muscle atrophy, progressive motor function decline, and premature
cardiac and respiratory failure. Despite advancements in DMD research, current treatments have
limited efficacy, underscoring the need for new therapeutic targets. DMD arises from mutations in
the dystrophin gene, which encodes for a protein that is vital for muscle cell stability during
contractions. Dystrophin interacts with sarcospan (SSPN) and other glycoproteins, forming a
complex that connects the cytoskeleton, cell membrane, and extracellular matrix. The absence of
dystrophin and the related complex results in muscle damage, deterioration, and loss of function.
Intriguingly, increasing SSPN expression in the mdx mouse model of DMD reduces muscle
pathology and enhances function by improving membrane localization of compensatory adhesion
complexes. Recently, a small molecule enhancer of SSPN, OT-9, was identified to increase SSPN
protein levels in dystrophin-deficient myotubes. This manuscript presents a comprehensive
research initiative aimed at developing more potent and bioavailable analogs of OT-9, as well as
uncovering the mechanism of action (MOA) by which these compounds enhance SSPN gene
expression. Through iterative medicinal chemistry and in-vitro ADME assays, two new OT-9
analogs, DDL-449 and DDL-472, were identified to increase SSPN levels in-vivo. Additionally,
utilizing methods such as drug-affinity chromatography and mass spectrometry-based proteomics,
both direct and indirect molecular targets of OT-9 anlogs were identified, suggesting that CREBI1
activation via AKT signaling likely contributes to the mechanism of action leading to enhanced
SSPN expression. Further exploration and validation of this molecular mechanism promises to
help identify novel therapeutic avenues for treating DMD.

Key Words: Sarcospan, Duchenne Muscular Dystrophy, Proteomics, Mechanism of Action
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INTRODUCTION

Duchenne muscular dystrophy (DMD) is a severe genetic disorder that affects approximately 1 in
5700 males globally (Ref. 1). This debilitating ailment initiates muscle atrophy in childhood,
leading to a gradual decline in motor function and, eventually, premature death due to cardiac and
respiratory failure (Ref. 2). Despite substantial progress in DMD research, current treatments only
minimally impede disease progression, highlighting the necessity for new therapeutic targets (Ref.

3-4).

DMD arises from mutations in the dystrophin gene, which encodes the essential dystrophin
protein, crucial for stabilizing healthy muscle cells during contractions. Within muscle fibers,
dystrophin interacts with sarcospan (SSPN) and various glycoproteins, forming an important
adhesion complex that connects the actin cytoskeleton, cell membrane (sarcolemma), and
extracellular matrix (ECM) (Ref. 5-6). In DMD, the absence of dystrophin and the dystrophin-
glycoprotein complex (DGC) leads to damage upon muscle fiber contraction and subsequent
muscle deterioration (Ref. 7). Intriguingly, increasing expression of SSPN, a scaffold protein in
the adhesion complex, has been shown to reduce muscle pathology in a dystrophin deficient mouse
model of DMD (MDX) (Ref. 8-10). This improvement in muscle function is attributed to the
ability of SSPN to facilitate the membrane localization of two alternative adhesion complexes—
the utrophin-glycoprotein complex (UGC) and the a7 1D-integrin complex—that compensate for

DGC loss (Ref. 8-9).

Recently, a high-throughput screening effort was employed to identify small molecules capable of

increasing SSPN expression, with the hope of identifying novel therapeutics that may be used to
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treat DMD (Ref. 11-12). This study resulted in the identification of OT-9, which was confirmed
to increase SSPN gene expression and protein levels in dystrophin-deficient mouse and human
myotubes (Ref. 12). Furthermore, OT-9 increased the abundance of laminin-binding adhesion
complexes, restoring membrane stability to these cells. Encouragingly, intramuscular injection of
OT-9 into DMD mice induced no adverse effects and significantly increased SSPN expression in-
vivo (Ref. 12). While it appears to be a highly promising candidate for treating DMD, its
therapeutic potential is impeded by its limited potency and bioavailability. Furthermore, the

precise molecular mechanism through which OT-9 increases SSPN expression remains unknown.

This manuscript presents a comprehensive research initiative aimed at developing more potent and
bioavailable analogs of OT-9, as well as uncovering the mechanism of action (MOA) by which
OT-9 analogs increase SSPN gene expression. An iterative medicinal chemistry hit-to-lead
optimization approach involving structure-activity relationship (SAR) analyses was employed to
design and synthesize thirty-four novel OT-9 analogs. Various in-vitro absorption, distribution,
metabolism, and excretion (ADME) assays were then utilized to assess the drug-like properties of
candidate SSPN-enhancing compounds, DDL-449 and DDL-472, both of which significantly
increased SSPN levels in DMD mice following oral administration. Furthermore, established
methodologies such as small molecule therapeutic-based affinity chromatography and mass
spectrometry-based global and phosphoproteomics were employed to identify both direct and
indirect molecular targets of OT-9 analogs. While the exact mechanism awaits validation, findings
indicate that cAMP responsive element binding protein 1 (CREBI1) activation through AKT
signaling likely contributes to increased SSPN expression. Further exploration and validation of

this molecular mechanism promises to enhance our understanding of how these compounds
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modulate SSPN expression and may potentially unveil novel therapeutic strategies for treating

DMD.

METHODS

Compound Synthesis via Amide Coupling

Carboxylic acid-containing 2-oxo-1,2-dihydroquinoline-chromane or -2-oxo-2H-chromene
substituent (1 equiv.), amine-containing substituent (4-aminophenyl) (1,4-oxazepan-4-yl)
methanone (1 equiv.), 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC; 1.2 equiv.),
hydroxybenzotriazole (HOBt; 1.1 equiv.), and N-N, diisopropylethylamine (DIPEA; 2 equiv.)
were added to a round bottom flask. The reagents were solubilized using anhydrous
dichloromethane and the reaction mixture was stirred at 23 °C for 16 hours. The crude product
was concentrated in vacuo, reconstituted with ethyl acetate, and an aqueous work-up was
performed in a separatory funnel using hydrochloric acid (0.5 M), followed by a saturated sodium
bicarbonate solution. The retained organic phase was dried with anhydrous sodium sulphate,
concentrated in vacuo, and then purified via flash column chromatography using a 4 g silica flash
column with a mobile phase of hexanes:ethyl acetate (time/% ethyl acetate: 0/0, 2/0, 10/100,
15/100), followed by DCM: MeOH (time/% MeOH: 0/0, 2/0, 20/10, 30/20). Identity and purity of

each compound was confirmed via LC-MS, LC-UV/Vis and '"H NMR.

DDL-449 In-Vivo Study

4-5 weeks old mdx mice were treated with DDL-449 at 60 mg/kg, daily, for two weeks by pipet
feeding. Vehicle: 50%PEG-200/25% strawberry syrup. Tissues were harvested on day 15 for

analysis (at 2 hours after last compound administration). Gene expression was normalized to [3-
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actin and SSPN transcript level in vehicle-treated mice. Data on the graph represents individual
replicates, mean value per treated group and SD. Mean value of SSPN mRNA in vehicle-treated

group is represented by green line. ****p<0.0001.

DDL-472 In-Vivo Study

3-4 weeks old mdx mice were treated with DDL-472 at 20 mg/kg, daily, for three weeks by pipet
feeding. Vehicle: 50%PEG-200/25% strawberry syrup. Tissues were harvested on day 22 for
analysis (at 2 hours after last compound administration). Gene expression was normalized to [3-
actin, mouse weight and SSPN transcript level in vehicle-treated mice. Data on the graph
represents individual replicates, mean value per treated group and SD. Mean value of SSPN

mRNA in vehicle-treated group is represented by green line. **p<0.01.

Gene Expression Analysis

Snap-frozen muscles (Tibialis Anterior) from treated mice were pulverized in liquid nitrogen.
Total RNA was extracted using Trizol-based (Thermo Fisher Scientific) phase separation. RNA
concentrations were determined using a NanoDrop 1000 (Thermo Fisher Scientific) and 750 ng of
RNA in a 20 pl reaction was reverse transcribed using iScript cDNA synthesis (Bio-Rad) with the
following cycling conditions: 25°C for 5 mins, 42°C for 30 mins, 85°C for 5 mins. For qPCR
analysis, SsoFast EvaGreen Supermix (Bio-Rad), 400 nM of each optimized forward and reverse
primer (SSPN F: 5> TGCTAGTCAGAGATACTCCGTTC 3°, SSPN R: 5
GTCCTCTCGTCAACTTGGTATG 3’, BACT F: 5> GAGCACCCTGTGCTGCTCACCG 3,
BACT R: 5 CAATGCCTGTGGTACGACCA 3’), and cDNA corresponding to 37.5 ng RNA

were used to amplify cDNA measured by QuantStudio 5 Real-Time PCR System (Thermo Fisher
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Scientific) with the following reaction conditions: 55°C for 2 mins, 95°C for 2 mins, 40 cycles of
95°C for 10 seconds and 62°C for 30 seconds, and dissociation stage. Each sample was run in
triplicate. Data was analyzed using the ddCT method and normalized to reference gene ACTB

with vehicle-treated samples serving as the calibrator (relative expression of vehicle control = 1).

Immunofluorescence Imaging of SSPN in Quadricep Cryo-Sections

10um quadriceps cryo-sections were stained with SSPN rabbit mAb 10B8 (Crosbie Lab).

In detail: Tissue was frozen in liquid nitrogen cooled isopentane and mounted on OCT (Tissue
Tek) and stored at -800C. Transverse cryosections (10um) were blocked with 3% BSA at room
temperature, followed by incubation with avidin/biotin blocking kit (Vector Laboratories).
Sections were washed with PBS and primary antibodies were detected with species specific
biotinylated antibodies for 1 hour at room temperature. Bound antibodies were visualized by
incubation with Fluorescein-conjugated Avidin D (Vector Laboratories). Slides were wet mounted
in Vectashield with or without DAPI (Vector Laboratories) before analysis by microscopy on Zeiss
Axio Observer 7 or Axio Imager M2 (Carl Zeiss). Images were captured with Hammatsu ORCA-
Flash 4.0 V3 digital complementary metal oxide semiconductor camera and either EC Plan-
Neofluar 10x/0.30 Phl or Plan-Aprochromat 20x/0.8 M27 objectives. All measurements were

performed using Image J software (NIH).

Synthesis of Alkyne-Containing Analog, DDL-489

A solution of 3-(ethylamino) phenol (3.644 mmol, 1 Equiv.) and propargyl bromide (0.524 mmol,
1.2 Equiv.), and Potassium carbonate (4.3728 mmol, 1.5 Equiv.) in acetonitrile was stirred at RT

for 16 hr. The reaction mixture was added to water and extracted with EtOAc. The combined
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organic phases were washed with water and brine and dried over sodium sulfate. The resultant
crude compound was purified by using a 4 g silica flash column, eluted with Hexanes: EtOAc
(time (min) /% MeOH: 2/0, 20/50, 40/100), and dried under a vacuum to afford DDL 489
Intermediate 1 (INT1, 210mg, 32.7 %, brown oil). Next, POCI3(0.6847 mmol, 4 Equiv.) was added
dropwise to DMF on ice and the solution stirred for l1hr. A solution of INT 1 (0.4649 mmol, 1
Equiv.) was added and the reaction mixture was stirred at room temperature for 1 h, then heated
at 75 °C for 1 h. After cooling, water was added and the mixture was stirred at room temperature,
neutralized, and extracted with ethyl acetate. The organic layer was washed with brine, dried over
NaxSOq, filtered, and the solvent evaporated. The resultant crude mixture was purified by using a
4 g silica flash column, eluted with Hexanes: EtOAc (time (min) /% EtOAc: 2/0, 20/50, 40/100)
to give a DDL 489 INT2 (70.54mg, 65.2 %, light pink solid). Then, [Intermediate 2] (63.25mg,
0.3112 mmol, 1 Equiv.), 2,2-dimethyl-1,3-dioxane-4,6-dione (67.28 mg, 0.4668 mmol, 1.5 Equiv.)
and triethylamine (14.45uL, 0.1037 mmol, 0.33 Equiv.) were combined in EtOH (3 mL). The
mixture was heated at 60 °C for 24h. The mixture was cooled to room temperature and filtered.
The collected material was washed with EtOH and dried under a vacuum to afford DDL 489
carboxylic acid (57.83mg, 68.5 %, yellow solid). DDL489 COOH (55.58mg, 0.205mmol, 1
Equiv.), HOBt (30.47mg, 0.2255 mmol, 1.1 Equiv.), and EDC (47.13 mg, 0.2458 mmol, 1.2
Equiv.) were added into the round bottom flask with a stir bar. 10 mL of anhydrous DCM and 2.5
eq. of DIPEA were added to the round bottom flask, and (4-aminophenyl) (1,4-oxazepan-4-yl)-
methanone (1 Equiv.) was then added to the round bottom flask and stir for overnight. After being
stirred overnight, the solution changed colors to yellowish. Atmospheric pressure chemical
ionization was performed to check the reaction. The reaction mixture was reconstituted using

DCM and transferred to a separatory funnel, the water layer was extracted and combined organic
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layers were collected. The organic phase was washed with sodium bicarbonate (2 x 15 mL), and
brine solution (15 mL), dried with anhydrous Na>SOq, filtered, concentrated, and evaporated. The
resultant crude compound was purified by using a 4 g silica flash column, eluted with Hexane:
ethyl acetate (time /% ethyl acetate: 0/0, 5/0, 25/100), and eluted with DCM: MeOH (time/%
MeOH: 0/0, 5/0, 15/10, 25/20, 40/100) afforded DDL 489. The fractions that were corresponding
to the interest peaks were dried in a speed vacuum to yield (50.88 mg of DDL 489, light yellow
powder, 52.4 %)."H NMR (400 MHz, CDCl3) & 10.99 (s, 1H), 8.84 (s, 1H), 7.80-6.70 (m, 7H),
4.14 (s, 2H), 3.84-3.66 (m, 8H), 3.6 (q, J=8Hz, 2H), 2.30 (s, 1H), 2.05-1.85 (m, 2H), 1.31 (t, J=6Hz,
3H), LC-MS m/z [M+H] * 474.25. An ion-extracted chromatogram (IEC) using the m/z
corresponding to the [M+H] * ion (474.25) was utilized to identify the chromatographic peak for
each compound. Furthermore, the purity percent was calculated by dividing the chromatographic
peak area for each compound by the sum of all the non-background peak areas in the UV-Vis

absorption spectrum.

Purity Analysis via Liquid Chromatography-Mass Spectrometry

Analysis of purity by liquid chromatography-mass spectrometry (LC-MS) was done at the UCLA
Pasarow Mass Spectrometry Lab (PMSL; Julian Whitelegge, Ph.D., Director). Compounds were
diluted to 10 mM in DMSO, then diluted 100-fold in in 50/50/0.1 Water/Acetonitrile/Formic Acid
(100 uM final concentration). An aliquot (10 uL) was analyzed using a LTQ Orbitrap XL mass
spectrometer (Thermo Fisher Scientific) coupled to an UltiMate 3000 HPLC (Thermo Fisher
Scientific) with a Phenomenex analytical column (Kinetex 1.7 pum C18 100 A 100 x 2.1 mm). The
mass spectrometer acquisition method scanned a mass range from 100 — 2000 m/z. The HPLC

method utilized a mixture of solvent A (99.9/1 Water/Formic Acid) and solvent B (99.9/1
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Acetonitrile/Formic Acid) and a gradient was use for the elution of the compounds (min/%B: 0/0,
3/0, 19/99, 20/99, 21/0, 30/0). An ion extracted chromatogram (IEC) using the m/z corresponding
to the [M+H]" ion was utilized to identify the chromatographic peak for each compound. Purity
was calculated by dividing the chromatographic peak area for each compound by the sum of all

the non-background peak areas in the total ion chromatogram (TIC).

Purity Analysis via Magnetic Resonance Spectroscopy

DDL 489 (6 mg) was diluted in 600 pL of CDCI3 and analyzed using an AV400 NMR spectrometer
(Bruker) containing a 5 mm broadband Z-gradient probe with Automatic Tune and Match (ATM).
The analysis method consisted of a 64-scan proton NMR (*H-NMR) utilizing default parameters.
Predicted 'H-NMR spectra were obtained using the ChemNMR 'H estimation function in
ChemDraw (PerkinElmer). The experimental data were visualized and interpreted using Mnova

(Mestrelab Research).

Synthesis of DDL-489 Agarose Beads

Disulfide azide agarose (1 equiv., Cat# 1238-2, Click Chemistry Tools) was incubated with DDL-
489 (2 equiv.) and bromotris(triphenylphosphine)copper(l) (0.2 equiv., Cat# 572144, Sigma
Aldrich) in the presence of dimethylformamide (DMF, 2 mL) and triethylamine (TEA, 1 equiv.).
The reaction mixture was stirred at 60 °C for 16 hours. Following centrifugation (1,000 x g, 2
min), the supernatant was discarded, and the agarose beads were washed with DMF 12 times and
then with PBS 6 times. Each wash consisted of a 2-minute incubation, centrifugation (1,000 x g,
2 min), and removal of the supernatant. A small aliquot of beads (20 uL) was taken for validation

of successful coupling via mass spectrometry following incubation with tris (2-carboxyethyl)
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phosphine (TCEP, 20 mM, 10 min). Control agarose beads were subject to the all the same reaction

and wash conditions, except without the addition of DDL-489.

Small Molecule Affinity Purification

Differentiated myotubes (MDX or C2C12, 10 cm dish) were washed once with ice-cold PBS, then
collected via scraping with ice-cold lysis buffer (1 mL, M-PER™ Mammalian Protein Extraction
Reagent with Halt™ Protease and Phosphatase Inhibitor Cocktail (Thermo Fisher Scientific)).
Muscle tissue samples were homogenized in a bead beater using 5 volumes of ice-cold lysis buffer
(1/5; mg of tissue/ul of buffer). The lysates were clarified via centrifugation (16,000 x g) and
protein concentration was assessed using a Micro BCA™ Protein Assay Kit (Thermo Fisher
Scientific) according to the manufacturer’s protocol. All samples were diluted in lysis buffer to an
equal volume (1 mL) and concentration (1 mg/mL). Either DDL-489 agarose beads or control
agarose beads (100 uL, n=4 per lysate) were added to each sample and incubated with very gentle
mixing on an end-over-end rotator at 4 °C for two hours. Following centrifugation (1,000 x g, 2
min), the supernatant was discarded, and the agarose beads were washed with ice-cold lysis buffer
8 times. Each wash consisted of a 5-minute incubation at 4 °C, centrifugation (1,000 x g, 2 min),
and removal of the supernatant. Bound proteins were then eluted off of the agarose beads with tris
(2-carboxyethyl) phosphine (200 uL, 10 mM in lysis buffer, 30 min) and the supernatant was

collected and processed for proteomics analysis via mass spectrometry.

MDX Myotube Drug Treatment

Differentiated MDX myotubes were treated with DDL-449 (5 uM) or 0.05% DMSO in

supplemented cell culture media. After 10 min, 60 min or 24 hours, the cells were washed once
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with ice-cold PBS with Halt™ Protease and Phosphatase Inhibitor Cocktail (Thermo Scientific,
Waltham, MA)) and then collected via scraping with ice-cold lysis buffer (1 mL, 12 mM sodium
lauroyl sarcosine, 0.5% sodium deoxycholate, 50 mM triethylammonium bicarbonate (TEAB)),

Halt™ Protease and Phosphatase Inhibitor Cocktail (Thermo Scientific, Waltham, MA)).

Proteomics

Samples were treated with tris (2-carboxyethyl) phosphine (10 mM) and chloroacetamide (40 mM)
in 50 mM triethyl ammonium bicarbonate (TEAB)) at 95° C for 30 min. They were then diluted
5-fold with aqueous 50 mM TEAB and incubated overnight with Sequencing Grade Modified
Trypsin (1 ug in 10 uL of 50 mM TEAB; Promega, Madison, WI). Following this an equal volume
of ethyl acetate/trifluoroacetic acid (TFA, 100/1, v/v) was added and after vigorous mixing (5 min)
and centrifugation (13,000 x g, 5 min), the supernatants were discarded, and the lower phases were
dried in a centrifugal vacuum concentrator. The samples were then desalted using a modified
version of Rappsilber's protocol in which the dried samples were reconstituted in
acetonitrile/water/TFA (solvent A, 100 uL, 2/98/0.1, v/v/v) and then loaded onto a small portion
of'a C18-silica disk (3M, Maplewood, MN) placed in a 200 uL pipette tip (Ref. 13). Prior to sample
loading the C18 disk was prepared by sequential treatment with methanol (20 ulL),
acetonitrile/water/TFA (solvent B, 20 uL, 80/20/0.1, v/v/v) and finally with solvent A (20 uL).
After loading the sample, the disc was washed with solvent A (20 uL, eluent discarded) and eluted
with solvent B (40 uL). The collected eluent was dried in a centrifugal vacuum concentrator and

reconstituted in water/acetonitrile/FA (solvent E, 10 uL, 98/2/0.1, v/v/v).
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Additional Steps for Global and Phosphoproteomics of DDL-449 treated MDX Cells: Tryptic
peptides were isotopically labeled (TMTI18plex Isobaric Label Reagent Set, Thermo Fisher
Scientific) according to the manufacturer’s protocol to provide relative quantitation between
samples. Phosphorylated peptides were sequentially enriched using two complementary affinity
resins (Thermo Scientific™ High-Select™ TiO2 Phosphopeptide Enrichment kit and High-
Select™ Fe-NTA Phosphopeptide Enrichment kit) according to manufacturer’s protocols. The
phosphopeptide-enriched eluate and flow-through were fractionated separately via high pH
reversed-phase chromatography (Pierce™ High pH Reversed-Phase Peptide Fractionation Kit)

according to the manufacturer’s protocol for increased proteome coverage.

Liquid Chromatography-Tandem Mass Spectrometry

Aliquots (5 uL) were injected onto a reverse phase nanobore HPLC column (AcuTech Scientific,
C18, 1.8um particle size, 360 um x 20 cm, 150 um ID), equilibrated in solvent C and eluted (500
nL/min) with an increasing concentration of solvent D (acetonitrile/water/FA, 98/2/0.1, v/v/v:
min/% F; 0/0, 5/3, 18/7, 74/12, 144/24, 153/27, 162/40, 164/80, 174/80, 176/0, 180/0) using an
EASY-nLC II (Thermo Fisher Scientific). The effluent from the column was directed to a
nanospray ionization source connected to a hybrid quadrupole-Orbitrap mass spectrometer (Q
Exactive Plus, Thermo Fisher Scientific) acquiring mass spectra in a data-dependent mode
alternating between a full scan (m/z 350-1700, automated gain control (AGC) target 3 x 106, 50
ms maximum injection time, FWHM resolution 70,000 at m/z 200) and up to 15 MS/MS scans
(quadrupole isolation of charge states 2-7, isolation window 0.7 m/z) with previously optimized
fragmentation conditions (normalized collision energy of 32, dynamic exclusion of 30 s, AGC

target 1 x 105, 100 ms maximum injection time, FWHM resolution 35,000 at m/z 200).
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Proteomics Data Analysis

Raw proteomic data were searched against a Uniprot database containing the complete human
proteome using SEQUEST-HT (including dynamic modifications: oxidation (+15.995) on M,
deamidation (+0.984) on N/Q, and carbamidomethyl on C (+57.021), phosphorylation on S/T/Y
(+79.966)) in Proteome Discoverer (Version 2,4, Thermo Scientific), which provided
measurements of relative abundance of the identified peptides. Decoy database searching was used
to generate high confidence tryptic peptides (FDR < 1%) (Ref. 14). Tryptic peptides containing
amino acid sequences unique to individual proteins were used to identify and provide relative
quantification between different proteins in each sample. Post-translationally modified peptides
from each protein will be normalized to protein abundance in each sample. Peptides exhibiting a
p-value <0.05 with a log2-fold change > 0.5 will be analyzed using a series of bioinformatics tools
including functional protein association network analysis, comprehensive gene set enrichment
gene ontology (GO) classification and pathway analysis, as well as kinase substrate enrichment

analyses (Ref. 15-21).

RESULTS

Hit-to-Lead Optimization Identifies Key Structural Elements for SSPN Enhancer Activity

The general synthetic approach utilized to synthesize the majority of novel OT-9 analogs required
the coupling of amine and carboxylic acid containing starting materials (Fig. 1A). Briefly, each
compound was synthesized by performing a coupling reaction between a carboxylic acid-
containing substituent (1 equiv.) and an amine-containing substituent (1 equiv.) in the presence of

1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC; 1.2 equiv.), hydroxybenzotriazole
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(HOBE; 1.1 equiv.) and N-N, diisopropylethylamine (DIPEA; 2 equiv.) at 23 °C for 16 hours.
Optimization efforts led to the synthesis and testing of thirty-four new chemical entities (NCEs)
to date (Fig. 1B). Five of these analogs (DDL-449, -463, -465, -472 and -489) were determined to
increase SSNP expression 1.5-fold or greater in C2C12 cells (Fig. 1B). Following repeated testing,
quinolone-containing analog, DDL-449, and coumarin-containing analog, DDL-472, were chosen
as lead candidates moving forward (Fig. 1C). A subsequent dose response analysis in C2C12 cells
identified DDL-449 to be more potent than DDL-472, increasing SSPN protein levels with ECso’s
of approximately 2200 nM and 5200 nM, respectively (Fig. 1D). Continued evaluation of these
compounds identified them to be significantly more potent in disease-relevant H2K mdx and
Mouly DMD myotubes when compared to C2C12 cells, increasing SSPN expression with ECsg

values in the nanomolar range (Fig. 1E, 1F).
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Figure 1. Synthesis and testing of novel SSPN enhancers. (a) General synthetic scheme used to
synthesize most novel OT-9 analogs. Different regions of the molecule to be modified are A (red),

B (green) and C (blue). (B) Maximal SSPN expression in C2C12 cells following a 24-hour

229



treatment with each OT-9 analog. (C) Structures of lead candidates, DDL-449 and DDL-472. (D)
Dose-response curves showing SSPN protein levels (% increase) and calculated ECso values for
DDL-449 and DDL-472, following treatment of C2C12 cells at concentrations of 100, 250, 500,
1000, 2000, 4000, 6000, 8000, 1000, and 30000 nM. (E) Dose-response curves showing SSPN
mRNA levels (% increase) and calculated ECso values for DDL-449 and DDL-472, following
treatment of H2K MDX myotubes concentrations of 156, 313, 625, 1250, 2500, and 5000 nM. (F)
Dose-response curves showing SSPN mRNA levels (% increase) and calculated ECso values for
DDL-449 and DDL-472, following treatment of Mouly DMD myotubes concentrations of 156,

313, 625, 1250, 2500, and 5000 nM.

To determine which compound was likely to be the more successful therapeutic in-vivo, DDL-449
and DDL-472 were subject to various in-vitro assays used to determine physiochemical properties
that influence compound absorption, distribution, metabolism, excretion (ADME) (Table 1). This
included the assessment of kinetic solubility, liver microsome stability, plasma and muscle tissue
binding, and cell toxicity (Table 1). Desired in-vitro ADME property values are as follows:
Kinetic Solubility > 50 uM; Liver Microsomal Stability ti» > 1 hour; Plasma Binding < 95%;
Muscle Tissue Binding < 80%; Cell Toxicity (Ciox) > 20 uM. Unfortunately, both compounds had
fairly poor kinetic solubility and high plasma binding values. Though, interestingly, DDL-449 had
significantly better metabolic stability in liver microsomes (84 min) and lower muscle tissue
binding (48.8%), relative to DDL-472. A structure-activity relationship analysis of all the
synthesized analogs revealed structural elements required for biological activity and/or enhanced
SSNP expression (Fig. 2). The most notable finding was how the incorporation of a quinolone or

coumarin influences drug regioselectivity. This is, the activity of coumarin-containing analogs
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were increased by the addition of a functional group, such as a diethyl amino, at the 7-position of
the coumarin ring. Whereas quinolone-containing analogs exhibited increased potency with
substitutions, such as a methoxy group or a halogen, at the 6-position of the ring. Additionally, it

1s important to note that changes to the oxazepane or central phenyl ring resulted in decreased or

no activity.
In-vitro
Liver Efficacious
Molecular| Kinetic Microsome Plasma  |Muscle Tissue| Dosein
Weight Solubility Stability Binding Binding H2K MDX | Cell Toxicity
Compound Structure (Da) [uM] [t,;, (min)] | [%bound] | [%bound] | [EC, (nM)] | (Cp, [UM])
H
N_O
~o Z (o]
DDL-449 HN 421.45 2 84 97.9 48.8 560 >50
|SE S
N/
<]
N
~N 0,0
0
DDL-472 463.53 3 17 99.4 77.2 480 >50
"o
-
O
*Desired ADME property values: Kinetic Solubility > 50 uM; Microsomal Stability t;/, > 1 hrs; Plasma Binding < 95%; Muscle Tissue Binding <
80%,; In-Vitro Efficacious Dose < 1 uM ; Cell Toxicity > 20 uM

Table 1. In-vitro ADME properties of candidate SSPN enhancers.
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Figure 2. Key structure-activity relationship control elements for SSNP activity and metabolic

stability.

Lead Candidates DDL-449 and DDL-472 Increase SSPN In-Vivo

Proof-of-concept pharmacokinetic/pharmacodynamic (PK/PD) analyses were subsequently
performed to see if DDL-449 and DDL-472 were orally bioavailable and increased SSPN levels
in-vivo. A pharmacokinetics analysis identified DDL-472 to be significantly more bioavailable
following oral administration, reaching a maximum muscle concentration of 4000 nM, two hours
post administration at a dose of 60 mg/kg (Fig. 3A) Whereas DDL-449 only reached a
concentration of 400 nM (Fig. 3A). Subsequently, treatment with DDL-449 at a dose of 60 mg/kg
or DDL-472 at a dose of 20 mg/kg was shown to increase expression of SSPN in the quadriceps

of MDX mice 1.8-fold and 1.5-fold, respectively, relative to vehicle treated controls (Fig. 3B, 3C).
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Cryo-sections stained with a SSPN antibody also confirmed increased levels of the SSPN protein

localized to the sarcolemma (Fig. 3D, 3E, 3F).
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Figure 3. Lead candidates DDL-449 and DDL-472 increase SSPN in-vivo. (A) DDL-449 and
DDL-472 plasma and muscle concentrations, 2, 4, 6 and 24 hours following oral administration at
a dose of 60 mg/kg. (B) SSPN mRNA levels in the quadriceps of dystrophin deficient (MDX)
mice, following administration of vehicle or DDL-449 via oral gavage at a dose of 60 mg/kg, daily,
for two weeks. (C) SSPN mRNA levels in the quadriceps of dystrophin deficient (MDX) mice,
following administration of vehicle or DDL-472 via oral gavage at a dose of 20 mg/kg, daily, for
three weeks. (D) SSPN antibody stained quadricep cryosection in vehicle treated mice. (E) SSPN
antibody stained quadricep cryosection in DDL-449 treated mice. (F) SSPN antibody stained

quadricep cryosection in DDL-472 treated mice.
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Identification of Direct and Indirect Molecular Targets of OT-9

Copper (I)-catalyzed click chemistry was employed to couple a biologically active, alkyne-
containing analog of OT-9, DDL-489, to azide-containing agarose beads, creating a small
molecule-based affinity probe for enriching direct molecular targets of these SSPN enhancers (Fig.
4A). Successful coupling was confirmed via liquid chromatography-mass spectrometry (LC-MS)
after releasing the bound small molecule with a reducing agent (Fig. 4B). An affinity purification
followed by mass spectrometry-based proteomics identified numerous proteins significantly
enriched by the DDL-489 agarose relative to control agarose beads, that are associated with drug
metabolism and/or disease-relevant signaling pathways (xenobiotic metabolism, EGFR/integrin
signaling pathways) (Fig. 4C). A phosphoproteomics analysis on differentiating C2C12 cells
treated with DDL-449 identified significant changes in protein phosphorylation at various time-
points (10 min, 60 min, 24 hours), relative to 0.05% DMSO treated controls (Fig. 4D). Substrate-
specific and gene level kinase enrichment analyses using this data identified several kinases
significantly activated 10 minutes (CDK2) and 60 minutes (MAPK9, MAPKS, GSK3B,
RPS6KA3, AKT) after DDL-449 treatment (Fig. 4E). A global proteomics analysis also revealed
significant changes in the abundance of numerous proteins 24 hours after DDL-449 treatment,
relative to 0.05% DMSO treated controls (Fig. 4F). A transcription factor enrichment analysis
using this data identified activation of several SSPN-associated transcription factors (ZFX,
RUNX2, CREBI) (Fig. 4G). A gene set enrichment analysis using the differentially
phosphorylated proteins, altered kinases, SSPN associated transcription factors and affinity
purified molecular targets, identified DDL-449 mediated signaling pathways (Fig. 4H).

Integrating findings from the DDL-489 affinity purification and the DDL-449 global and
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phosphoproteomics analyses led to a hypothesis that DDL-449 increases SSPN expression through
an PP2A-mediated mechanism (Fig. 3I). Specifically, DDL-449 may direct inhibit the activity of
PP2A, and subsequently promote activation of AKT and RSK2, which then enhances activation

of SSPN-associated transcription factors, such as CREBI.
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Figure 4. Identification of direct and indirect molecular targets of OT-9 analogs. (a) A small
molecule-based affinity probe for enriching direct molecular targets of DDL-489. (B) A structure
and mass spectrum for the small molecule released from the affinity probe with a reducing agent.
(C) Levels of significance (p-value) for biological processes and cellular pathways in the
Molecular Signatures Database (MSigDB) and Panther pathway database, using proteins identified
in the AMBMP-14 affinity purification. (D) The relative abundance of phosphorylated peptides in
MDX cells, following treatment with DDL-449 at a concentration of 5 uM for 10 or 60 minutes.

(E) Levels of significance (p-value) for kinases in the Kinase Enrichment Analysis 2 and 3 (KEA2,
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KEA3) databases, activated 10 and 60 minutes after DDL-449 treatment. (F) Differences in the
abundances of proteins, illustrated via volcano plot, in MDX cells 24-hours after DDL-449
treatment. The—logio (p-value) is plotted against logio (abundance ratio: DDL-449/Vehicle). (G)
Levels of significance (p-value) for transcription factors in the ChIP Enrichment Analysis (ChEA)
2022 database, activated 24 hours after DDL-449 treatment. (H) Levels of significance (p-value)
for cellular pathways in the National Center for Advancing Translational Sciences (NCATS)
BioPlanet pathway database, using differentially phosphorylated proteins, altered kinases, SSPN
associated transcription factors and affinity purified molecular targets. (I) A hypothesized

mechanism of action through which OT-9 and biological active analogs increase SSPN expression.

DISCUSSION

To the best of our knowledge, this study represents the first description of a medicinal chemistry
effort to develop potent and bioavailable SSPN enhancers for the treatment of DMD. This hit-to-
lead optimization was performed by systematically altering chemical subgroups in various regions
of the OT-9, a SSPN enhancing compound previously identified in a HTS. The biological activity
of each analog was assessed and utilized to conduct a structure-activity-relationship analysis that
guided further drug design. While most alterations to the OT-9 scaffold resulted in decreased
potency, this approach enabled the identification of structural elements required for and
contributing to biological activity, ultimately leading to the design and synthesis of several
compounds capable of increasing SSPN by 1.5-fold or greater in-vitro. After repeated testing, the
coumarin-containing analog, DDL449, and the quinolone-containing analog, DDL472, were
chosen as the most promising drug candidates moving forward. Interestingly, subsequent dose

response analyses identified DDL-449 and DDL-472 to be significantly more potent SSPN
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enhancers in disease-relevant myotubes when compared to wild-type cells. This could suggest that
the mechanism through which these compounds increase SSPN expression is associated with
molecular pathways dysregulated during DMD pathogenesis, and that treatment with these novel

SSPN enhancers reverses this perturbation.

To determine which of these compounds was more likely to be a successful therapeutic for treating
muscular disorders in-vivo, various in-vitro assays were employed to evaluate physicochemical
properties influencing drug ADME. While a compound may exhibit good in-vitro drug activity, it
does not automatically guarantee favorable in-vivo activity unless it also possesses good
bioavailability and half-life (Ref. 22). Moreover, the escalating costs associated with the
development of novel therapeutics and the high rate of candidate attrition have prompted a shift in
drug discovery strategies towards the simultaneous evaluation of comprehensive drug
physicochemical properties alongside efficacy (Ref. 23). Notably, DDL-449 exhibited
considerably lower muscle tissue binding and greater metabolic stability in liver microsomes
compared to DDL-472. Unfortunately, both compounds exhibited poor kinetic solubility and high
plasma binding, which would be expected to restrict bioavailability. While this is not ideal, these
experiments demonstrate the value of in-vitro ADME characterization for facilitating drug
development, as this information highlights important areas of focus when designing future OT-9
analogs. However, it is important to note that additional medicinal chemistry efforts to improve
these physiochemical properties may be hindered by the limited capacity with which the OT-9

scaffold can be altered without diminishing biological activity.
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Proof-of-concept pharmacokinetic and pharmacodynamic analyses were subsequently conducted
to determine if DDL-449 or DDL-472 could reach therapeutically relevant concentrations in the
muscle and effectively increase SSPN levels. Interestingly, DDL-472 was determined to be
significantly more bioavailable than DDL-449, reaching a concentration of approximately 4 uM
two hours after oral administration at a dose of 60 mg/kg. This dramatic difference in
bioavailability can likely be attributed to the increased muscle tissue binding capacity of DDL-
472. However, it 1s important to note that when DDL-472 muscle tissue binding (77.2%) is taken
into account, the concentration of unbound drug that is free to interact with the pharmacological
target is closer to 1 uM. Encouragingly, this is still double the concentration shown to increase
SSPN 50% in-vitro in H2K mdx myotubes. Based on these data, the dose could be lowered to 30
mg/kg and one would still expect to see significant increases in SSPN levels in-vivo. This
highlights the uility of integrating in-vitro biological activity testing, ADME property analyses and
in-vivo pharmacokinetics for establishing proper dosing to ensure drug efficacy in-vivo. As
expected, both compounds were subsequently shown to induce significant increases in SSPN gene
and protein expression in the muscles of MDX mice after only a few weeks of treatment. While
our ultimate goal is to always to identify even more potent and bioavailable SSPN enhancers, this
discovery certainly warrants further evaluation of these compounds as novel therapeutics for

treating DMD.

Determining the molecular mechanism through which a drug exerts its physiological effect is a
central aspect of the drug discovery process, frequently utilized to develop more effective
therapeutics. Knowledge of direct drug targets often facilitates the design of novel small molecules

that are more potent and selective (Ref. 24). Meanwhile, understanding of indirect drug targets can
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pinpoint downstream effectors suitable for alternative therapeutic strategies (Ref. 25). Therefore,
an incomplete understanding of a drug's MOA can serve as a bottleneck, hindering the success rate
during preclinical development. The synthesis of a biologically active alkyne-containing analog,
DDL-489, capable of being linked to azide agarose beads, enabled the use of small molecule
affinity chromatography to enrich for direct targets of DDL-489. Interestingly, this affinity
purification followed by mass spectrometry-based proteomics identified numerous proteins
associated with xenobiotic metabolism, which could be interpreted as a validation of the
experimental approach. While we were encouraged by these findings, this enrichment of drug
metabolizing enzymes may also indicate that DDL-489 and associated analogs are more prone to
rapid biotransformation and clearance within muscle cells. Notably, there was also enrichment of
several proteins associated with regulating DMD-relevant signaling pathways. This included a
regulatory subunit of protein phosphatase 2A (PP2A), a direct inhibitor of protein kinase B (PKB
or AKT) (Ref. 26). Interestingly, activation of AKT signaling, in some cases achieved specifically
through the inhibition of AKT-targeting phosphatases, has been consistently described as a
promising therapeutic approach for treating DMD (Ref. 27-30). Similarly to the activation of AKT
signaling, inhibitors of PP2A are known to increase the expression of utrophin-glycoprotein
complex proteins important for maintaining sarcolemma stability in muscular dystrophy (Ref. 30-
31). Several other proteins known to indirectly modulate AKT activity, such as
phosphatidylethanolamine-binding protein-1 (PEBP1), and ILK signaling pathway components,

a-parvin (PARVA) and integrin a-2 (ITGA2), were also identified (Ref. 32-35).

Given that cell signaling via protein post-translational modifications (PTMs), such as

phosphorylation, mediates the biological outcomes of many therapeutics, global and
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phosphoproteomics were utilized to identify indirect molecular targets of DDL-449 that may serve
as essential downstream effectors for enhancing SSPN expression (Ref. 36). Residue-specific
changes in protein phosphorylation status following DDL-449 treatment suggested significant
activation of ribosomal protein S6 kinase A3 (RPS6KA3 or RSK?2). This analysis also indicated
increases in CDK2, GSK3p3, MAPKS&, and MAPK9 activity. However, due to the high degree of
overlapping substrates between these proteins, it is nearly impossible to determine if only one or
all kinases are activated in response to DDL-449 treatment. Interestingly, when a kinase
enrichment analysis was performed at the gene level using an alternative platform, AKT1 was the
most significantly enriched kinase, interacting with 48 of the 89 protein substrates. It is important
to note that bioinformatics tools used to predict kinase activity associated with either sets of genes
or specific phosphorylation sites are both commonly used, and each has advantages and
disadvantages. While site-specific analyses are widely accepted as more reliable, they are limited
by the availability of extensively annotated phosphoproteome databases. That being said, the
majority of the identified phosphorylation sites cannot be mapped back to a specific kinase,
especially in non-human datasets, and, therefore, go unused. Conversely, kinase enrichment
analyses at the gene level permit the use of most, if not all phosphoproteomics data, but is prone
to a higher rate of false positives. Needless to say, all indications of kinase activity derived from
proteomics data using inference-based platforms necessitate validation using a secondary

approach.

Finally, a transcription factor enrichment analysis using upregulated proteins from the global
proteomics analysis was utilized to predict activated transcription factors. Encouragingly, this

included several SSPN-associated transcription factors, including cAMP-responsive element-
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binding protein 1 (CREB1), which has been shown to stimulate skeletal muscle regeneration (Ref.
37). Interestingly, CREB1 is also known to be directly activated by RSK2, which itself is
downstream of AKT signaling (Ref. 38-39). Integration of these findings suggests that DDL-449
may increase SSPN expression through direct inhibition of PP2A and subsequent activation of the
AKT-RSK2-CREBI signaling axis. While this hypothesis necessitates validation, this information
may prove invaluable for identifying novel therapeutic approaches for treating DMD. For instance,
testing and analoging of alternative PP2A inhibitors, such as those currently being investigated as
treatments for cancer, could ultimately lead to the development of more potent and bioavailable

SSPN enhancers (Ref. 40).

In conclusion, the results here describe a research endeavor to develop potent and bioavailable
analogs of OT-9, and to uncover the pharmacological mechanism through which these compounds
increase SSPN expression. The methodology involved an iterative medicinal chemistry approach
employing structure-activity relationship analyses to guide the design of thirty-four NCEs to date.
Additionally, in-vitro ADME assays were used to assess the drug-like properties of lead
candidates, DDL-449 and DDL-472, highlighting areas for improvement when designing future
OT-9 analogs. Encouragingly, both compounds significantly increased SSPN expression in-vivo
following oral administration. Furthermore, small molecule therapeutic-based affinity
chromatography and mass spectrometry-based global and phosphoproteomics revealed both direct
and indirect molecular targets of OT-9 analogs, suggesting a potential mechanism of drug action
resembling previously described pharmacological approaches to treating DMD through inhibition
of AKT-targeting phosphatases. While the exact pharmacological mechanism still requires

validation, further investigation of this mechanism promises to aid in the development of more
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efficacious SSPN enhancers that may one day be used to enhance sarcolemma repair mechanisms

in DMD patients.
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Supplementary Figure S1. Chemical structures of all new chemical entities synthesized.

SUPPLEMENTARY ANALYTICAL INFORMATION
DDL-449:
'"H NMR (400 MHz, DMSO-d6) & 12.57 (s, 1H), 12.40 (s, 1H), 8.92 (s, 1H) 7.76-7.32 (m, 7H),

3.79 (s, 3H), 3.65-3.44 (m, 8H), 1.84-1.71 (m, 2H). LC-MS m/z [M+H]* 422.25.
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DDL-460:
'H NMR (400 MHz, DMSO) § 12.47 (s, 1H), 12.21 (s, 1H), 8.86 (s, 1H), 7.90 (s, 1H), 7.88 (s,
1H), 7.74 (s, 1H), 7.72 (s, 1H), 7.38 (d, J = 8.6 Hz, 2H), 6.90 (d, J = 4.6 Hz, 1H), 3.83 (s, 3H),

3.65 (s, 4H), 3.57 (s, 2H), 3.44 (s, 2H), 1.84 (s, 1H), 1.71 (s, 1H). LC-MS m/z [M+H]* 422.33.

DDL-461
'H NMR (400 MHz, DMSO) § 12.47 (s, 1H), 12.38 (s, 1H), 8.85 (s, 1H), 7.73 (d, J = 8.3 Hz, 2H),
7.50 (s, 1H), 7.38 (d, J = 8.6 Hz, 2H), 6.95 (s, 1H), 3.85 (s, 3H), 3.79 (s, 3H), 3.61 (d, J=29.9 Hz,

6H), 3.45 (s, 2H), 1.84 (s, 1H), 1.71 (s, 1H). LC-MS m/z [M+H] * 452.25.

DDL-462
'H-NMR (400 MHz, DMSO-de) 8 12.64 (s, 1H), 12.25 (s, 1H), 8.96 (s, 1H), 7.98 (d, /= 9.3 Hz,
1H), 7.75 (d, J = 8.3 Hz, 2H), 7.72 — 7.63 (m, 1H), 7.45 (d, J = 8.3 Hz, 1H), 7.39 (d, J = 8.6 Hz,
2H), 7.30 (t, J= 7.0 Hz, 1H), 3.58 (s, 1H), 3.44 (s, 2H), 3.28 (s, 3H), 2.50 (s, 3H), 1.71 (s, 1H). ;

LC-MS m/z [M+H]* 392.17.

DDL-463

'HNMR (400 MHz, DMSO-de) 12.73 (1 H, s), 12.24 (1 H, s), 8.96 (1 H, s), 7.89 (1 H, d, J 9.0),
7.75 (2 H, d, J 8.3), 7.59 (1 H, td, J 8.9, 2.9), 7.47 (1 H, dd, J 9.1, 4.8), 7.39 (2 H, d, J 6.7), 3.51

(4H,d,J53.5),328 (4 H, s), 1.84 (1 H, 5), 1.71 (1 H, s) ; LC-MS m/z [M+H]" 410.25.

DDL-464
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'H NMR (400 MHz, DMSO-de) & 12.70 (s, 1H), 12.09 (s, 1H), 8.97 (s, 1H), 8.09 (dd, J = 8.8, 6.1
Hz, 1H), 7.75 (d, J = 8.3 Hz, 2H), 7.43 — 7.35 (m, 2H), 7.25 — 7.12 (m, 2H), 3.57 (s, 2H), 3.44 (s,

4H), 3.29 (s, 2H), 1.84 (s, 1H), 1.71 (s, 1H). ; LC-MS m/z [M+H]" 410.17.

DDL-465
'H NMR (400 MHz, DMSO) § 12.75 (s, 1H), 12.18 (s, 1H), 8.93 (s, 1H), 8.13 (d, J = 4 Hz, 1H),
7.75 (d, J= 8.0 Hz, 1H), 7.71 (d, J= 4.0 Hz, 1H), 7.69 (d, J= 4 Hz, 1H), 7.44 (d, J = 8.0 Hz, 1H),

7.40 (s, 1H), 7.38 (s, 1H), 1.71-3.65 (m, 10H). LC-MS m/z [M+H]* 426.17.

DDL-467
'H NMR (400 MHz, DMSO) & 12.08 (s, 1H), 8.94 (s, 1H), 8.80 (s, 1H), 8.425 (d, J = 4 Hz, 1H),
7.90 (dd, J= 8 Hz, 1H), 7.75 (d, J= 8 Hz, 2H), 7.40 (d, J= 12 Hz, 2H), 3.44-3.70 (m, 8H), 1.84 (s,

1H), 1.71 (s, 1H). LC-MS m/z [M+H] * 393.17.

DDL-469
'H NMR (400 MHz, DMSO) § 13.07 (s, 1H), 11.91 (s, 1H), 9.13 (s, 1H), 9.02 (s, 1H), 8.445 (d, J
= 4 Hz, 1H), 8.42 (d, 1H), 7.76 (d, J = 8.0 Hz, 2H), 7.56 (d, J = 8.0 Hz, 1H), 7.40 (d, J = 8.0 Hz,

1H), 1.71-3.65 (m, 10H). LC-MS m/z [M+H] * 437.17.

DDL-475

'H NMR (400 MHz, d6-DMSO) & 12.55 (s, 1H), 8.69 (s, 1H), 7.75-6.48 (m, 8H), 5.40 (s, 1H),

5.23 (s, 1H), 3.64-3.45 (m, 8H), 2.03-1.80 (m, 2H).LC-MS m/z [M+H]* 407.25.
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DDL-476
'"H NMR (400 MHz, d6-DMSO) & 12.35 (s, 1H), 10.14 (s, 1H), 8.84 (s, 1H), 8.14-7.37 (m, 7H),

4.05 (s, 1H), 3.65-3.44 (m, 8H), 2.04 (s, 3H), 1.83-1.71 (m, 2H). LC-MS m/z [M+H]* 449.25.

DDL-492
'"H NMR (400 MHz, CDCls) 8 12.51 (s, 1H), 8.70 (s, 1H), 7.77-7.00 (m, 8H), 3.70 (s, 3H), 3.65-

3.45 (m, 8H), 1.84-1.71 (m, 2H). LC-MS m/z [M+H] * 421.25

DDI-470

'H NMR (400 MHz, DMSO) & 10.78 (s, 1H), 8.85 (s, 1H), 7.75 (d, J= 8Hz, 2H), 7.555 (d, J =
4.0 Hz, 1H), 7.47 (d, J= 8 Hz, 1H), 7.39 (d, J = 8 Hz, 1H), 7.35 (d, 1H), 7.325 (d, J= 4.0 Hz, 1H),
3.80 (s, 3H), 3.70 (s, 1H), 3.65 (s, 4H), 3.57 (s, 1H), 3.43 (s, 2H), 1.84 (s, 1H), 1.70 (s, 1H). LC-

MS m/z [M+H]* 423.17.

DDL-471
'"H NMR (400 MHz, DMSO) & 10.69 (s, 1H), 8.82 (s, 1H), 8.12 (d, J = 4 Hz, 1H), 7.79 (d, 1H),
7.765 (d, J = 4 Hz, 1H), 7.75, (s, 1H), 7.74 (d, J = 8 Hz, 1H), 7.57 (d, J = 8 Hz, 1H), 7.39 (d, J =
8 Hz, 1H), 3.70 (s, 2H), 3.65 (s, 3H), 3.57 (s, 1H), 3.43 (s, 2H), 1.84 (s, 1H), 1.70 (s, 1H).LC-MS

m/z [M+H]" 427.25.

DDL-472
'H NMR (400 MHz, DMSO) § 10.81 (s, 1H), 8.74 (s, J= 0.6 Hz, 1H), 7.73 (d, J= 8 Hz, 2H), 7.36

(d, J=8 Hz, 2H), 6.83 (d, J = 4 Hz, 1H), 6.80 (d, J = 4 Hz, 1H), 6.64 (d, 1H), 3.65 (m, 8H), 3.47
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(q, J = 8.0 Hz, 4H), 1.83 (s, 1H), 1.70 (s, 1H), 1.11 (t, J = 6.0 Hz, 6H). LC-MS m/z [M+H] *

464.43.

DDL-473
'H NMR (400 MHz, DMSO) 5 10.69 (s, 1H), 8.81 (s, 1H), 8.24 (d, J = 2.4 Hz, 1H), 7.89 (dd, J =
8.8, 2.4 Hz, 1H), 7.74 (d, T = 8.2 Hz, 2H), 7.50 (d, J = 8.9 Hz, 1H), 7.39 (d, J = 8.6 Hz, 2H), 3.69

(s, 2H), 3.65 (s, 3H), 3.57 (s, 1H), 3.43 (s, 2H), 1.84 (s, 1H), 1.70 (s, 1H).

DDL-477
'"H NMR (400 MHz, DMSO) § 8.97 (s, 1H), 8.09 (d, J = 4 Hz, 1H), 7.75 (d, J = 12.0 Hz, 2H), 7.39

(d, J= 8.0 Hz, 2H), 7.25 — 7.10 (m, 2H), 1.71-3.65 (m, 10H). LC-MS m/z [M+H] * 411.17.

DDL-478
'"H NMR (400 MHz, CDCls) § 10.92 (s, 1H), 8.94 (s, 1H), 7.78 (d, J = 8.0 Hz, 2H), 7.63 (d, J =
8.0 Hz, 1H), 7.43 (d, J = 8.0 Hz, 2H), 6.97 (dd, J = 8.7, 2.4 Hz, 1H), 6.90 (d, 1H), 3.93 (s, 3H),

3.89 —3.43 (m, 8H), 2.11 — 1.24 (m, 2H) LC-MS m/z [M+H]" 423.17.

DDL-479

'H NMR (400 MHz, CDCls) & 10.84 (s, 1H), 8.98 (s, 1H), 7.78-7.40 (m, 7H), 3.85-3.56 (m, 8H),

2.05-1.85 (m, 2H). LC-MS m/z [M+H] * 427.17.

DDL-480
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'"H NMR (400 MHz, CDCls) & 10.84 (s, 1H), 8.97 (s, 1H), 7.79-7.43 (m, 7H), 3.85-3.56 (m, 8H),

2.05 (m, 2H). LC-MS m/z [M+2H]* 473.42.

DDL-481
'"H NMR (400 MHz, CDCL3) § 10.93 (s, 1H), 8.92 (d, 1H), 7.78 (d, J = 8 Hz, 2H), 7.61 (d, J = 8
Hz, 1H), 7.43 (d, J= 8 Hz, 2H), 6.92 (dd, J = 8.7, 2.4 Hz, 1H), 6.87 (d, J= 2 Hz, 1H), 4.67 (hept,

J=12 Hz, 1H), 3.97 - 2.05 (m, 10H), 1.41 (d, J = 8Hz, 6H). LC-MS m/z [M+H] " 451.25.

DDL-482
'"H NMR (400 MHz, d6-DMSO) § 10.78 (s, 1H), 8.79 (s, 1H), 7.79-6.93 (m, 7H), 3.70-3.69 (m,
4H), 3.69-3.57 (m, 6H) 3.44-3.43 (m, 4H), 3.41-3.35 (m, 2H) 1.83-1.70 (m, 2H). LC-MS m/z

[M+H]* 478.58.

DDL-483

'H NMR (400 MHz, DMSO) § 10.76 (s, 1H), 8.81 (s, 1H), 7.84-7.03 (m, 7H), 3.69-3.64 (m, 8H),

3.57-3.43 (m, 4H), 1.83-1.70 (m, 2H), 1.49-1.19 (m, 4H).

DDL-484

'H NMR (400 MHz, CDCls) & 11.00 (s, 1H), 8.80 (s, 1H), 7.79-6.53 (m, 7H), 3.83-3.57 (m, 8H)

3.14 (s, 6H), 2.05-1.85 (m, 2H). LC-MS m/z [M+H] * 436.75.

DDL-486
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'"H NMR (400 MHz, CDCls) & 10.97 (s, 1H), 8.82 (s, 1H), 7.79-6.72 (m, 7H), 3.83-3.57 (m, 8H),
3.48 (t, J=4Hz, 4H), 2.56 (t, J=4Hz, 4H), 2.36 (s, 3H), 2.05-1.85 (m, 2H). LC-MS m/z [M+H] *

491.58.

DDL-487
'"H NMR (400 MHz, CDCls) & 11.00 (s, 1H), 8.79 (s, 1H), 7.79-6.41 (m, 7H), 3.83-3.57 (m, 8H),

3.43 (t, J=4Hz, 4H), 2.09 (t, J=4Hz, 4H), 2.05-1.85 (m, 2H).LC-MS m/z [M+H] * 462.83.

DDL-489
'"H NMR (400 MHz, CDCls) § 10.99 (s, 1H), 8.84 (s, 1H), 7.80-6.70 (m, 7H), 4.14 (s, 2H), 3.84-
3.66 (m, 8H), 3.6 (q, J=8Hz, 2H), 2.30 (s, 1H), 2.05-1.85 (m, 2H), 1.31 (t, J=6Hz, 3H), LC-MS

m/z [M+H]* 474.25.

DDL-490
'"H NMR (400 MHz, CDCls) § 11.00 (s, 1H), 8.79 (s, 1H), 7.80-6.52 (m, 7H), 3.82-3.57 (m, 8H),
3.36 (t, J=8Hz, 4H), 1.85-1.71 (m, 2H), 1.37 (t, J=8Hz, 4H), 0.98 (t, /=8Hz, 6H). LC-MS m/z

[M+H]* 492.00.
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CONCLUDING REMARKS
The experience of attaining my doctoral degree has been a remarkable one, involving both truly
amazing research projects and people. I feel blessed to have been able to collaborate with so many
gifted researchers, who themselves are distinguished leaders in their respective fields. I am
immensely appreciative for the knowledge that I have gained about the drug discovery process as
well as intricate mechanisms underlying the pathology of the neurological and muscular disorders
discussed here. My hope is that this research has facilitated the identification of novel drug
candidates and/or therapeutic approaches that may one day be used to treat patients suffering from

these devastating diseases.
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