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Abstract

The underlying cause of amyotrophic lateral sclerosis (ALS), a progressive neurodegenerative disorder, remains unknown.
However, there is strong evidence that one pathophysiological mechanism, toxic protein misfolding and/or aggregation,
may trigger motor neuron dysfunction and loss. Since the clinical and pathological features of sporadic and familial ALS
are indistinguishable, all forms of the disease may be better understood and ultimately treated by studying pathogenesis
and therapy in models expressing mutant forms of SOD1. We developed a cellular model in which cell death depended
on the expression of G93A-SOD1, a mutant form of superoxide dismutase found in familial ALS patients that produces
toxic protein aggregates. This cellular model was optimized for high throughput screening to identify protective compounds
from a >50,000 member chemical library. Three novel chemical scaffolds were selected for further study following screen
implementation, counter-screening and secondary testing, including studies with purchased analogs. All three scaffolds
blocked SOD1 aggregation in high content screening assays and data on the optimization and further characterization of
these compounds will be reported separately. These data suggest that optimization of these chemicals scaffolds may produce
therapeutic candidates for ALS patients.
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including glutamate excitotoxicity, impaired mito-
chondrial function, oxidative stress, aberrant protein
aggregation, defective RNA processing/transport,
inflammation, and apoptotic cell death (5-9).
Considerable progress in the understanding of
ALS has been made through the study of a familial
form of the disease, caused by mutations in the gene
encoding copper/zinc superoxide dismutase type 1
(SOD1) (10,11). Missense mutations in SOD1 cause

Introduction

Amyotrophic lateral sclerosis (ALS) is a rapid, fatal
neurodegenerative disease with a worldwide preva-
lence of ~87,000 patients (1). Disability is significant
and patient care costs during the late stages of the
disease can exceed $200,000 per year. Riluzole, the
only clinically approved therapeutic for ALS, extends
median survival by only 2-3 months (2-4). While
there is clearly a great need for new ALS therapies,

the identification of treatments has been impeded
because the mechanism(s) directly underlying the
most common sporadic form of ALS remain(s)
unknown. There are, however, a number of candi-
date hypotheses for the molecular etiology of ALS

about 20% of familial ALS cases, whose clinical and
pathological features are indistinguishable from
those in sporadic ALS. ALS promoting alleles do not
in all cases inhibit enzyme activity. However, all of
these mutations produce gain-of-function effects
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associated with an increased propensity of the
protein to misfold and aggregate. Studies of sporadic
ALS patients also support a role for aberrant protein
aggregation. A neuropathological hallmark of spo-
radic ALS is the presence of ubiquitinated cytoplas-
mic inclusions in the lower motor neurons of these
patients. These inclusions are composed, at least in
part, of the TAR DNA binding protein (TDP-43)
and most recently familial ALS kindreds have been
identified that carry mutations in the TDP-43 gene,
providing evidence that TDP-43 aggregation may be
a cause rather than a result of the disease (12-16).
In addition to providing additional support for pro-
tein aggregation toxicity in ALS, mutant forms of
SODI1 have been important in the development of
cellular and animal models of the disease. The simi-
larities in the clinical and pathological features of
familial and sporadic ALS have led investigators to
use the FALS phenotype as a strategy for elucidating
disease pathogenesis and defining novel treatments
in both forms of the disease. Mice expressing human
mutant G93A-SOD1 recapitulate many of the clini-
cal and neuropathological features of ALS and are
the most commonly used animal model to test com-
pounds for efficacy in treating the disease (8,17,18).
Some of the compounds that are efficacious in trans-
genic mice have progressed to clinical testing. We
have been involved in these preclinical studies and
the subsequent clinical trials and have helped develop
standards for ALS mouse studies being performed
as a basis of early phase clinical trials (19,20).

We initiated our studies by using a PC12 cell
model of mutant SOD1 aggregation (21,22). These
cells express wild-type or mutant SOD1 as a fusion
with yellow fluorescent protein, making it possible
to easily follow changes in the cellular distribution
of SOD1 protein via epifluorescent microscopy as
misfolding and aggregation commence.We employed
these cells to develop a high throughput assay with
which we screened a chemical library of >50,000
compounds. The screen identified compounds
that blocked mutant SOD1 toxicity, and, in the
vast majority of cases, also blocked mutant SOD1
aggregation. The ultimate goal is to develop a disease-
modifying therapy to delay symptoms, slow pro-
gression, and permit recovery in those who have
clinical illness.

Materials and methods
Cell culture

PC12 cells were maintained in DMEM supplemented
with 10% heat-inactivated horse serum and 1% pen-
icillin/streptomycin. PC12 Tet-Off SOD1-YFP stable
lines were maintained in the same media containing
an additional 100 pg/ml G418, 200 pg/ml hygromy-
cin and 0.1 pg/ml doxycycline. Cells were grown at
37°C in a 5% CO, humidified atmosphere. The
expression of SOD1-YFP fusion protein was induced

by the withdrawal of doxycycline from the media five
days prior to screening.

Mutant SOD1-induced cytoroxicity protection assay

PC12 cells expressing G93A-SOD1YFP were seeded
at 15,000 cells/well in 96-well plates. Cells were
incubated 24 h prior to compound addition. Com-
pounds were screened as singletons at a final concen-
tration of 5 WM. Two types of control wells were
included on every plate: negative control wells con-
taining DMSO, and positive control wells containing
700 nM radicicol or 5 uM CMB-003299. After 24 h
incubation with the compounds, MG132 was added
at a final concentration of 100 nM. MG132 is a well
characterized proteasome inhibitor compound (23),
which would be expected to enhance the appearance
of protein aggregation by blocking the proteosomal
clearance of aggregated proteins (see also the ‘mutant
SOD1 aggregation assay: automated high content
screening protocol’ below). Cell viability was mea-
sured 48 h later using the fluorescent viability probe,
Calcein-AM (Molecular Probes). Briefly, cells were
washed twice with PBS, Calcein-AM was added at
a final concentration of 1 UM for 20 min at room
temperature, and fluorescence intensity was read in
a POLARstar fluorescence plate reader (BMG).
Fluorescence data were coupled with compound
structural data, then stored and analyzed using the
CambridgeSoft Chemoffice Enterprise Ultra soft-
ware package.

Follow-up on hits

Compounds that restored cell viability to >60%
were considered potential primary screening hits. All
primary hits were re-tested in duplicate using the
original screening format. Confirmed hits, as well as
purchased analogs, were then assayed in six-point
dose response experiments. The highest compound
concentration tested was 100 uM, which was
decreased by one-third with each subsequent dose.
To refine assay conditions, a 12-point dose response
was used to determine the potency and efficacy of
synthesized compounds. The highest compound
concentration tested was 32 WM, which was decreased
by one-half with each subsequent dose. Cell viability
was assayed as described previously and dose
response curves were fitted and EC50 values were
determined using the CambridgeSoft BioAssay
Enterprise software.

Mutant SOD1 aggregation assay: automated high
content screening protocol

Actives from the protection screen were tested in the
high content aggregation assay to determine their
ability to block mutant SOD1 aggregation. G85R-
SODI1 YFP cells were plated at 5000 cells/well in
96-well plates. Test compounds were ad(:;:'f: at & M
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10 uM and 30 uM in duplicate. MG132 was then
added at 1 uM final concentration and cells were
grown for an additional 24 h.To assay protein aggre-
gation, cell culture medium was removed and cells
washed once with HBSS, then incubated in HBSS
containing 5 pg/ml of the Image-iT WGA plasma
membrane dye (Molecular Probes) for 15 min at
37°C. Cells were then fixed in 4% paraformaldehyde
in PBS, and imaged using a Cellomics Arrayscan®
high throughput microscopy system. Arrayscan images
were acquired using a 20x objective and the XF93
TRITC/FITC filter set (TRITC in channel 1 for the
Image-iT WGA plasma membrane dye, and FITC
in channel 2 for SOD1-YFP). Images were analyzed
using Cellomics Spot Detector software. Software
parameters were set to maximally differentiate cells
from background and maximize recognition of
SOD1 aggregates without recognizing background
cytoplasmic staining as a spot. Data were recorded
as spot count (aggregate)/object (cell).

Results

SOD1 aggregate formation in PC12 cells and reversal
by pharmacological treatment

Studies employed PC12 cells that express wild-type
or mutant SOD1 (G93A or G85R) as a YFP fusion
protein from a doxycycline-inducible promoter
(21,22). The properties of these SOD1 mutant
proteins in PC12 cells were extensively characterized
in the prior studies, providing a strong base of infor-
mation on the properties of the cell lines for their
use as the basis of the development of screening
assays. SOD1 is diffusely localized in PC12 cells that
express wild-type SOD1 (22 and data not shown)
(Figure 1). In contrast, G85R-SOD1 shows hetero-
geneous patterns of localization; in most cells, G85R
is diffusely localized throughout the cell. However in
~5% of the cells, G85R-SOD1 is localized in large
juxta-nuclear aggregates. Following inhibition of the
proteasome by treatment with MG132, up to 75%
of cells expressing G85R-SOD1 contain such pro-
tein aggregates (Figure 1) while no aggregation is
observed in MG132 treated cells expressing wild-
type SOD1. Cells expressing G93A mutant SODI1,
likewise, show an intermediate level of protein aggre-
gation: none of the cells developed protein aggre-
gates in the absence of MG132, and ~75% of the
cells have protein aggregates following treatment
with MG132 (Figure 1). Similar effects are observed
in cells treated with bortezomib (Velcade®, data not
shown), indicating that these effects are likely to be
due to MG132-induced proteasome inhibition and
not due to an off-target effect of MG132.

To determine whether SOD1 aggregation in this
model could be pharmacologically manipulated,
G93A or G85R-SOD1 cells were cotreated with
MG132 and the HSP90 inhibitors geldanamycin
or radicicol. These compounds induce heat shock
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transcription factor HSF-1, which in turn induces
the heat shock response leading to the synthesis
of chaperone proteins (24). Therefore, this treatment
is expected to reduce aggregation by protein refold-
ing and/or degradation of misfolded proteins via
the ubiquitin/proteasome pathway. As shown in
Figure 2, treatment with radicicol reduced the pro-
portion of protein aggregates by over 50%. Geldan-
amycin produced virtually identical effects (data
not shown).

To automate this assay for use as a screening
assay, the protocol was adapted for use with a Cel-
lomics Arrayscan® high content microscopy system.
Because the most robust high content assays mea-
sure events on a per cell basis, it was first necessary
to identify a fluorescent stain to mark whole cells in
a fashion that was compatible with YFP SOD1 fluo-
rescence. An Image-iT conjugated wheat germ
agglutinin (WGA) dye proved to be a useful marker
(Figure 3A). A computer algorithm using Cellomics
Spot Detector software was developed, which allowed
detection of changes in SOD1 aggregation produced
by radicicol in a statistically significant fashion
(Figure 3B). Protein aggregates were identified in
about 75% of cells treated with MG132 and in about
35% of cells treated with MG132 plus radicicol.
Reliable high throughput screening requires a Z’
value > 0 (25) . The Z’ value in this assay was 0.12,
indicating that the assay was capable of identifying
compounds that perform as well or better than the
positive control.

Assay development: G93- SOD1 aggregation is
cytotoxic and inhibition of aggregation
is cytoprotective

A series of protocol optimization experiments was
conducted following the establishment of the above
high content assay for SOD1 aggregation. In one
such set of experiments, incubation times were varied
to determine the effect of incubation time on protein
aggregation. As shown in Figure 4, cells expressing
G93A-SOD1 were highly sensitive to MG132 toxic-
ity after 48 h of exposure to the compound. In quan-
titative terms, cells expressing no SOD1, wild-type
SODI1, and G85R-SOD1 were sensitive to MG132,
with an IC;, of approximately 400 nM, while cells
expressing G93A-SOD1 were approximately 5-fold
more sensitive to MG132 (IC,, ~75 nM). We hypoth-
esized that cell death resulted from the formation of
a toxic aggregated form of G93A-SODI1 and tested
this idea in two experiments. In the first study,
MG132 was removed at 24 h, a time when the cells
showed 100% viability. If the G93A-SOD1 cells
were simply MG132 sensitive, washing out the com-
pound at this time should be protective. However, if
MG132 toxicity in these cells resulted from the for-
mation of a toxic entity within cells, cell viability
should decrease despite the drug washout, which
was observed as shown in Figure 4C.
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Untreated

Figure 1. Mutant but not wild-type SOD1 forms protein
aggregates in cells treated with the proteasome inhibitor
MG132. Fluorescence micrographs of PC12 cells expressing
YFP tagged wild type (WT), G93A mutant (G93A) and G85R
mutant (G85R) SODI proteins. The micrographs show the
effect of treating cells with 200 nM MG132 for 24 h. The wild-
type SODI1 cells are unaffected while cells expressing mutant
SODI1 show an elevated fraction of cells with large perinuclear
aggregates.

MG132-treated

WT SOD1

G93A SOD1

G85R SOD1

Secondly, if MG132 toxicity was due to protein
aggregation, compounds that reduce aggregation should
be cytoprotective. To test this idea, viability was mea-
sured in cells cotreated with MG132 and the HSP90
inhibitor radicicol. As shown in Figure 5, radicicol had
a significant and dose related protective effect, consis-
tent with the idea that toxicity was due to protein aggre-
gation. We therefore, decided to exploit this observation
to develop an optimized cell viability protocol for high
throughput screening and to screen a library of structur-
ally diverse compounds for protective chemicals. Statis-
tical analysis of the resulting protocol using radicicol as
a positive control produced a Z’ value of 0.55, which
predicted positive performance during assay implemen-
tation (25).

Finally, this leaves the question that while both
G85R and G93A-SOD1 aggregate, only the G93A
mutant produces cell toxicity under our experimen-
tal conditions. We hypothesize that the G93A cells
might show selective sensitivity because of the
production of toxic aggregated intermediate forms,
which would not be produced by wild-type SOD1
and that they were less likely to be produced by the
G85R mutation, which appears to localize much

more exclusively in the juxta-nuclear aggregate (com-
pare G93A and G85R in Figure 1). Consistent with
this idea, it has recently been reported that disease
duration in familial SOD1 ALS patients correlates
with the aggregation propensity of the underlying
mutation (26). Thus, since different aggregation pro-
moting alleles vary in their ability to accelerate dis-
ease, it might be reasonable to expect that alleles
could show different toxicities in cell models.

Screening strategy, implementation, and
recovery of actives

A library of approximately 50,000 small molecules,
described in Table I, was assembled for screening.
The library was constructed to address two goals:
maximization of chemical structural diversity and
inclusion of biologically well-characterized com-
pounds, such as FDA-approved and clinically-tested
compounds, on the expectation that these latter
compounds, if active, could be more rapidly moved
into clinical testing.

Implementation was performed using the cytotox-
icity protection assay as the primary screen and active
compounds were then tested in the protein aggrega-
tion assay. Our rationale for carrying out screening
operations in this way was based on the strategy that:
1) identifying compounds that protect cells from an
established disease relevant insult would arguably be
more pertinent to clinical therapy development than
simply screening for compounds on the basis of altering
a cellular phenotype; 2) it could be possible to find
compounds that increased viability in cells carrying
juxta-nuclear aggregates, as these large aggregates have
been argued in the literature to potentially be protec-
tive rather than toxic; and 3) this screening approach
would be less duplicative of prior studies in which com-
pound effects on aggregation were scored directly (27).
Operationally, the primary screening ran well pro-
ducing an average Z’ factor of 0.5 and an average Z
factor of 0.6. Using 60% viability as the cut-off for
activity, 68 confirmed actives were recovered (0.13%
confirmed hit rate). These actives were then tested for
auto-fluorescence and inhibition of protein synthesis
to eliminate artifactual positives (see below). Following
testing in the high content protein aggregation screen,
confirmed primary actives were grouped into com-
pounds that were positive or negative in affecting pro-
tein aggregation. The vast majority of compounds
blocked or reversed protein aggregation. This compound
collection included riluzole, which tested negative,
indicating that our actives differed in mechanism
from the sole clinically approved drug for ALS.

Counter-screens to eliminate fluorescence artifacts,
protein synthesis inhibitors and highly cytoroxic
compounds

Assays for autofluorescence identified only one com-

pound with significant autofluorescence, a low artifact
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Figure 2. Radicicol decreases mutant SODI1 aggregation induced by the proteasome inhibitor MG132. Fluorescence micrographs of
PC12 cells expressing YFP tagged G93A-SODI1 or G85R-SODI1 proteins. The cells were untreated, treated for 24 h with 200 nM
MG132 to induce protein aggregation, or cotreated with MG132 and radicicol. Without radicicol treatment, cells show large perinuclear
aggregates. The aggregates are reduced in radicicol-treated cells. While the behavior of the two cell lines is generally similar, G85R-
SODI1 cells show ‘brighter’ aggregates and more contrast between the aggregates and the cytoplasm.

rate that might be due to the use of Calcein-AM to
measure cell viability. Calcein-AM is a high quantum
yield reagent, and, thus, only highly fluorescent com-
pounds would produce a comparable signal. The abil-
ity of compounds to produce protective effects by
reducing the cellular concentration of SOD1 was esti-
mated using a modification of the high content assay,
in which YFP fluorescence was measured with a plate
reader prior to counting the number of cells per well
with ArrayScan. This yielded a value for YFP fluores-
cence per cell, which is approximately equivalent to
the SOD1 content per cell. No compounds tested
active in this assay. Finally, all active compounds were
tested for non-specific cytotoxicity in untransfected
PC12 cells. The vast majority of the active compounds
lacked or had extremely low non-specific cytotoxicity.
One possible explanation for the low level of cytotox-
icity associated with active compounds is that the pri-
mary protection screen selected for cytoprotection
and thus potentially against toxic compounds.

Chemistry analysis

The screening library was analyzed to improve on the
selection of active compounds using a ligand-based
computational approach including substructure and
similarity searching and clustering techniques. Itera-
tive statistical clustering of HTS actives has been
shown to improve selection and prioritization of
chemical series. These chemoinformatic methodologies
were used to aid in the identification and validation

of the chemical series. Confirmed active compounds
from the screen were used to identify structurally
related compounds in our larger screening library.

In addition, structural analogs were selected from
an extensive search of over two million unique avail-
able commercial compounds based upon a combina-
tion of chemical substructure or similarity searching.
The structure activity relationship (SAR) was devel-
oped by testing 40—100 structural analogs per series.
Each structurally similar group of compounds, or
chemical clusters, was used as a guide for prioritizing
hits. Our analysis identified 17 distinct chemical
scaffolds or chemotypes containing structurally-
related active and inactive compounds plus 15 sin-
gleton hits. Compounds or series are de-prioritized
or deselected from review when structurally similar
compounds were inactive, a low number of active
analogs were found, toxicity liabilities were identi-
fied, no preliminary SAR could be established, or
based upon a medicinal chemistry review. All active
compounds were reordered and re-tested from dry
powder to confirm their activities. Compounds were
determined to be > 90% pure as determined by LC/
MS or 'H NMR spectrometry. At the end of this
iterative process three distinct and validated chemi-
cal series were selected for further work. Figure 6
shows representative structures for each of these
chemical scaffolds.

Arylsulfanyl pyrazolones (ASP). The most potent
arylsulfanyl pyrazolones (ASP) show 100% efficacy

compared with the positive control, radicical which
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Figure 3. Automated detection of mutant SOD1 aggregates. A. Compound microscope fluorescence micrographs of the same G85R-
SODI1 cells using GFP filter set to image the SOD1 YFP aggregates and the TRITC filter set to image the Image-iT WGA plasma
membrane stain. B. Aggregate detection with the Cellomics Arrayscan 3.5 using spot detector software to image cells with Image-iT
in channel 1 and SOD1 YFP aggregates in channel 2. Data are expressed as spot count (aggregates) per object (cell).

showed only 80% efficacy at the optimum dose. The
most potent compounds produced ED., values
between 400 nM and 15 uM in the cytotoxicity pro-
tection assay. One of the most potent compounds in
the series was CMB-003299 (Figure 6-1), which
produced an ED,;, = 400 nM. Compounds that
were active in the protection assay were active in the
protein aggregation assay with lower, but similar
relative potency. While the aggregation assay is sub-
ject to high experimental variability, it is possible to
implement this assay in a dose response format in
order to estimate compound potency. CMB-003299
produced an ED, of ~9 UM when tested in this way
and compounds from the other chemical scaffolds
showed similarly lower aggregation assay potency
compared to their potency in the cytotoxicity protec-
tion assay (see below). Despite the potency differen-
tial, it is reasonable to assume that these compounds
protect, at least in part, by reducing mutant SOD1
aggregation. For example, a partial reduction in pro-
tein aggregation may be adequate to restore cell
viability, yet not be scored as positive in the high
content protein aggregation assay. Alternatively, the
observed compound potency differences between
the two assays may indicate that compound effects
on protein aggregation are secondary to another
upstream activity. These compounds are only very
weakly cytotoxic or not generally considered to be
cytotoxic (LD,, = 100 uM).

Cyclohexane-1,3-dione (CHD). The cyclohexane-
1,3-dione (CHD) chemical series produced biologi-
cal effects similar to the arylsulfanyl pyrazolones:
these compounds are efficacious with good correla-
tion between activity in the protection and protein
aggregation assays and lack of cytotoxicity. One of
the most potent compounds from the CHD series
was CMB-050378 (Figure 6-2), which produced an
ED,, = 0.8 uM. CMB-050378 was active when tested
in the protein aggregation assay and produced an
ED,, of ~10 uM. While not generally as potent as
the ASP compounds, the predicted potential phar-
macological properties appeared promising, thus
providing a rationale for further work (data not
shown).

Pyrimidine 2,4,6-trione (PYT). One of the more
interesting compounds in the PYT series was CMB-
052802 (Figure 6-3), which produced an ED,, = 6.0
UM. Compounds from this series show 100% efficacy
in the protection assay with a good correlation in
activity between the protection and protein aggrega-
tion assays. For example, CMB-052802 produced an
ED,, of ~32 UM when tested in the protein aggrega-
tion assay. Thus, it is reasonable to assume that these
compounds protect PC12 cells against mutant SOD1-
induced cytotoxicity, at least in part, by reducing
SOD1 protein aggregation. These compounds are
not cytotoxic. The chemical optimization of each of

these series will be discussed in future E“TAEQH T8
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Figure 4. Proteasome inhibition is selectively toxic to PC12 cells expressing mutant G93A-SODI. A. Treatment with 100 nM MG132
for 24 h shows no toxicity against any of the cell lines, although large numbers of aggregates are seen in the G85R-SODI1 and G93A-
SOD1 cell lines. B. Treatment with 100 nM MG132 is selectively toxic to the G93A-SODI1 cell line after 48 h. C. Washing of the
cells at 24 h to remove compound does not reverse toxicity to the G93A-SODI1 cell line suggesting that an irreversible toxic event,
potentially related to the aggregation of G93A-SODI, has been triggered prior to washout.

Discussion

Amyotrophic lateral sclerosis (ALS) is a rapidly pro-
gressive and fatal neurodegenerative disorder for
which there is no effective treatment. Identifying
new therapeutic agents depends in large part on
understanding the molecular mechanism(s) that
produce the disease. Work on therapies for diseases
in which disease mechanism is not, or only partially,
defined requires proceeding on the best, although
inconclusive, evidence. Possible targets for ALS
therapy include glutamate excitotoxicity, impaired
mitochondrial function, oxidative stress, defective
RNA processing/transport, and aberrant protein
aggregation (20). We have found aberrant protein
aggregation to be one of the more compelling of

these targets, in part because: 1) aberrant protein
aggregation is a feature of virtually all neurodegen-
erative diseases; and 2) recent findings provide a link
between the aggregated protein seen in patients with
the sporadic form of the disease and disease causal-
ity (12-16). Sporadic ALS patients have aggregates
of the protein TDP-43 (12,13,15) and the identification
of familial ALS TDP-43 mutations strongly suggests
that TDP-43 aggregation may be a cause rather than
a result of the disease (14,16,28).We therefore devel-
oped a screening system to identify compounds that
would protect cells against the toxic effects of aggre-
gated mutant SOD1 protein to develop clinical can-
didate compounds appropriate for entry into GMP
and GLP IND enabling studies.

RIGHTS LI N K



Amyotroph Lateral Scler Downloaded from informahealthcare.com by 24.147.18.87 on 11/12/10

For personal use only.

8 R. Benmohamed et al.

120 4

100 1

80 4

60 -

% cell survival

40 {

20 4

0 4 T T
Untreated 100 nM
MG132

500nM  600nM 700 nM

Radicicol + 100 nM MG132

Figure 5. Radicicol protects PC12 cells expressing mutant
G93A-SODI1 from the toxic effects of the proteasome inhibitor
MGI132. Qualitatively similar results were obtained with
geldanamycin (not shown).

We developed a novel assay protocol in which
treating PC12 expressing G93A-SOD1 (but not
wild-type SOD1) with the proteasome inhibitor
MG132 leads to cell death within 48 h. MG132
treatment of these G93A-SOD1 cells (and not wild-
type SOD1 cells) produced prominent juxta-nuclear
SOD1 aggregates, consistent with protein aggrega-
tion causing, or at least contributing to, cell death. To
test this idea, we cotreated the cells with geldanamy-
cin or radicicol, HSP90 inhibitors that significantly
induce chaperone protein synthesis, and which would
be expected to decrease the formation of protein
aggregates. As anticipated, treatment with an HSP90
inhibitor blocked the formation of the SOD1 aggre-
gates, and in addition protected against cell death,
consistent with the idea that cell death was a conse-
quence of protein aggregation.

Cell lines expressing mutant SOD1 as fluores-
cent protein fusions were created to provide the basis
for high throughput screens (HTS), and two assays
(high content and protection) were ultimately devel-
oped using these cell lines (21,22). We optimized this
protocol for high throughput screening and, using
radicicol as a positive control, screened a >50,000
member compound library composed of structurally
diverse chemistry and a small group of FDA approved
drugs and biochemical reagents. From this screen we
recovered 68 actives that were characterized in a
series of secondary counter-screens: cytotoxicity (to
eliminate toxic compounds), protein synthesis inhibi-
tion (to eliminate compounds acting through decreas-
ing G93A-SODI1 levels), fluorescence (to eliminate
compounds that mimicked the Calcein-AM cell viabil-
ity reagent used in the assay) and protein aggregation

(to identify compounds that blocked protein aggre-
gation and were thus likely to produce cell protection
by decreasing protein aggregation). The protection
assay ran well as a HTS and yielded a manageable
hit rate (0.13%) with good screening statistics. Com-
mercially available analogs of the remaining actives
were purchased and these compounds plus the initial
hits were tested in the screening assay in a dose
response format to: 1) identify the most potent and
efficacious actives; and 2) determine whether the
chemical substitution patterns of the active com-
pounds suggested an early rational structure activity
relationship (SAR) for the scaffold. Finally, the hit
compounds were subjected to chemistry review to
identify chemical scaffolds with potential for conve-
nient synthetic modification and that had ‘drug-like’
structures and physical properties. The fact that the
active compounds identified in the screen fell into
structurally related classes provided support for the
idea that the assay was selective for specific types of
compounds. Also supportive of this idea, the vast
majority of the actives were also active in the high
content aggregation assay, an assay with high selec-
tivity in its own right. This result demonstrates that
the protection screen was identifying a rare subset of
compounds having biological properties consistent
with our initial screening hypothesis.

Corcoran et al. (27) had previously developed a
screen similar to the above protein aggregation high
content assay, used it to screen a 20,000 compound
chemical file, and identified cardiac glycosides and
histone deacetylase (HDAC) inhibitors as actives.
We anticipated that we could potentially identify
additional novel actives in our study by: 1) imple-
menting a cytotoxicity protection assay as the primary
screen to potentially find protective compounds that
produce minor effects on protein aggregation; and
2) screening a different and larger chemical file. It
also seems reasonable that some compounds might
be protective without anti-aggregation activity and
thus only be identified as hits via this experimental
design.

Chemistry review resulted in the selection of three
scaffolds for optimization: arylsulfanyl pyrazolone
(ASP), pyrimidine-2,4,6-trione (PYT) and cyclo-
hexane-1,3-dione (CHD). On the basis of these find-
ings, efforts are now ongoing to further optimize all
three chemical scaffolds so as to produce candidate
compounds for evaluation in ALS mouse models.
Analog syntheses in these studies are being guided
by the protection screen applied in conjunction with
a panel of in vitro assays to guide the synthesis of
analogs with good pharmacological properties for
rodent studies. A critical intermediate goal is to test
analogs in G93A-SOD1 mice, as results from studies
in ALS animal models have been a highly important
factor for the selection of compounds to be pro-
gressed into human clinical trials (17,20,29,30).

Two recent publications on mice strains carrying
mutant SOD1 transgenes are of particua*‘.fgmmm‘ﬂ
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Table I. Compound collections used for screening.

Name Rationale

Collection and source

Number

Composition and comments

Validation Set Neuroactive compounds

Test Set Biological safety and
tolerance in humans,
otherwise well-studied
compounds

Production Drug-like structurally

Set diverse compounds

CB145 —various

chemical suppliers
(145)

CB8000 —Spectrum

Library (MSDS)
LOPAC Library
(Sigma-Aldrich)
(3280)SPECS,
MayBridge Hits Kit
(4720)

CB42000 —Maybridge

HitsKit ®, SPECS
(17,000); Proprietary
compounds in-
licensed from large
chemical companies

145

8000:1636 FDA
approved, 1644
‘biological
reagents’, 4720
diverse
chemistry

42,000

FDA approved and

investigational compounds for
use in screen characterization
and validation

FDA-approved drugs plus

biochemical reagents. The
Spectrum Library is the
commercial version of a set
assembled for an NINDS
drug screening consortium
(35). The approved drugs are
supplemented with
compounds with known
biochemical, clinical, and
pharmacological activity,
many of which are known to
be neuroactive. Structurally
diverse compounds were
selected for drug-like
properties.

Significant numbers of analogs

available many have already
been screened for therapeutic
applications by others.
Proprietary compounds
selected in silico to have

(25,000)

drug-like properties (36). Will
require chemical
optimization.

to the development of compounds affecting protein
aggregation (31,32). These studies demonstrated
that larger SOD1 aggregates only become prominent
at later stages of disease in these mice and suggest
that soluble forms of SOD1 may initiate disease with
the larger aggregates becoming a factor only in later
disease stages. If this is reflective of the course of
human familial or sporadic ALS, anti-protein aggre-
gation therapeutics might have little efficacy during
early disease stages. However, at this point we do not
know the exact target of our leads and there is some
suggestive evidence that compound effects on pro-
tein aggregation could be secondary to another
activity. We also do not know whether these com-
pounds affect intermediate aggregate forms of SOD1,
as these forms are not scored in our assay. In any
event, our planned studies to evaluate optimized
analogs of our leads in G93A-SOD1 mice should

ad

ng 4 T H\JEN\/@

1 2 3

Figure 6. Representative chemical structures: (1) Arylsulfanyl
pyrazolones — CMB-003299, (2) cyclohexane-1,3-diones — CMB-
050378, and (3) pyrimidine-2,4,6-triones — CMB-052802.

shed light on this issue and provide critical informa-
tion on the value of pursuing this approach. There
is, in addition, a general ongoing controversy in the
literature regarding the predictive value of the G93A-
SODI1 mouse model for compound efficacy in the
clinic. Two studies have recently appeared on the
development of TDP-43 transgenic mice (33,34),
providing a potential alternative mouse model for
drug testing and with potentially increased relevance
to sporadic ALS.

The results of our ongoing investigations will be
reported separately. The findings reported here pro-
vide encouragement in the hit optimization and
chemoinformatic paradigms to pursue the optimiza-
tion of these chemical leads with the goal of accel-
erating the pace to translate drugs to clinical trials
in ALS patients.
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