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NARRATIVE

Therapeutic Description: Our goal is to prevent a-synucleinopathy, by targeting the 5'
untranslated region (5’UTR) of a-synuclein (a-syn) mRNA to develop potent a-syn translation
inhibitory drugs that selectively maintain compensatory 3- and y-syn expression.

a-Syn is the ~15 kd protein implicated in the pathogenesis of neurodegenerative o.-synucleinopathies
(1), including Parkinson’s disease (PD), the most prevalent movement disorder in humans. Others
include Dementia with Lewy bodies (LBs), LB variant of Alzheimer’s disease (AD), and multiple
system atrophy. In these disorders, a-syn undergoes a conformational change and oligomerization,
causing a toxic gain of function, subsequent neurodegeneration and deposition of a-syn aggregates,
most commonly in LBs, but also in dystrophic neuritis, axonal spheroids and glial cytoplasmic
inclusions (2). Mutations to the signaling kinase, LRRK-2, activates inflammatory causes of PD (3)
(in which our laboratory has experience (4)). However, increased iron in the Substantia nigra
appears close to the pathogenesis of PD (5).

Recently, Lewy body dementia (LBD) brains were shown to exhibit lowered a-syn mRNA but
higher insoluble protein, suggesting mis-regulation of a.-syn mRNA translation in addition to protein
clearance by chaperones (6). a-Syn and amyloid-f3 peptide (AB) pathomechanisms converge via
interaction of the two amyloidogenic proteins; co-precipitating into B-pleated oligomers and
insoluble fibrils (7-9), although AR and a-syn rarely, if ever, localize to the same brain amyloid
deposits (10).

Thus, our discovery of an iron responsive element (IRE-Type Il) in the 5 untranslated region
(5’UTR) functioning to suppress amyloid precursor protein (APP) translation when intracellular
iron is chelated (11), encouraged us to then identify a related, but distinct, motif in a-syn mRNA.
IREs are RNA stem loops in the UTRs of ferritin and transferrin-receptor mRNAs that are critical to
iron homeostasis (12,13) (Fig 1). The pattern of RNA binding protein interaction with the a-syn
IRE, however, was different form the canonical IREs of iron homeostasis (see Fig. 2).

Thus use of the a-syn 5’UTR RNA target is unique enough to identify neural a-syn translation
blockers that are sufficiently selective not to change neural - and y-syn expression (unrelated
5’UTRs) or cause side-effects towards iron metabolism and homeostasis (a complete knock out of -
syn expression in mice has no influence on viability, which supports our strategy to limit a-syn
expression and maintain compensatory -syn expression (14).

Prior to initiating a high throughput screen (HTS) of 250,000 small molecules for potent a-syn
5’UTR directed inhibitors at the Yale University Genome Center (Letter, Dr. Lars Branden) (Fig.
1), we already have identified and ranked 17 translation inhibitors of a.-syn from 720 natural
products (NPs). Here we found that the cardiac glycosides strophanthidine, sarmentogenein,
gitoxigenin selectively and potently inhibited a-syn 5’UTR driven translation of a luciferase
reporter gene while maintaining 100% cell viability (Table 1). The half-lives and
pharmacodynamics of these cardinolides are well described. This project will also identify top
novel a-syn RNA targeted translation inhibitors and ultimately provide a new oral therapeutic
approach for PD additional to current anti-fibrilization agents (or SiRNAs, that have to be
administered by catheter to the brain).

We have previously demonstrated that the AD experimental drug, (-)-phenserine (PS), a
physostigmine analogue and an acetylcholinesterase inhibitor (AChEi) that reached clinical
assessment inhibited APP translation though its 5S’UTR (15,16). PS proved well tolerated in phase
III clinical trials for AD (17). By contrast, posiphen, the (+)-enantiomer of PS, lacks AChEi
activity and thus can be administered at 8-fold higher doses (18). It recently underwent dose
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escalating phase 1 clinical assessment in humans and was well tolerated (reaching doses of 80 and
120 mg vs. 20 for PS). PS approved to be a well-tolerated compound that consistently reduced a-
syn expression in SH-SYSY cells over a similar dose range as its action on APP (and AP) (Fig. 3).
Posiphen, spiked into our 384 well transfection-based NP screen, was found to selectively inhibit
a-syn 5’UTR conferred translation to a greater extent than PS. We will hence pursue posiphen for
its clear capacity to lower a-syn expression in addition to the cardiac glycosides in both tissue
culture and animal models (Fig. 3). We plan to use a well known transgenic mouse model for PD
to test the anti a-synefficacy of (i) posiphen (i1) the cardiac glycosides
(cardinolides:strophantidine/ sarmentogenin) each as a-syn 5’UTR blockers, additional to (iii)
novel a-syn 5’UTR translation inhibitors (deriving from our ongoing HTS screen).

Therapeutic Rationale and Current Stage of Development:- The 5’UTR of the a-synuclein
transcript folds into a unique RNA stem loop encoding a functional iron responsive element
secondary structure that is related to (but totally distinct from) the ferritin and APP 5’UTR specific
IREs. This RNA sequence provides an excellent drug target to screen / identify suppressors of .-
syn translation since this 5’UTR encodes a highly specific but functional version of an IRE stem
loop that is not encoded by the 3- and y-syn transcripts.
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IRP1, but not IRP2 whereas the H-ferritin 5' UTR IRE probe co-precipitated both IRP-1 and IRP-2 (Westerns).

The biotin pull down assays, shown in Figure 2, demonstrated that the a-syn 5’UTR selectively
interacted with IRP1, and not IRP2 in human blood and (not shown) human brain lysates. By
contrast, the H-ferritin IRE interacted with both IRP-1 & IRP-2 consistent with IRP2 being the
more important controller for iron homeostasis (controlling ferritin translation and TfR mRNA
stability by iron). These findings add weight to the use of this 5’UTR as a desirable and selective
drug target to identify selective suppressors of a-syn expression in vitro and in vivo.

With strong preliminary data that a-syn mRNA 5' UTR contains a cis-acting translational
regulatory element that selectively binds IRP1, we evaluated the a-syn mRNA 5' UTR as a target
for pharmacologic suppression of a-syn protein production. As precedent, APP 5’UTR directed
inhibitors, some of which are in clinical trials, can be effectively identified and subsequently found
not to change APLP-1 and APLP-2 expression in SH-SY5Y cells (20,21), and we reported that
APP 5’UTR inhibitors successfully reduced amyloid burden in a transgenic mouse model for AD

(22)).

Because of the 50% sequence similarities between the APP and a-syn 5' UTRs (Fig 3A), we
predicted overlap in the spectrum of drugs that suppress APP translation through the APP mRNA
5' UTR with those that suppress a.-synu through its 5' UTR. Posiphen, as a RNA directed drug that
passed phase 1 safety trials in human subjects, selectively repressed neural a-syn translation via its
5’UTR (Fig.1), with clear evidence for PS enhancing translational repression (by IRP1).
Transfection experiments showed posiphen was 10 times more effective as a blocker of a-syn
5’UTR driven translation relative to the related but distinct APP 5’UTR element.

Thus we assessed whether PS and posiphen would similarly suppress o-syn expression in SH-
SYSY dopaminergic neurons. Indeed PS inhibited of APP expression by half at 5 uM (Fig 3B),
whereas it inhibited o-sy expression at an IC-50 of 7uM. By comparison, posiphen suppressed
expression of a-syn and APP, each with an IC-50 of 5 uM.
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Figure 3: Phenserine and posiphen each decrease levels of a-syn in a dose-dependent manner in cultured cells as
previously reported for APP. Panel A: The 5°UTRs of both APP and a-syn show homology to each other and also
50% homology to the Iron-responsive Element (IRE) in H-ferritin mRNA (23). Panel B: SH-SYS5Y cells were treated
with PS and posiphen for 48 hours with concentrations ranging from 0 to 10 uM and inhibited a-syn expression (IC-50
=5 uM) without cell based toxicity.
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Using stable a-syn 5’UTR-luciferase H4 cell lines, transfected with the dicistronic screening
construct shown in Figure 1, we set up a high throughput screening campaign of 720 NPs (see
Table 1). Shown are four (of 17 available) a-syn 5’UTR directed inhibitors assayed in neural
cells (a HTS of the complete library is planned with Dr. Lars Branden (letter attached)).

Lead APP Specific ASYN Specific  Toxicity Alamar ~ IC-50 when drug inhibits a-syn
Compound Inhibition Inhibition Blue at IC-50 5’UTR driven lucif. activity by half.
(Max 10 uM) (Max 10 uM)
Harmine 50% Inhibition 65% Trophic Anti-Parkinsonian Stimulant.
Posiphen 85% Inhbition 75% Non toxic Phase I Tolerant. (IC-50 = 50 nM.
Sarmentogenin 5% Inhibition 100% Non toxic Glycoside/ IC-50 = 500 nM
Strophanthidine 5% Inhibition 100% Non Toxic Glycoside/ IC-50 = 400 nM
Gitoxigneinin 5% Inhibition 100% Non Toxic Glucoside/ IC-50 — 80 nM
Mycophenolic acid | 5% Inhibition 50% Non toxic Immunosuppressant IC-50 = 100nM

Table 1: Selectivity of top alpha-syn 5’UTR directed inhibitors screened from 720 MLSCN NPs. Posiphen was
incorporated into this screen as a positive control. The other 5 natural products shown are from the top 17 a-syn
5’UTR inhibitors thus far identified. Percent inhibition in the Alamar Blue assay was calculated and compared with
percent inhibition of luciferase activity. Compounds for which the difference was greater than 40, and which scored as
a hit in the luciferase assay were then being evaluated in a dose-response assay (appendix 1). Leads were pursued for
further testing in this proposal if they passed the criterion of maintaining APP 5’UTR activity (specificity control).

Our current leads include the plant cardenolides, sarmentogenin and strophanthidine, ditoxigenin-
diacetate and mycophenolic acid (immunosuppressant used in kidney transplants). o-Syn 5’UTR
inhibitors were checked to ensure target selectivity - where all top cardiac glycosides caused no
change to APP 5’UTR target expression. Harmine inhibited o-syn expression and is already used
as a therapeutic agent for PD (to be used as +ve control for our purposes), although harmine did
reduced APP 5’UTR mediated expression in our assays.

Development Plan and Timeline:

We will characterize and establish the optimal doses and formulations of top a-syn 5’UTR
inhibitors, including that of posiphen, relative to our NPs, the cardenolides as listed in Table I,
each to be tested in the in-house a-syn transgenic mouse model available to our laboratory (24).
PS/posiphen and its optimized derivatives from Dr. Greig’s medicinal chemistry program within
the Intramural Research Program of NIA, NIH, are available to test for a-syn efficacy using the o.-
syn transgenic mouse model (ASYN) (24) with induced o- syn expression (and dopamaminergic
fibrilized alpha-syn).

These in-house ASYN transgenic animals (24), will be tested for posiphen efficacy as we have
already achieved for the anti-amyloid efficacy in AD mouse models (25). A concern for dual
action drugs that possess AChE activity is that PS, similar to most other AChEiss, is dose-limiting
in animal models and humans by cholinergically mediated central actions (tremor in animals and
nausea in humans, respectively) (26). As posiphen lacks AChE action (18,26), this concern is
circumvented. Our prior studies demonstrate that PS can be maximally administered at 7.5 mg/kg
whereas posiphen can be escalated to 75 mg/kg (18,26). Furthermore, we predict that as with APP,
concentrations in brain below amounts found in cell culture will effectively lower a-syn levels.

Specific Aim 1: Characterize the top a-syn translation inhibitors in cultured neural cells :
By use of quantitative Western blot analysis, we will use both H4 and SH-SYSY neural cells lines

to establish the effective concentrations of each of our leads to inhibit a-syn expression (IC-50). In
the first instant, the cardiac glycosides sarmentogenin and strophanthidine, are currently being
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assessed for their capacity to inhibit a-syn correlated to their cytotoxicity (Alamar Blue assay,
MTS assay) in these neural cells lines. Similar experiments were already reported to establish the
cytotoxicity of digitoxin analogs and other related cardiac glycosides in human tumor cells (27).
Western blot assays will establish the lowest doses of each agent required to inhibit neuronal o-syn
and not - and y- syn expression. Prior to beginning animal tests, we will test minimum formulated
doses of each of the compounds (in Table I) required to reduce a-syn expression in primary cortical
dopaminergic neurons. For example, individually tested and ranked sarmentogenin,
strophanthidine and Gitoxigenin Diacetate will be dose respsonse optimized in combinations for
anti a-syn efficacy in cell lines and monitored closely for toxicity since cardiac glycosides have a
narrow therapeutic window. To ensure selectivity, treatment with each drug should be
compensated by B-syn and y-syn expression. In support of this rationale, RNA targeting with
macrolide antibiotics inhibits bacterial ribosomal RNA function (28) and B-syn and y-syn knockout
mice are viable (29).

Timeline: Progressing from Year-1 into Year-2 we anticipate conducting a continuation of this
project in a milestone driven basis in dialogue with the scientific staff at the Michael J Fox
Foundation. We anticipate establishing an optimal formulation of our leads and have in hand the
best strategy for administering our leads to the transgenic mice for evaluating their anti a-syn
efficacy in vivo.

Specific Aim 2: Test and validate a-synuclein inhibitors using an animal model of PD.

At MGH we have been provided transgenic mice that express wild-type a-syn on a C57BL/6 x
DBA/2 mixed genetic background (30). These mice were well characterized and develop a-syn
neuropathology by 2 months of age, therefore providing an excellent in vivo model for preclinical
drug suppression of human oa-syn production where the a-syn 5’UTR drives the expression of
wild-type and mutant a-syn. Handling and breeding of these mice will be undertaken with Drs.
Castelvetri (MGH) and Friedlich (MGH))(Letters Provided).

The results of our screen for a-syn directed translation inhibitors from 720 NPs (in 384 well
format) are shown in Table 1. These Nps maintain excellent cell viability by the Alamar Blue test
in H4 cells, and one drug, harmine, already has an indication for PD. Since their pharmacology
and in vivo dosing profiles are published these are excellent lead candidates to validate the o-syn
S'UTR as a genuine anti a-syn drug target. We will test these leads (together with posiphen
compared to placebo) in the a-syn transgenic mouse model for PD available at MGH (24).

In vivo drug efficacy against a-synulein induced PD pathology will be tested in a 3 month study of
6 cohorts of a-syn transgenic mice treated with (i) posiphen, (ii) phenserine (iii) dose optimized
Strophanthidine/ (iv) dose optimized sarmentogenine, (v) harmine (+ve control), (vi) placebo (-ve
control) (n=14) (age and sex matched). We will orally provide these natural product drugs at
lowest dose to the mice in a protocol similar to tests that we have already published to assess the
anti amyloid efficacy of FDA drugs in AD transgenic mice (22,25). Drug doses will be estabshed
from the published ADME literature. In the case of posiphen we already established that 75
mg/kg/day (i.p.) was a well tolerated dose for posiphen in mice, 3 week trial.

In the case of the cadenolides, we have access to published work that reports the cytotoxicity of
several cardenolides, including ouabain (a close analog of strophanitidne), and digitoxigemnis (a
close anlog of digitoxenin ) with primary tumor cell lines, as others have been developing the use
of these glycosidse for the alternative indication of anti-cancer therapy (see ref (27)). Indeed
glycosides are now being tested as novel anticaner agents with results demonstrating a wide range
of cytotoxicity depending on the drug ((31)). Of interest to our work, there is literature available
that describes the formulation and administrative path of caredeloisdes, to mice, for example Chen
etal., 1952 (32).
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Outcomes measurement and techniques: After 3 month treatment (2 mo - 5 mo interval) mice will
be assessed to measure potential improvement of movement deterioration by use of the rotor-rod
grasping test. These PD mice exhibit movement disorder starting at 3 months of age progressing
to 12 months. Following rotor-rod movement testing, mice will be sacrificed and the pathological
markers of PD associated with a-syn accumulation will be measured by standard protocols (i.e.,
immunohistochemistry of a-syn and tyrosine hydoxylase (TH) and biochemical measurement of
dopamine levels in collected striatal samples (by ELISA). We will test the relative capacity of
each drug to offset the accumulation of a-syn into brain LBs, their relative capacity to lessen a-
syn induced neuronal inclusion formation, their capacity to improve levels of striatal neuron TH
and dopamine. Disease progression in these PD specific lesions has previously been established in
our a-syn transgenic mice and our purpose is to determine whether a-syn 5S'UTR inhibitor leads,
indeed, exhibit disease associated efficacy in vivo (see letters of Collaboration Drs. Castelvetri and
Fridlich.

Time line: Progression to the experiments outlined in Specific Aim 2 (Year-2) are to proceed in a
"milestone” driven protocol based on evaluations (at the end of Year-1) as to the capacity of our
most attractive leads to limit a-syn (but maintain 3-syn and y-syn) in neural cell cultures. We
already have established convincing Western blot data showing posiphen reduced a.-syn levels in
SH-SYS5Y cells (Fig 2) and also in H4 cells (not shown). These decisions will be made in
consultation with the scientific staff of M. J. FOX Foundation depending on progress made in
Year-1 with our current best lead a-syn translation inhibitors including sarmentogenin and
strophanthidine and in a low dose cocktail.

During the course of Year-1 even more potent selective drugs will become available from our cell
culture drug optimization and characterizations (IC-50 and LD-50 of current leads). At the end of
Year-1 proceeding to Year-2, we will have assessed optimal lead dosing of our NP leads best
suited for their testing parallel with posiphen and PS delivered to the a-syn transgenic mice. These
new potentially more potent c-syn hit inhibitors are in the screening pipeline.

Future Development Requirements: (other future collaboration).

The immediate advantage of this project is that we are guaranteed results with posiphen and a
lead cardiac glycoside, maybe even more potent compound processed by medicinal chemistry
optimization (Dr. Nigel Greig heads drug design within NIA and has other leads for this drug
class, and we have the additional capacity to further work closely with Dr. Xudong Huang,
Greg Cuny, each well respected medicinal chemists at BWH). With this team, we will
chemically optimize the HTS leads from the screening pipeline for the Columbia/Yale Genome
Center (appendix 3)). This effort will improve our chances for animal testing for the
pharmacokinetic potential (by linear metabolism array analysis prior to animal testing).

The transgenic mice expressing wild-type and mutant human oa-syn (Science 287:1265; 2000) on a
C57BL/6 x DBA/2 mixed genetic background. These mice are well characterized and develop a-syn
neuropathology by 3-4 months of age, Thereby providing an excellent in vivo model for preclinical drug
development to suppress production of human a-syn protein production and interdict pathogenesis.
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