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Intracellular protein aggregation is a common pathologic feature in neurodegenerative diseases such as
Huntington’ disease, amyotrophic lateral sclerosis and Parkinson’ disease. Although progress towards
understanding protein aggregation in vitro has been made, little of this knowledge has translated to patient
therapy. Moreover, mechanisms controlling aggregate formation and catabolism in cellulo remain poorly
understood. One limitation is the lack of tools to quantitatively monitor protein aggregation and disaggrega-
tion. Here, we developed a protein-aggregation reporter that uses huntingtin exon 1 containing 72 glutamines
fused to the N-terminal end of firefly luciferase (httQ72-Luc). httQ72-Luc fails to aggregate unless seeded by a
non-luciferase-containing polyglutamine (polyQ) protein such as Q80-cfp. Upon co-aggregation, httQ72-luc
becomes insoluble and loses its enzymatic activity. Using httQ72-Luc with Q80(CFP/YFP) as seeds, we
screened the Johns Hopkins Clinical Compound Library and identified leflunomide, a dihydroorotate
dehydrogenase inhibitor with immunosuppressive and anti-psoriatic activities, as a novel drug that prevents
polyQ aggregation. Leflunomide and its active metabolite teriflunomide inhibited protein aggregation
independently of their known role in pyrimidine biosynthesis, since neither uridine treatment nor other pyr-
imidine biosynthesis inhibitors affected polyQ aggregation. Inducible cell line and cycloheximide-chase
experiments indicate that these drugs prevent incorporation of expanded polyQ into an aggregate. This
study demonstrates the usefulness of luciferase-based protein aggregate reporters for high-throughput
screening applications. As current trials are under-way for teriflunomide in the treatment of multiple scler-
osis, we propose that this drug be considered a possible therapeutic agent for polyQ diseases.

INTRODUCTION

autosomal dominant and characterized by personality

Polyglutamine (polyQ) diseases comprise a heterogeneous
group of neurological disorders that include spinobulbar mus-
cular atrophy, Huntington disease, several spinocerebellar
ataxias and dentatorubral pallidoluysian atrophy, which are
characterized by intracellular protein aggregation and neuronal
cell loss. In these diseases, an uninterrupted CAG trinucleotide
repeat expansion in the coding sequences of specific genes
causes the mutant protein to misfold, aggregate and trigger
neurodegeneration by a gain-of-function mechanism (1,2).
One polyQ disease, Huntington disease is progressive,

changes, motor impairment and subcortical dementia (3,4). It
is due to an expansion in the first exon of the /7/5 gene
coding for the protein huntingtin (5), a 3144 amino acid
protein of unknown function. Huntington disease is patho-
logically characterized by degeneration of neurons in the
striatum and subcortical regions. Patients with a CAG expan-
sion >39 show a strict inverse correlation between the length
of the polyQ-coding sequence and the age of onset with clin-
ical severity directly correlating with the repeat number
(4,6,7). Moreover, repeat length and concentration of the
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mutant protein dictate the propensity for huntingtin to
aggregate in vivo and in vitro (8—11). Experiments with syn-
thetic polyQ peptides and huntingtin exon 1 derivatives indi-
cate that misfolding of an expanded polyQ monomer
initiates aggregation in a nucleation-dependent process (12—
14). Aggregation of bacterially expressed huntingtin fragments
and synthetic polyQ peptides can be accelerated by adding
aggregated polyQ seeds in vitro, supporting a nucleated
growth assembly mechanism similar to amyloid formation
(8,12,15,16). Therefore, aggregation of expanded huntingtin
and other polyQ peptides can be ‘seeded’ by a polyQ aggre-
gate (17).

An important property of expanded polyQ proteins is their
capacity to incorporate both expanded and unexpanded
polyQ proteins into the growing aggregate, which occurs
through interactions with the polyQ domain (18—20). As a
consequence, both homotypic and heterotypic aggregation of
polyQ occurs in vitro and may underlie its neurotoxicity in
vivo. Sequestration of heterologous proteins containing short
stretches of polyQ, like CBP, has been proposed as a patho-
logical mechanism of Huntington disease, as well as in other
polyQ disorders (21-23). In addition, other polyQ proteins
like TBP (24) and Brn-2 POU (25) are similarly sequestered
into huntingtin aggregates in vivo where they lose their func-
tion and contribute to neurodegeneration. Therefore, non-
aggregating, unexpanded polyQ-containing proteins can be
forced to aggregate by aggregation-prone polyQ proteins by
means of intercalation of polyQ into the B-strand sheets of
bona fide aggregating proteins. This ‘seeding’ property of
polyQ also takes place spontanecously in lower eukaryotes
and presumably it plays a physiological role. Sup35 and
Rnql are two prion-like, Q/N-rich proteins involved in meta-
bolic adaptation of yeast to environmental conditions through
self-aggregation. Expanded huntingtin or polyQ alone can
induce the aggregation of Sup35 (26) and Rnql (27). In add-
ition, replacing the Q/N-rich domain with polyQ in Sup35
allows polyQ-Sup35 prion propagation (28). Interestingly,
Rnql inhibits polyQ aggregation (29,30) and Sup35 sup-
presses polyQ toxicity in Drosophila, indicating a complex
interplay between Q/N-rich proteins and expanded polyQ pro-
teins. On the other hand, mammalian Q/N-rich domain pro-
teins TIA-1 (31), FUS (32,33) and TDP-43 (34,35) are also
co-localized to polyQ aggregates in mammalian cells and in
the human brain, indicating that ‘cross-seeding’ of prion-like
and polyQ proteins is an evolutionarily conserved property
of these self-aggregating proteins. Considering the high
amount of Q/N-rich proteins coded in the human genome
(36), the spectra of proteins potentially affected by polyQ
aggregation in polyQ diseases increase enormously and
efforts to understand homo- and hetero-polymeric aggregation/
disaggregation of polyQ are of logical relevance.

Protein aggregation is a promising candidate target for
disease intervention. Although there is still controversy
about the role of intracellular polyQ aggregates as toxic or
protective species (37), a decrease in polyQ aggregates corre-
lates with reduced neurodegeneration in Drosophila and
mouse models of Huntington disease (38—40). It is not surpris-
ing therefore that numerous in vitro and cell-based high-
throughput initiatives have been developed in the past years
to screen for small molecules that inhibit polyQ aggregation
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or cell toxicity (41-47). More recently, genetic screens with
siRNA libraries have been developed to search for genes
that modify the aggregation of polyQ proteins (48,49). Most
of the cell-based screenings rely on aggregation changes of
polyQ tagged to GFP or its derivatives. Recently, an improved
method to quantitatively monitor polyQ aggregation by fluor-
escence resonance energy transfer (FRET) was described and
adapted for high-throughput screening. Using this FRET-
based assay, the authors identified a ROCK inhibitor,
Y-27632, as a potent polyQ inhibitor in cellulo and in a Dros-
ophila model of neurodegeneration (39,50). However, more
robust and quantitative methods to assess protein-aggregation
dynamics that are amenable to non-invasive, live imaging in
cellulo and in vivo need to be generated.

The largest publicly accessible collection of existing drugs
is the Johns Hopkins Clinical Compound Library (JHCCL),
a collection of over 1500 drugs that includes drugs approved
by the Food and Drug Administration (FDA) as well as drug
candidates that have entered phase-II clinical trials. The
JHCCL is intended to promote drug repurposing, i.e. finding
new uses for existing drugs with known pharmacokinetics
and side effects for accelerating drug discovery (51-53).
Firefly luciferase has been previously used as an in vitro
reporter to monitor co-translational protein folding of
nascent polypeptides, using rabbit reticulocyte extracts, and
it has also been used to monitor protein refolding after heat-
or guanidinium-induced denaturation, where it regains enzym-
atic activity upon renaturation (54—56). To identify drugs that
inhibit polyQ aggregation and are ready to use in clinical
applications, we developed a novel aggregation-sensitive
luciferase-based reporter to quantitate polyQ aggregation in
cellulo, using an expanded huntingtin fragment (exon 1,
httQ72-Luc), and screened the JHCCL collection.

RESULTS
Development of the httQ72-Luc protein aggregate reporter

We fused exonl sequences of huntingtin to the N-terminus of
firefly luciferase via a G/S linker to create httQ72-Luc. We
included the 11-mer flexible linker (57) to minimize any po-
tential steric hindrance imposed by FLuc on httQ72 self-
assembly during aggregation (Fig. 1A). To test the aggregation
state of this reporter in cell culture, we expressed httQ72-Luc
in several cell lines and analyzed protein solubility by filter
retardation. This assay consists of lysing cells and passing
the lysate through a cellulose acetate filter with 0.2 pm
pores, trapping aggregates which can be visualized with spe-
cific antibodies. Surprisingly, httQ72-Luc did not self-
aggregate under the conditions tested. Similarly, we analyzed
other luciferase-based constructs including Q80-Luc, Luc-Q80
and an androgen receptor fragment containing Q122, each of
which failed to aggregate (data not shown). It is well estab-
lished that polyQ proteins can ‘co-aggregate’ and that an ag-
gregate prone polyQ can ‘seed” an unexpanded, soluble
polyQ protein. Therefore, we co-transfected httQ72-Luc with
aggregation-prone, cyan fluorescent protein-tagged polyQ pro-
teins httQ72-cfp (Q72-cfp) and pure Q80-cfp (Q80-cfp) or
with a soluble, unexpanded polyQ as control (Q19-cfp) and
tested the aggregation of the reporter by filter retardation
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Figure 1. Aggregation of httQ72-Luc reporter requires seeding by expanded polyQ. (A) Schematic representation of the httQ72-Luc reporter. The first 17 amino
acids of the huntingtin protein and the flexible linker essential for proper luciferase folding are indicated in red and gray, respectively. (B) CFP-tagged polyQ
proteins of different sizes (Q19-, Q72-, Q80-cfp) were co-transfected with httQ72-Luc or FLuc in HEK-293 cells. Forty-eight hours after transfection, lysates
were prepared and protein aggregation analyzed by filter trap. Right panel: similar levels of expression in the same lysates were confirmed by western blot.
(C) U20S cells were co-transfected with indicated luciferase- and CFP-tagged constructs, and 48 h after transfection, luciferase staining was performed.
httQ72-Luc but not FLuc was coaxed to aggregate into a polyQ aggregate. Scale bar, 20 pm.

assays in HEK-293 cells. httQ72-Luc is soluble when
expressed with soluble polyQ but turns insoluble when
co-expressed with aggregating polyQs (Fig. 1B). Aggregation
of the httQ72-Luc reporter might be a general consequence of
proteostasis impairment caused by aggregation of the
expanded polyQ protein. As a control, Fluc solubility was
also analyzed. In similar conditions, no aggregation of Fluc
was observed, demonstrating that the aggregation of
httQ72-Luc is inherent to the polyQ tract present in the
reporter. In all conditions, the absence of protein in the filter
is not a consequence of decreased expression of the reporter,
as verified by western blot (Fig. 1B, right panel). To confirm
that httQ72-Luc aggregation is seeded by expanded polyQ
proteins, we performed luciferase immunostaining. Under
normal conditions or when coexpressed with a soluble
polyQ, httQ72-Luc reporter shows a widespread distribution
in the cytoplasm. However, it becomes fully incorporated
into a polyQ aggregate when coexpressed with Q80-cfp
(Fig. 1C). On the contrary, Fluc remains soluble when
co-expressed with either Q19-cfp or Q80-cfp, corroborating
that httQ72-Luc is specifically trapped into polyQ aggregates.

Together, these results indicate that httQ72-Luc aggregation
requires seeding by an aggregate-prone expanded polyQ.
PolyQ aggregation can be qualitatively monitored by FRET
in cell culture by expressing both CFP- and YFP-tagged polyQ
proteins (39). In contrast, we hypothesized that luciferase ac-
tivity is lost when it is forced to aggregate. To demonstrate
this, HEK-293 cells were co-transfected with httQ72-Luc
and different FRET pairs of polyQ ranging in size from 19
to 80 glutamines to confirm aggregation. A strict inverse cor-
relation between luciferase activity and FRET was observed
(Fig. 2A—C). As controls, single-point mutations in the first
17 amino acids of the httQ72-CFP/YFP pair that modify the
aggregation of huntingtin were included (M.1.D., unpublished
data). At the time point analyzed, a Lys-to-Arg mutation (Q72
K — R) slightly increases the aggregation of the reporter and
a Met-to-Pro mutation (Q72 M — P) completely
disrupts httQ72-CFP/YFP aggregation as indicated by FRET
(Fig. 2B). A complete recovery in luciferase activity was
observed in Q72 M — P-expressing cells, indicating that the
reporter quantitatively senses the protein aggregate state of
polyQ proteins (Fig. 2A). Increased dynamic range changes
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Figure 2. httQ72-Luc aggregates are inactive. (A—C) HEK-293 cells were co-transfected with httQ72-Luc and CFP/YFP-tagged polyQ of different sizes (Q19-,
Q35-, Q72- and Q80(CFP/YFP)). Thirty-six hours after transfection, cells were split into sister 96-well plates for luciferase activity (A) or FRET (B) determina-
tions. Single-point mutations of huntingtin that either increase (Q72K — R) or abolish (Q72M — P) httQ72-CFP aggregation were included. (C) A strict inverse
correlation between luciferase activity and protein aggregation assessed by FRET was detected with a correlation coefficient of 0.9834. (D) HEK-293 cells were
co-transfected with httQ72-Luc along with Q19-cfp or Q80-cfp. Forty-eight hours after transfection, live-cell BLI was performed. Fluorescence (CFP) and
bright-field microscopy for the same field were recorded right before BLI. The arrow indicates a representative cell containing an httQ72-Luc/Q80-cfp
co-aggregate devoid of luciferase activity. (E and F) HEK-293 cells were co-transfected as in (A), and 60 h later, lysates were prepared by sonication in the
absence of detergents, spun for 10 min at 16 000g and total and cleared lysates assayed for luciferase and FRET.
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in luciferase compared with FRET in the Q72 K — R condi-
tion as well as various polyQ lengths indicated that
httQ72-Luc was more sensitive than FRET to report polyQ ag-
gregation. To verify the specificity of our reporters, we first
demonstrated specificity for polyQ. We tested the effects of
Q80(CFP/YFP) on FLuc alone and in a non-pathological
length huntingtin reporter (httQ25-Luc). As expected for a
polyQ-containing protein, Q80(CFP/YFP) decreased lucifer-
ase activity of httQ72-Luc and httQ25-Luc but not the Fluc re-
porter (Supplementary Material, Fig. S1IA and B). Then, we
wondered whether expression of another aggregation-prone
protein known to interact with polyQ proteins might have an
effect on httQ72-Luc. Fragments of TDP-43 aggregate and
intercalate with expanded polyQ proteins by virtue of a prion-
like Q/N-rich domain present in the C-terminal region of
TDP-43 (34). We therefore tested whether C-terminal frag-
ments of TDP-43 (p25) affected httQ72-Luc aggregation.
Neither changes in httQ72-Luc activity nor co-localization
was detected in p25-co-transfected cells (Supplementary Ma-
terial, Fig. SIA and B). The change in luciferase activity
was not due to alterations in transfection efficiency or
changes in protein translation since a co-expressing renilla
luciferase plasmid control did not change activity in the
setting of Q19, Q35 or Q80 (Supplementary Material, Fig. S2).

To further demonstrate that luciferase activity was lost in
the setting of aggregation, we analyzed luciferase activity in
aggregate-containing cells by low-light microscopy.
HEK-293 cells were co-transfected with equal amounts of
httQ72-Luc and Q19-cfp or Q80-cfp-coding plasmids and
cells visualized via live bioluminescence imaging (BLI) and
fluorescence microscopy 24 h after transfection. With control
Q19-cfp, luciferase activity parallels the localization of
httQ72-Luc detected by immunostaining, with a widespread
distribution in the cytosol and depletion from the nucleus
(compare Fig. 2D with 1C). A loss in luciferase activity was
detected in aggregate-containing cells, demonstrating that
Q80-cfp-induced aggregation of httQ72-Luc caused a deple-
tion of luciferase activity (Fig. 2C, arrow). It is known that
polyQ aggregates are resistant to solubilization by both non-
ionic and ionic detergents (58). To convincingly prove that
luciferase activity comes from soluble species, we transfected
cells as before and 1% TX-100 lysates were prepared and sub-
jected to low-speed centrifugation (1000g, 10 min). Luciferase
and FRET activities were then determined in both the lysate
and the supernatants. Luciferase was detected in both the
total lysate and the cleared supernatant. Conversely, FRET ac-
tivity was completely lost after centrifugation, indicating that
the luciferase activity and the aggregate are completely separ-
able species and that luciferase activity comes from soluble,
non-aggregated httQ72-Luc (Fig. 2E and F).

Screening of the JHCCL

We reasoned that any potential drug with disaggregating activ-
ity should increase luciferase activity and decrease FRET. We
adapted the reporter system for high-throughput screening
using luciferase and FRET as primary readouts in live cells.
When using Q19- and Q80-FRET pairs to generate control-
positive and -negative signals, the dynamic range of the re-
porter increased if we expressed the data as a ratio, i.e.

luciferase/(FRET/donor), improving the calculated Z-factor
(59) from 0.66 to 0.73. Therefore, we screened the JHCCL
at a final concentration of 5 um and scored the luciferase/
(FRET/donor) ratio. A flow chart of the screening process is
shown in Figure 3.

Library screen (27 drug plates) was completed in three sec-
tions by analyzing nine drug library plates in triplicate. For a
section, we transfected HEK-293 cells in bulk as described in
Materials and Methods and included positive and negative
controls in every replica plate to monitor plate-to-plate vari-
ability. In order to maximize effects, we allowed aggregates
to form 36 h before adding the compounds and treatments
were carried out for 24 h. This approach should allow detect-
ing both protein-aggregation inhibition and, more importantly,
protein disaggregation. From the raw data, we noticed that the
luciferase/(FRET/donor) ratio slightly decreased over time in
each one of the sections, so we used a plate-by-plate Z;
score analysis and set a cutoff of +3 for hit selection. We
identified a set of 20 drugs that increased the luciferase/
(FRET/donor) ratio (Supplementary Material, Fig. S3). Out
of these drugs, only methylene blue and insulin fulfilled our
initial criteria of increasing luciferase and decreasing FRET.
Interestingly, these drugs had been previously implicated in
polyQ aggregation inhibition and provided support that
luciferase-based reporters could be used to monitor polyQ ag-
gregation by high-throughput screening. Further analysis
showed that ~50% of the drugs were fluorescent in the cfp
channel and did not change luciferase activity (Supplementary
Material, Fig. S3), increasing the luciferase/FRET/donor ratio,
artifactually indicating they were false positives. To identify
potential hits that escaped the analysis, we repeated the Z;
score analysis for luciferase changes only. We identified a
total of nine drugs that increased luciferase activity. Of
these, methylene blue (60,61) and nocodazole (62,63) had
been previously described to participate in the metabolism
of expanded polyQ proteins, including the aggregation of
expanded N-terminal fragments of huntingtin (60,62,64).
Insulin has also been demonstrated to decrease polyQ
aggregation (64) but only met screening criteria when repre-
sented as a Luc/FRET ratio. We focused on drugs that
increased luciferase activity by >50%, leaving four drugs to
be validated in dose—response experiments: leflunomide, lan-
soprazole, piperine and nabumetone (Supplementary Material,
Fig. S3). We performed dose—response experiments with
these drugs using httQ72-Luc and Q80(CFP/YFP) and calcu-
lated the half maximal effective concentration (EC50) value
for luciferase activity change after 48 h treatment. All of
them increased luciferase activity >70%, with EC50 values
in the low micromolar range (Table 1, Supplementary
Material, Fig. S4).

We pursued follow-up analysis of leflunomide for three
reasons: (i) leflunomide is a pro-drug that is converted into
its active metabolite teriflunomide in the blood (65), suggest-
ing that higher effects in polyQ aggregation might be obtained
with the actual active metabolite; (ii) leflunomide has been
successfully used to suppress experimental autoimmune
neuritis induced by myelin immunization, and hence it is neu-
roprotective in a central nervous system disease (66); and (iii)
teriflunomide is a drug that is in current phase-III clinical trials
for treatment of multiple sclerosis, an autoimmune,
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Figure 3. Flow chart describing the screening steps. For the primary screen,
5 M of each compound was tested in triplicate on separate plates. Z; scores
were calculated for luciferase/(FRET/donor), and 20 drugs above a cutoff of
3 were pulled out. Fluorescent drugs that did not change luciferase activity
were discarded. Z; scores were calculated for luciferase as before, and 10
primary hits identified. Dose—response studies with commercially available
drugs were performed on hits showing >1.5-fold increase in luciferase activ-
ity in the primary screen. Of the 1560 compounds screened, 4 hits were
obtained.

demyelinating disease that affects both brain and spinal cord,
and has so far proved safe for CNS neurons (67,68).

Leflunomide and teriflunomide inhibit httQ72-Luc
aggregation independently of pyrimidine biosynthesis
inhibition

Leflunomide has a dose-dependent effect on polyQ aggrega-
tion inhibition at 24 h, using the same httQ72-Luc reporter
in the presence of Q80(CFP/YFP). We observed a
concentration-dependent increase in the luciferase activity of
the reporter in cells treated for 24 h (Fig. 4A). As leflunomide
is slowly converted into teriflunomide in solution, we repeated
the same experiments using teriflunomide. A greater increase
in luciferase activity over baseline was detected in cells
treated with teriflunomide compared with leflunomide (130
versus 80% increase) at similar EC50 values of ~0.5 and
~1.1 pMm. To rule out effects other than modification of the
aggregation state, we repeated the same experiments with
httQ72-Luc in the presence of the soluble Ql19(CFP/YFP)
FRET pair (Fig. 4B). httQ72-Luc does not aggregate or lose
its activity in the presence of non-aggregating Q19(CFP/
YFP). We detected a slight increase in the activity that
could not be significantly adjusted to a sigmoidal fit under
the experimental conditions. A similar behavior was detected
when cells were treated for 48 h with leflunomide and teriflu-
nomide, but with greater effects of 206 and 173% increase in
luciferase activity, respectively (Table 1).
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Teriflunomide directly binds to and inhibits the mitochon-
drial enzyme dihydroorotate dehydrogenase (DHODH),
which catalyzes the conversion of dihydroorotate to orotate,
the only redox reaction in the de novo biosynthesis of
uracil-mono-phosphate (UMP), the precursor of all pyrimidine
nucleotides (69—-72). We wondered whether the effects
of leflunomide/teriflunomide on httQ72-Luc aggregation
depended on its role as a pyrimidine biosynthesis inhibitor.
Effects that rely on the continuous biosynthesis of pyrimidine
nucleotides are impaired by teriflunomide treatment and can
be rescued by supplementing the media with uridine (72—
74). We repeated the same experiments with 10 M terifluno-
mide in the presence of saturating doses of uridine (100 pm).
Uridine supplementation failed to alter teriflunomide effects,
either at 24 h or at 48 h treatment, suggesting that inhibition
of pyrimidine biosynthesis was not the mechanism of action
of teriflunomide (Fig. 5A). To further demonstrate this, we
used a set of anti-pyrimidine drugs. Acivicin and 6-azauridine
are inhibitors of carbamoyl phosphate synthase and OMP-
decarboxylase, the first and last steps in the biosynthesis of
UMP, respectively (75), and the natural napthoquinone lapa-
chol is an uncompetitive inhibitor also targeting DHODH
(76). Notably, acivicin, 6-azauridine or the closest mimetic in-
hibitor to teriflunomide, lapachol, did not change the activity
of the reporter after 24 or 48 h treatment (Fig. 5B). These
results demonstrate that leflunomide and teriflunomide
inhibit httQ72-Luc aggregation and that pyrimidine biosyn-
thesis was not the mechanism of action of leflunomide/teriflu-
nomide but represented an off-target effect of this drug
instead.

Leflunomide and teriflunomide decrease polyQ
aggregate size

Since leflunomide/teriflunomide did not affect FRET values,
in the primary screen or the validation process (data not
shown), we favored the hypothesis that these drugs interfered
with the incorporation of httQ72-Luc into an aggregate. To
test this, we evaluated the size and number of polyQ aggre-
gates in cells treated with leflunomide/teriflunomide. The
number of Q80-cfp and httQ72-cfp aggregates did not
change with drug treatment, but they were smaller and more
fragmented (Fig. 6A and B). To quantitate this, CFP immuno-
fluorescence pictures were captured from HEK-293 cells
transfected with httQ72-cfp or Q80-cfp and treated as
before. Images were analyzed using the ImageJ software and
the distribution of relative particle size was plotted as histo-
gram plots. Leflunomide and teriflunomide treatment shifted
the histogram distribution to the left in cells transfected with
Q80-cfp, indicating that polyQ aggregates were smaller at
the expense of the formation of bigger aggregates under the
conditions tested (Fig. 6C). We defined a 300 pixel cutoff
and similarly analyzed size distribution of aggregates using
Q80-cfp. Leflunomide and teriflunomide decreased the size
of aggregates in both httQ72-cfp- and Q80-cfp-transfected
cells (Fig. 6D).

We reasoned that a decrease in polyQ aggregate size may
also be associated with a decrease in the cytotoxicity asso-
ciated with expanded polyQ expression. To test this, we
expressed CFP control, Q35-CFP, httQ72-CFP and Q80-CFP
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Table 1. Johns Hopkins Library screen

Compound Structure CAS No.

EC50
(M)

% Luc
increase

Mechanism of action and clinical use

Leflunomide 75706-12-6  3.10

&
J:g o

Teriflunomide 163451-81-8 1.84

A77 1726

Lansoprazole 103577-45-3

Piperine 94-62-2 2.00

Nabumetone 1.54

] [ O 42924-53-8

o

173.2 A pyrimidine biosynthesis inhibitor. Inhibits T- and
B-lymohocyte proliferation. Prescribed in

moderate-to-severe rheumatoid arthritis and psoriatic arthritis

206.4 A DHODH inhibitor. Corresponds to leflunomide after ring
opening in water solution or in the blood. Currently in

Clinical Trial Phase III for the treatment of multiple sclerosis

74.4 A K*'/H"-ATPase antagonist. Inhibits both centrally and
peripherally mediated gastric acid secretion. Prescribed to
treat gastroesophageal reflux disease and in the treatment of

active benign gastric ulcer

77.6 A natural alkaloid extracted from black pepper. Possesses
topical antibacterial activity but it is also in clinical trials for
Alzheimer disease as it increases bioavailability of

compounds like curcumin by inhibiting cytochrome P450

98.2 A napthaleneacetic acid-derivative nonsteroidal
anti-inflammatory drug (NSAID). Prescribed to relieve pain,
tenderness, swelling and stiffness caused by osteoarthritis and

rheumatoid arthritis

John Hopkins Library screening identifies leflunomide, lansoprazole, piperine and nabumetone as compounds able to increase reporter solubility. EC50 values
were calculated based on luciferase activity only. Teriflunomide was not originally in the library but was included here because it is the active metabolite of

leflunomide.

in HEK-293 cells for 24 h and then treated them with vehicle
or 0.1, 1, 10 or 100 pMm teriftunomide for an additional 48 h.
Consistent with previous studies, there was an increase in
cell death as measured by LDH release in cells containing
aggregated httQ72-CFP and Q80-CFP (45). However, the add-
ition of teriflunomide at concentrations known to decrease ag-
gregate size did not significantly alter cell viability
(Supplementary Material, Fig. S5). These data confirm that
teriflunomide is not toxic to cells at the concentrations used
and any effect on protein aggregation is not a reflection of
changes due to cell toxicity. However, these data do not
support an effect for terfilunomide on improving polyQ tox-
icity under these conditions.

Leflunomide and teriflunomide inhibit polyQ aggregation
by blocking recruitment into polyQ aggregates

To wverify that decreased aggregate size and increased
luciferase activity from the httQ72-Luc reporter correlated
with increased solubility of polyQ proteins, we tested the ag-
gregation of httQ72-cfp and Q80-cfp reporters by filter trap.
HEK-293 cells were transiently transfected with httQ72-cfp
and treated with 100 pm leflunomide/teriflunomide for 48 h
starting 12 h after transfection. Despite similar levels of
expression in the lysate, leflunomide and teriflunomide
decreased the amount of aggregated httQ72-cfp and Q80-cfp
(Fig. 7A), indicating that leflunomide/teriflunomide modified

aggregation of polyQ independently of protein context. We
next hypothesized that leflunomide/teriflunomide may inhibit
incorporation of polyQ into an aggregate rather than disaggre-
gating previously formed aggregates. To test this, we repeated
the above experiments with an inducible cell line, Tet-ON
U20S[Q80-cfp], that expresses Q80-cfp upon induction with
tetracycline (77). Cells grown in the presence of tetracycline
for 3 days were re-plated in tetracycline-free media and
treated either with 100 uwm teriflunomide or with vehicle.
This group represents teriflunomide effect on preformed
aggregates (—Tet). Alternatively, similar cells were treated
with 100 pm teriflunomide or vehicle in the presence of tetra-
cycline. This group represents teriffunomide effect on a
growing aggregate (+Tet). Cells were cultured for additional
48 h and filter retardation assays were performed as before.
Teriflunomide increased solubility of Q80-cfp in the
‘growing aggregate’ setting but not in cells with preformed
Q80-cfp aggregates (Fig. 7B).

To further demonstrate that teriffunomide inhibited incorp-
oration of polyQ into a growing aggregate, we performed
cycloheximide (CHX)-chase experiments in the presence or
the absence of teriflunomide. We hypothesized that, upon
CHX treatment, a drop in luciferase activity in
Q80-cfp-expressing cells compared with Q19-cfp-expressing
cells would differentially reflect the incorporation of
httQ72-Luc into an aggregate. The luciferase activity of
httQ72-Luc in the presence of Q19-cfp remained constant in
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Figure 4. Leflunomide and its active metabolite teriflunomide increase lucifer-
ase activity of aggregated httQ72-Luc in a dose—response manner. HEK-293
cells were transfected with httQ72-Luc along with Q80(CFP/YFP) seeds
(A) or Q19(CFP/YFP) seeds (B) and split into 96-well plates 24 h after trans-
fection. After 12 h recovery, cells were treated with 0.001, 0.01, 0.1, 1, 5 or
10 pm of leflunomide or teriflunomide and incubated for additional 24 h.
Cells were washed, lysed and luciferase activity was determined. Luciferase
activity is plotted as percentage to DMSO control for each drug set.

a time-window of 8 h CHX, indicating that httQ72-Luc is rela-
tively long-lived. On the contrary, when httQ72-Luc was
co-expressed with Q80-cfp, a 25% decrease in luciferase
activity was detected after 8 h CHX treatment (Fig. 7C).
Teriflunomide treatment restores luciferase activity at 2 and
8 h in the presence of CHX, by blocking incorporation into
an existing aggregate. Together with the results obtained
from the inducible Q80-cfp cell line, these experiments strong-
ly suggest that teriffunomide interfered with the dynamic
formation of polyQ aggregates by preventing the incorporation
of httQ72-Luc into a growing polyQ aggregate.

DISCUSSION

In this work, we developed a sensitive and quantitative
luciferase-based assay to assess expanded polyQ aggregation
in cellulo, demonstrated its utility as a screening tool and iden-
tified leflunomide and its active metabolite teriflunomide as a
novel class of polyQ aggregation inhibitors. Luciferase-based
reporters that utilize firefly luciferase to directly assess protein
aggregation in cellulo have not been reported. To date, lucifer-
ase refolding experiments have been utilized in vitro but only
with the recombinant protein and never fused to an
aggregation-prone domain (54,55). In vivo, a luciferase-based
reporter has been described by Prusiner and co-workers
(78,79), but protein aggregation is monitored indirectly as
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activation of the GFAP promoter in protein-aggregation envir-
onments such as the deposition of amyloid in APP transgenic
mice or prion infection. Although it allows to non-invasively
image dynamic processes in the brain, the reporter is an indi-
cator of glial activation rather than protein aggregation itself.
Another recently developed reporter to monitor protein aggre-
gation uses a split Gaussia luciferase reporter fused to AR40/
42 to monitor AP oligomer formation (80). The split luci-AB/
ferase-A reporter detects low-molecular-weight soluble oli-
gomeric species of up to 24—36 subunits and allowed the con-
firmation that AP oligomer assembly is an intracellular event
in route through the secretory pathway, with homopolymeric
species of APB40 or AB42 being preferentially formed.
However, whether this approach allows monitoring protein
aggregation into higher molecular weight species like the
insoluble aggregates found in Huntington and other polyQ
diseases remains to be shown.

Our luciferase reporter is unique in assessing protein aggre-
gation and offers advantages over other polyQ reporters. It dis-
tinguishes between soluble and insoluble species since
luciferase signal is detected only when the protein is not in
an aggregate. Therefore, it directly assesses protein aggrega-
tion by means of luciferase activity loss. Protein aggregates
are in a dynamic equilibrium with soluble species and clear-
ance of both soluble species and aggregates dictates their
balance. When combined to FRET-based reporters, one can
readily measure both the soluble and the insoluble protein
components via plate reading or live imaging, allowing to sim-
ultaneously monitor both aggregate and, presumably, soluble
intermediate fate in a single condition. We performed
several direct comparisons between FRET-based reporters
and our luciferase/FRET-coupled reporters and found that
both reporters were able to quantify the aggregation state of
expanded polyQ-containing proteins. However, with regard
to a high-throughput screening approach, luciferase/FRET-
coupled reporters had a superior Z-factor compared with
FRET alone. In addition, many of the drugs identified had
no effect on FRET but did have an effect on luciferase activ-
ity, suggesting that luciferase-based reporters may have
broader utility than FRET-based reporters alone. Both assays
are specific for polyQ aggregates, easy to use and cheap;
however, the ability to measure aggregation and disaggrega-
tion in the same cell is an advance.

A novel class of drugs for polyQ inhibition

The results obtained in the present screening show that polyQ
luciferase-based reporters can detect polyQ aggregate inhibi-
tors that are missed by FRET-based reporters. Our screen
was designed to identify drugs that assisted disassembly of
preformed aggregates. Therefore, drugs were added 36 h
after polyQ aggregates formed. We were unable to identify
disaggregating drugs, as no hit simultaneously increased luci-
ferase and decreased FRET to the levels of the Q19-seeds, i.e.
with the soluble httQ72-Luc reporter. However, we did iden-
tify methylene blue as a drug that correspondingly modified
those parameters (Supplementary Material, Fig. S3). Methy-
lene blue is a phenothiazine which plays a role in polyQ aggre-
gation. It modulates Hsp70 activity, promoting the degradation
of aggregates of expanded androgen receptor fragments in cell
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Figure 5. Leflunomide and teriflunomide increase httQ72-Luc solubility independently of pyrimidine biosynthesis inhibition. (A) HEK-293 cells were trans-
fected with httQ72-Luc and Q80-CFP/YFP seeds and were split into 96-well plates 24 h later. After 12 h recovery, cells were treated with 100 M teriflunomide
or DMSO along with 100 wwm uridine or vehicle. Luciferase activity was determined 24 or 48 h later and plotted as percentage to corresponding DMSO controls.
(B) HEK-293 cells were transfected with httQ72-Luc along with Q19-CFP/YFP seeds or Q80-CFP/YFP seeds and were split into 96-well plates 24 h later. After
12 h recovery, cells were treated with 10 or 100 pm of the anti-pyrimidine drugs acivicin, 6-azauridine or lapachol, corresponding vehicles or teriftunomide for
additional 24 or 48 h. Cells were washed and lysed and luciferase activity was determined. Luciferase activity is plotted as percentage to vehicle controls for each

time set, as indicated.

culture (61) and increasing the solubility of Htt exon 1 Q103
fused to GFP in zebrafish embryos (60). Methylene blue has
also been shown to reduce the aggregation of tau (81,82),
AR (83,84) and TDP-43 (85) in cellular models and it also
decreases tau burden in vivo (81).

We identified leflunomide and validated both leflunomide
and its active metabolite teriflunomide as novel polyQ aggre-
gate inhibitors. Both compounds increased luciferase activity
of the httQ72-Luc reporter in a dose—response manner and
only in the presence of polyQ aggregates. As expected, teriflu-
nomide showed increased potency towards polyQ aggregate in-
hibition compared with leflunomide. This suggested that the
mechanism of the action of leflunomide relies on its active me-
tabolite teriflunomide, a DHODH inhibitor (72,74). However,
we demonstrated that pyrimidine biosynthesis is not the mech-
anism of the action of teriflunomide. How leflunomide and teri-
flunomide inhibit polyQ aggregation is not clear at present. We
suggest that teriflunomide blocks incorporation of soluble
httQ72-luc into an existing aggregate. Because our method-
ology added leflunomide or teriflunomide to ‘preformed aggre-
gates’, it appears that teriflunomide only makes aggregates
smaller; however, Figure 7B evaluates the effect of terifluno-
mide on cells with growing aggregates versus non-growing

aggregates, utilizing tetracycline-inducible cell lines. Terifluno-
mide is effective only on growing aggregates and did not change
the aggregation state or disaggregate a preformed aggregate. We
believe that teriflunomide blocks the incorporation of soluble
polyQ into an aggregate and is therefore a polyQ aggregate in-
hibitor.

Other off-targets effects for teriflunomide, that fail to be
rescued by uridine, have been previously described. These
include (i) inhibition of tyrosine phosphorylation in Jurkat
and CTLL-2 cells (86), (ii) inhibition of MAPK and p56lck
leading to the blockade of NF-«kB activation upon TNF stimu-
lation in Jurkat cells (87), (iii) inhibition of JNK activation in
cellular and animal models of acetaminophen-induced hepato-
toxicity (88,89) and (iv) inhibition of the pro-survival path-
ways PDKI1/Akt/GSK-33 leading to cell apoptosis in
umbilical cord blood-derived mast cells (90). Of these, only
JNK and MAPK inhibition were achieved at doses comparable
with the ones used in the present study. The remaining off-
target effects for teriffunomide are achieved only at very
high concentrations (>50 M) and therefore might not be
mechanistically related to our findings. Interestingly, both
MAPK and JNK signaling are induced by expanded polyQ
and therefore might constitute an attractive target to further
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Figure 6. Leflunomide and its active metabolite teriflunomide decrease polyQ aggregate size. (A) Representative CFP images of HEK-293 cells transiently trans-
fected with httQ72-CFP or Q80-CFP and treated with 100 M leflunomide, 100 M teriflunomide or DMSO vehicle for 48 h. (B) Aggregates per cell in Q80-CFP
transfected and treated cells as in (A) were counted in 10 independent fields from 2 independent experiments. (C) Images from experiments as in (A) using
QB80-CFP were analyzed for particle size using ImageJ as described in Materials and Methods. Frequency distributions were plotted as histograms using
25 pixel® bins. Smaller aggregates (<300 pixel®) are more frequent in teriflunomide (red bars)- and leflunomide (white bars)-treated cells compared with
vehicle (blue bars). Conversely, a decrease in aggregate size by leflunomide/teriflunomide was detected after a 300 pixel® cutoff (horizontal bar). (D) Lefluno-
mide and teriflunomide treatment decreases the size of both httQ72-CFP and Q80-CFP aggregates. **P < 0.01 and ***P < 0.005.

study (91,92). It is important to note that the cytotoxicity of
aggregated httQ72-CFP or Q80-CFP in HEK-293 cells was
not worsened by teriflunomide at doses capable of reducing
aggregate burden. However, equally important, the cytotox-
icity of polyQ expression was not rescued either. Whether
leflunomide and teriflunomide are neuroprotective under con-
ditions of polyQ toxicity remains to be assessed.

httQ72-Luc to study protein aggregate dynamics

We provide evidence that the cellular mechanism of protein ag-
gregate inhibition by teriflunomide involves a blockade of

incorporation of the reporter into a growing aggregate in vivo.
Specifically, (i) maximal effect of teriflunomide on polyQ ag-
gregation was observed only when the drug was added to cells
that simultaneously express Q80-cfp, and not in cells with pre-
formed aggregates, and (ii)) CHX-chase experiments in the in-
soluble setting indicate that the decrease in luciferase activity
can be rescued by teriflunomide treatment to levels similar to
those of the soluble reporter (Fig. 7C). The interpretation of
these experiments is consistent with a model where the mechan-
ism of the action of the drug is not by disaggregating preformed
aggregates but instead preventing polyQ incorporation into a
growing aggregate. As a result, aggregate size of expanded
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Figure 7. Teriflunomide blocks pure polyQ and expanded huntingtin aggregation by impeding incorporation into a polyQ aggregate. (A) HEK-293 cells were
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preformed polyQ aggregates. (C) HEK-293 cells were co-transfected with httQ72-Luc and the indicated CFP/YFP-tagged polyQ proteins to seed the aggregation.
Twenty-four hours after transfection, cells were split into 96-well plates and 12 h later, cells were treated with 100 M teriflunomide for 24 h. Staggered CHX
chase experiments were then performed for 0, 2 or 8 h in the presence of the drugs. Luciferase activity is represented as percentage to vehicle-only treatment at

each time point. *P < 0.05, t-test (n = 8, from two independent experiments).

polyQ decreased upon treatment and correlated with increased
solubility of the protein aggregate (Fig. 7A). This model also
agrees with the initial screen since leflunomide was identified
based on its change in luciferase activity and not FRET. Our
CHX-chase experiments allowed us to monitor the kinetics of
the incorporation of httQ72-Luc into a Q80-cfp aggregate
in cellulo. Assuming that the half-life of httQ72-Luc is
similar in the soluble, non-aggregated phase of both Q19- and
Q80-cfp-expressing cells, and considering that the luciferase ac-
tivity arises only from cells expressing the soluble reporter
(Fig. 2C—E), luciferase activity loss should reflect sequestration
into an aggregate in that short CHX-chase kinetics. A 25% in-
corporation of httQ72-Luc into an aggregate in 8 h treatment
(Fig. 7C) is in discrepancy with the fast appearance of aggre-
gatesinacell (~100 min) (31,93). It is possible that recruitment
kinetics are much slower than the homopolymeric aggregation
process, but it is also possible that a decrease in luciferase activ-
ity under CHX-chase conditions represents the non-
synchronized appearance of protein aggregates in the popula-
tion of transfected cells. Regardless of which mechanism
takes place, teriflunomide prevented luciferase activity loss
induced by Q80-seeds, indicating that the drug prevented de
novo incorporation into a preformed aggregate under the

experimental conditions tested. This result was consistent
with the fact that teriflunomide had an effect only when the
treatment is co-temporal with Q80-cfp expression but not
when Q80-cfp was already aggregated (Fig. 7B), validating
the use of CHX-chase to monitor aggregate dynamics in cellulo.

Although httQ72-Luc aggregation is specific to expanded
polyQ seeds, this reporter system can be conveniently modified
to model heterologous protein sequestration into a polyQ aggre-
gate similar to what occurs in Huntington disease with unex-
panded polyQ proteins like CBP and prion-like proteins (94).
Moreover, this method might be easily adapted to other
protein aggregates as well. We foresee additional applications
for httQ72-Luc and other luciferase-based protein aggregate
reporters. By using inducible promoters, for example, protein
disaggregation could be efficiently monitored at the cellular
level. Starting with a highly aggregated reporter, an increase
in luciferase activity might reflect the fraction of reporter
being dissociated from the aggregate and should quantitatively
reflect protein disaggregation. On the other hand, the respon-
siveness observed for polyQ-induced aggregation of both
expanded and unexpanded huntingtin-luciferase makes the
system ideal to also test different polyQ and Q/N-rich reporters,
and CBP-Luc and TDP-43-Luc reporters to monitor



heterologous recruitment into polyQ aggregates are under con-
struction to evaluate this. /n brain, non-invasive monitoring of
protein aggregation has been shown feasible using the indirect
reporter GFAP-Luc (78,79). We believe that adapting the
httQ72-Luc reporter will provide an invaluable tool to
monitor protein-aggregation dynamics in vivo using animal
models for expanded huntingtin, like the R6/2 mice (95).

Teriflunomide as a CNS safe drug for the treatment of
polyQ diseases

The importance of leflunomide/teriflunomide as a novel drug
to prevent polyQ aggregation is emphasized by recent clinical
data showing that teriflunomide has proved so far safe for the
treatment of multiple sclerosis, a CNS autoimmune disease. In
1998, leflunomide was approved for the treatment of rheuma-
toid arthritis by the FDA and constitutes the latest antirheu-
matic disease-modifying drug and the first to receive the
indication of retarding the structural damage of rheumatoid
arthritis. Its strong ability to inhibit T-cell proliferation in
autoimmune diseases like rheumatoid arthritis and myasthenia
gravis led Jung and co-workers (66,96) to evaluate the use of
this drug in another model, Experimental Autoimmune Neur-
itis (EAN). This animal model for multiple sclerosis involves
the immunization of mice with myelin to evoke an immune
response to myelin in both the spinal cord and peripheral
nerves. The group found that teriflunomide suppressed EAN
and proved to be an immunomodulatory agent to both periph-
eral and central milieaus. Neuroprotection was also observed
in the Dark Agouti rat model of Experimental Autoimmune
Encephalomyelitis, a similar model where myelin degener-
ation occurs deep in the CNS from spinal cord to the cerebel-
lum. Teriflunomide at doses of 10 mg/kg decreased both
demyelination and axonal loss in the posterior column of the
spinal cord from 85 to 6% and from 67 to 4%, respectively
(97). Although the actual bioavailability of terifftunomide in
the CNS is still not clear, the effects presumably depend on
the inhibition of de novo proliferation of activated T-cells
migrating into the CNS through the blood—brain barrier. A
phase-II study for the safety and efficacy of teriflunomide in
multiple sclerosis with relapses has been recently developed
(68). From this study, it seems that teriflunomide is well toler-
ated and effectively reduces MRI lesions, and recently
reported phase-III TEMSO clinical trial confirm the initial
findings (98). Considering that the safety profile of lefluno-
mide in the treatment of patients with rheumatic arthritis is
well known, after a clinical development program and more
than 10 years of post-marketing surveillance, it is quite
possible that teriflunomide will be approved for multiple scler-
osis soon. The Johns Hopkins initiative for re-purposing drugs
of clinical use allowed us to identify teriflunomide as a poten-
tial drug to decrease polyQ aggregates in vitro. This is the first
report to attribute a role of leflunomide and teriflunomide as
regulators of cellular protein aggregation. Considering that ter-
iflunomide might be considered useful for treating a CNS
disease and pilot studies in humans demonstrate safety, we
propose that this drug be considered a potential drug for the
treatment of polyQ diseases like Huntington.
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MATERIALS AND METHODS
Cell culture

HEK-293 cells and U20S cells were grown in DMEM con-
taining 10% FBS and 2 mMm L-glutamine. Stable U20S TRex
cells for the inducible expression of polyQ80-CFP were
grown in DMEM containing 10% FBS, 2 mm L-glutamine,
50 pg/ml hygromycin B and 65 pwg/ml zeocin and induced
with 1 pg/ml tetracycline as indicated.

DNA constructs

DNA constructs for Fluc, Q19-cfp, Q19-yfp, Q35-cfp,
Q35-yfp, httQ72-cfp, httQ72-yfp, Q80-cfp and Q80-yfp
were previously described (34,77,99). p25-cfp was a gener-
ous gift of Dr Robert H. Baloh (Washington University).
httQ72-Luc was constructed by PCR cloning using the
primers CTG CAG TCG ACG GTA CCG CGG ATG
GCG ACC CTG GAA AAG CTG ATG AAG G (sense)
and CAG AAC TGG AAC CTC CCG AGG ATC CGA
ATT CAG ATC CAG GTC GGT GCA GA (antisense). A
megaprimer of 474bp was created by PCR using
httQ72-cfp as a template (99), gel-purified and 350 ng used
to reconstitute 50 ng of Q19-Luc using site-directed muta-
genesis XL kit. The resulting plasmid contained the hunting-
tin exon 1 sequences and luciferase joined by a
GSSGGSSSSGG flexible linker, as expected. However, the
Q19 domain was not efficiently removed from the mother
plasmid when the swapping reaction occurred, resulting in
an in-frame insertion of 19 glutamines N-terminally to
httQ72-Luc and we called this construct Q19httQ72-Luc.
The extra Q19 domain was efficiently removed by an
Xhol—-Sall digestion, resulting in the plasmid httQ72-Luc.
The new Kozik sequence is etegacGGTACCGCGGG (joint
sequences indicated in bold lowercase). Similarly,
httQ25-Luc was created using httQ25-CFP as a template.
To create L221K monomeric mutants of CFP and YFP
(numbering to GFP) in Q19- and Q80-tagged constructs,
site-directed mutagenesis experiments were performed
using primers as described before. All constructs used in
this study were verified by sequencing in both strands, and
they are all based on pECFP vector backbones (Kan®, Clon-
tech).

Luciferase+ FRET polyQ aggregate reporter

HEK-293 cells were plated in 12-well plates the day before
transfection at 3 x 10°/well. DNA complexes were prepared
the next day using 350 ng of CFP-tagged vector, 750 ng of
YFP-tagged vector, 132ng of httQ72-Luc and 3.5 pl of
Fugene 6 in 50 pl of total volume as recommended by the
manufacturer, but diluting the DNAs in DMEM before
adding Fugene 6. After 30 min of complex formation, mix-
tures were added dropwise to each well. For compensation
controls, 600 ng of Q19-cfp or QI19-yfp and 1.8 pul of
Fugene 6 in 50 pl of total volume in DMEM were used.
Thirty-six hours after transfection, cells were tripsinized
with 600 pl of tripsin and incubated for 2 min at 37°C.
Growing media were then added to a final volume of 2 ml
and 100 wl (1: 20) and were seeded in quadruplicate into
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sister cultures in 96-well clear-bottom white (Costar 3903)
and 96-well clear-bottom black (Costar 3603) plates for luci-
ferase and FRET determinations, respectively. For drug
treatments, drugs were added in 10wl (final volume
110 wl) 12 h after seeding and cells incubated for additional
24 h. For experiments involving longer time incubations,
cells were identically treated but split 1:30 in the 96-well
plates. After drug treatment, cells were washed twice in
PBS and lysed for 30 min with 20 wl of Reporter Lysis
Buffer 1x (Promega, Madison, WI, USA) for luciferase de-
termination or fixed in PFA 4% for FRET determinations as
described. Luciferase was measured using the Luciferase
Assay System and a GloMax-Multi Detection System
(Promega), and CFP, YFP and FRET were determined in

an Infinite M1000 plate reader (Tecan Group Ltd,
Mainnedorf, = Switzerland).  Luciferase  activity = was
background-subtracted from mock-transfected cells. The

CFP, YFP and FRET signals were first background-
subtracted from mock-transfected cells and the FRET value
was corrected for bleedthrough and crossover excitation
according to: FRET/donor = [SMPLy35/507 — X-(SMPLygs,
527)]/SMPLy35/485, where X = YFPy35/507/YFPags/527.

Immunocytochemistry and live BLI

U20S cells were seeded in glass cover slips in 12-well plates
the day before transfection at 5 x 10°/well. Cells were trans-
fected with 0.2 wg of Iuciferase-tagged and 0.2 ug of
cfp-tagged constructs using Fugene 6 in a 1:3 ratio, as recom-
mended by the manufacturer. After 48 h, cells were rinsed in
cold PBS, fixed in 4% paraformaldehyde for 20 min at room
temperature, washed again in PBS and permeabilized in
PBS. After 48 h, cells were rinsed in cold PBS, fixed in 4%
paraformaldehyde for 20 min at room temperature, washed
again in PBS and permeabilized in PBS. After three washes
with blocking solution, cells were incubated with Alexa 555
anti-goat antibodies (Invitrogen, 1:2000) for 30 min at 37°C,
washed again and imaged. For BLI, HEK-293 cells were trans-
fected in six-well plates exactly as for filter trap experiments
and split into individual 35 mm dishes 12 h after transfection.
Twenty-four hours later, cells were imaged in a low-light
microscope as follows: cells were washed twice with PBS
and incubated with 1 ml of luciferin reagent (150 pg/ml
p-luciferin in PBS) for 15 min. A field containing cells with
both aggregated and soluble Q80-cfp was identified using fluor-
escence microscopy and imaged for both bright field and CFP.
Then, cells were quickly imaged for bioluminescence with a
cooled CCD camera using 2 min as the capture time.

Detergent fractionation experiments

The day before transfection, HEK-293 cells were }glated in
six-well plates (two wells }s)er condition) at 8 x 10°/well or
in 12-well plates at 3 x 10°/well for compensation controls.
DNA complexes were prepared as before for CFP and YFP
compensation controls or were scaled up 10 times for transfec-
tion into six-well plate (250 pl of complex per well). Cells
were washed and harvested by scrapping the cells in PBS.
Consolidated pellets were resuspended in 400 wl of lysis
buffer (PBS 4 1% Triton X-100 and protease inhibitor

cocktail) and lysed by sonication as described before for
filter trap assays. Total protein from the lysate was determined
in each sample according to the Bradford method, and samples
were diluted to 1 g/l with lysis buffer. An amount of 300 .l
of diluted samples were centrifuged at 1000g for 10 min at 4°C.
A total of 250 ul of the supernatant was removed for luciferase
and FRET measurements in quadruplicate using 25 pl per well
in 96-well plates, as before. Lysates were diluted prior to FRET
determinations by adding 75 wl of lysis buffer per well.

Screening of the JHCCL

The JHCCL comprises a collection of 1937 FDA-approved
drugs and 750 drugs that were either approved for use
abroad or undergoing phase-II clinical trials as of 2006.
Daughter plates were created in duplicate from the 384-well
parent microtiter plates that contained the compounds at con-
centrations of 1 mm, using robotic liquid-handling system
available through the High-Throughput Screening Core at
Washington University School of Medicine. The library
screen was completed in three sections using a Beckman
Coulter Core robotics system, including an FX liquid
handler, controlled by the Sagian graphical method develop-
ment tool (SAMI scheduling software). For each one of the
sections, HEK-293 cells were plated in 10 x 10 cm® plates
at 8 x 10° the day before transfection. Each plate was trans-
fected with 5.25 pg of Q80-CFP, 11.25 pg of Q80-YFP,
1.98 g of httQ72-Luc and 52.5 pl of Fugene 6 in 750 pl
total volume as recommended by the manufacturer but dilut-
ing DNAs in DMEM first. Compensation controls (Q19-cfp
and Q19-yfp) and controls to qualify the degree of aggregation
of httQ72-Luc (Q19-, Q35-, Q72-, Q80(CFP/YFP) FRET
pairs) were also included in every plate, and were obtained
by transfecting 2 wells of a 12-well plate as indicated above.
Thirty-six hours after transfection, cells were detached from
the 10 cm plate by tripsin treatment 5 min at 37°C and
brought to 30 ml in growing media. Cells were then combined
and plated (100 pl) in each one of 96-well clear-bottom black
plates (Costar 3603), with control cells seeded 1:20 at the edge
columns. The plates were settled at room temperature for
30 min and then placed overnight in 90% humidity, 5% CO,
37°C incubators. The next day, library drugs were diluted
1:40 in growing media and then one-fifth of the media
removed from the cell plates and replenished with the
diluted drugs. Cells were incubated for exactly 24 h, carefully
washed twice with DPBS (Invitrogen) and then plates were
measured for CFP, YFP and FRET using a Perkin-Elmer En-
Vision Xcite 2102 Multilabel Reader (Perkin Elmer). Fifty
microliters of DPBS was removed from the cells and 50 wl
of p-luciferin (300 pg/ml) in DPBS was added. After 20 min
incubation at room temperature, luminescence was recorded
using the same instrumentation. Finally, cell viability was
assessed by adding 10 pl of Alamar Blue and reading the
plates 10 min later in a BMG FLUOstar Optima plate reader
(Perkin Elmer).

Dose—response experiments

All drugs were purchased from Sigma-Aldrich, with the
following exceptions: acivicin (Santa Cruz Biotechnologies),



6-azauridine (Chromadex), teriflunomide (A77 1726, Calbio-
chem). Commercially available drugs were prepared as
50 mm stocks in DMSO. Serial dilutions were prepared
using liquid-handling robotics to different concentrations of
0.002, 0.01, 0.02, 0.1, 0.2, 1 and 2 mm. HEK-293 cells were
transfected and treated with drugs as during the screening
with the following modifications: each 10 cm plate was
brought to 45 ml of growing media before seeding and the
luciferase activity was measured 48 h after drug treatments.
Cell lysates were prepared as before using the Luciferase
Assay System kit (Promega) and luciferase activity measured
using a GloMax®-Multi detection system (Promega). EC50
values from dose—response experiments were calculated
using the Prism software and reported as average value from
the best sigmoidal fit (GraphPad, Inc.).

Filter trap experiments

HEK-293 cells were seeded in six-well plates at 6 x 10°/well
and grown overnight. Cells were then co-transfected with
0.5 pg of httQ72-Luc (or Fluc) 4+ 0.5 ng of CFP-tagged con-
structs or transfected with 1 ug of CFP-tagged polyQ alone
using Fugene 6 in a 1:3 ratio as recommended by the manufac-
turer. For drug treatment experiments, cells were treated with
100 M leflunomide, 100 um teriflunomide or DMSO vehicle
12 h after transfection. For the experiments using the inducible
Tet-ON U20S[Q80-cfp] cell line, cells were plated in 60 mm
dishes and grown in the presence or absence of tetracycline for
3 days. Cells were then split 1:2 in tetracycline-free media and
treated with 100 pm teriflunomide or DMSO in the presence or
absence of tetracycline of 1 pg/ml. After 48 h expression or
treatment with drugs, cells were washed twice in PBS,
scrapped and pelleted. Cell pellets were resuspended in
400 pl of PBS with 1 mm PMSF (PBS/PMSF) and sonicated
with 10 pulses in an ultrasonic homogenizer model
Omni-Ruptor 250 (Omni, Kennesaw, GA, USA) with 25%
power and 10% pulser settings and lysates subjected to filter
trap as before. Briefly, cell lysates were normalized to
0.2 mg/ml protein in PBS/PMSF and diluted in PBS/2%
SDS buffer (1.6% w/v final concentration SDS). Twenty or
5 ng of cell lysate were immediately applied to a pre-wetted
cellulose acetate 0.2 wm filter using a dot blot device
(Bio-Rad). After two washes with 0.5 ml of PBS/2% SDS
buffer, the membrane was incubated for 1h in blocking
buffer (5% milk in PBS containing 0.05% Tween 20) with
gentle rocking at room temperature. The membrane was then
incubated with anti-GFP antibodies (Sigma, 1:3000) or
anti-Luciferase antibodies (Promega, 1:1000) in blocking
buffer overnight, washed four times for 10 min with washing
buffer (PBS with 0.05% Tween 20) and incubated with sec-
ondary antibodies in blocking buffer (1:5000) for 2—4 h at
room temperature. The membranes were washed seven
times, and proteins trapped in the filter were visualized
using ECL reagent (GE Healthcare).

CHX chase experiments

HEK-293 cells were co-transfected with httQ72-Luc and
QI9(CFP/YFP) (soluble setting) or Q80(CFP/YFP) (insoluble
setting) in 12-well plates as before. Sixteen hours after
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transfection, cells were plated 1:30 in 96-well clear-bottom
white (Costar 3903) plates. The next day, the cells were
treated with 100 pM teriflunomide or DMSO vehicle for 40 h
and staggered CHX chase experiments were performed by in-
cubation with CHX or vehicle (ethanol) for 2 or 8 h at 37°C.
Where necessary, teriflunomide was included to keep the con-
centration of the drug constant during the CHX chase. After
completion of a 48 h total treatment with teriflunomide, luci-
ferase activity was determined using the Luciferase Assay
System kit and results plotted as % luciferase activity to the
vehicle control at each time point.

Quantitation of polyQ aggregate size

HEK-293 cells from filter trap experiments were washed in
PBS, and live images were acquired with a Cool Snap ES
camera (Photometrics) mounted on a Nikon Eclipse TE-300
microscope, controlled using the MetaMorph software (Mo-
lecular Devices). CFP channel images were analyzed with
the Imagel software using the ‘analyze particles’ command
with a threshold of 180—255 and particles >50 pixel® in
area were considered for histogram representations. Frequency
was calculated for 25 pixel® bin increments or a cutoff of
300 pixel® was arbitrarily set.

Statistical analysis

Statistical significance (z-test) from at least three independent
experiments performed either in triplicate or in quadruplicate
is shown. *P < 0.05, **P < 0.01, ***P < 0.005.
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