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ABSTRACT: The discovery of upregulated glycogen synthase
kinase-3 (GSK-3) in various pathological conditions has led to
the development of a host of chemically diverse small molecule
GSK-3 inhibitors, such as BIP-135. GSK-3 inhibition emerged
as an alternative therapeutic target for treating spinal muscular
atrophy (SMA) when a number of GSK-3 inhibitors were
shown to elevate survival motor neuron (SMN) levels in vitro
and to rescue motor neurons when their intrinsic SMN level
was diminished by SMN-specific short hairpin RNA (shRNA).
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Despite their cellular potency, the in vivo efficacy of GSK-3 inhibitors has yet to be evaluated in an animal model of SMA.
Herein, we disclose that a potent and reasonably selective GSK-3 inhibitor, namely BIP-135, was tested in a transgenic A7 SMA
KO mouse model of SMA and found to prolong the median survival of these animals. In addition, this compound was shown to
elevate the SMN protein level in SMA patient-derived fibroblast cells as determined by Western blot, and was neuroprotective in
a cell-based, SMA-related model of oxidative stress-induced neurodegeneration.
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ver the years, glycogen synthase kinase-3 (GSK-3), a

member of the serine/threonine kinase family, has been
extensively studied as a drug target, because upregulated GSK-3
has been linked to a number of human pathological
conditions." This enzyme is known to regulate a diverse array
of intracellular processes through the phosphorylation of its
protein substrates.” In mammals, GSK-3 is expressed in two
highly homologous isoforms, namely GSK-3a and GSK-3f.
This multifunctional kinase is constitutively active in resting
cells and can be physiologically inhibited by various signaling
pathways, including the PI3K/Akt mediated apoptosis cascade
in stimulated cells through phosphorylation of residues Ser-21/
Ser-9 (GSK-3a/p).> Inhibition of GSK-3 results in the
activation of its downstream constituents, such as f-catenin,
c-Jun, and the cyclic AMP response element binding protein
(CREB), which consequently upregulate Tcf/Lef gene tran-
scription and CREB-induced gene transcription of neurotrophic
factors, such as brain-derived neurotrophic factor (BDNF).*®
BDNF helps to support the survival of existing neurons and
promote neurogenesis.” Thus, GSK-3 inhibition has shown
neuroprotective effects in various models of neurodegenerative
disease.”® Motor neuron diseases (MNDs), such as amyo-
trophic lateral sclerosis (ALS), also experienced neuro-
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protection in vitro.” Significant delay in symptom onset and
an increase in survival time was observed in an animal model of
ALS when a GSK-3 inhibitor was administered to the animals."
As such, neuroprotection, offered by GSK-3 inhibition, is a
validated therapeutic strategy in treating many other MNDs,
such as spinal muscular atrophy (SMA).

SMA is a major cause of lethality among infants in their early
stage of life, and it remains as an untreatable disease. Several
therapeutic strategies are currently under investigation for
correcting some of the symptoms associated with SMA.""'> A
characteristic defect that occurs in SMA is a deficiency in the
survival motor neuron (SMN) protein, constituted by the
mutation or deletion of the survival motor neuron 1 (SMNI)
gene responsible for SMN protein expression. Its absence
progresses into the degeneration of the lower motor neurons
found in the anterior horn of the spinal cord that is commonly
found in SMA patients.""'> The severity of SMA in patients is
inversely dependent on the expression level of SMN2, a
paralogue of SMNI."> All SMA patients contain at least one
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Figure 1. Representative examples of GSK-3 inhibitors. (A) Some examples of GSK-3 inhibitors having diverse chemical scaffolds. (B) Examples of
maleimide-bearing GSK-3 inhibitors disclosed previously together with the chemical structure of BIP-13S.
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Figure 2. SMN levels in fibroblasts from SMA patients after 72 h exposure to BIP-13S. (A) Representative Western blot assessing the SMN protein
level in cells treated with DMSO, 20, 25, or 30 M concentrations of BIP-13S. (B) Quantification of SMN protein levels from three separate

experiments.

copy of SMN2, and thus, pharmacologic agents capable of
elevating endogenous level of SMN2-derived SMN proteins
would be highly desirable for the development of SMA
therapeutics. %

Recently, inhibition of GSK-3 was shown to elevate cellular
SMN levels in SMA type 1 (a severe form of SMA often
diagnosed before 6 months of age) patient-derived fibroblasts
and also in motor neurons in which the intrinsic SMN levels
were diminished by SMN-specific short hairpin RNA
(ShRNA)."> The connection between GSK-3 inhibition and
SMA was first demonstrated in an image-based screen,
conducted by Rubin and co-workers, to identify compounds
capable of elevating SMN levels in vitro. Independently of these
findings, and prior to becoming aware of the then unpublished

research of Rubin, we had submitted several of our GSK-3
inhibitors for screening to the SMA Foundation and received
reports showing their efficacy in animal models. We now
disclose the results of these SMA animal experiments, along
with in vitro biology conducted by the Rubin group.

To date, a plethora of GSK-3 inhibitors have been reported,
and a few of these are shown in Figure 1A."*7'7 Additionally,
we have disclosed a variety of selective, maleimide-bearing
GSK-3 inhibitors that are active in both cell and animal models
of neurological and psychiatric disorders, including Parkinson’s
disease and bipolar disorder (Figure 1B).'57'® Based upon the
usual cycle of design, synthesis, and kinase testing, we identified
a potent ATP-competitive GSK-3 inhibitor, namely 3-(S-
bromo-1-methyl-1H-indol-3-yl)-4-(benzofuran-3-yl)pyrrole-
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Figure 3. Acute treatment of primary cortical neurons with BIP-13S protects from oxidative stress. Graphs showing the survival of cortical neurons
upon exposure to the GSK-3 inhibitors: (A) BIP-135, (B) AR-A014418, or (C) SB-216763, in the absence (blue bar) or presence (red bar) of HCA
(5 mM) after 48 h, using the MTT assay. Data are presented as percent of control + SEM. (D) Representative micrographs showing live/dead
staining of primary cortical neurons after 48 h incubation with BIP-135 (¢, d), AR-A014418 (e, f), or SB-216763 (g, h) in the absence (g, ¢, ¢, g) or
presence (b, d, f, h) of HCA (S mM). Live and dead neurons were stained with calcein AM (green fluorescence) and ethidium homodimer (red

fluorescence), respectively. The control contains no GSK-3 inhibitors.

2,5-dione, or BIP-135. Ultimately, this compound was tested
against a total of 62 kinases (see the Supporting Information).'®
BIP-135 was found to be relatively selective for GSK-34 (21
nM). However, due to the high sequence homology between
GSK-3a and GSK-3p, it was not surprising to find similar
inhibitory activity against both isoforms. Among all the other
kinases tested, this compound was found to show some activity
toward PKCJ (31, 980 nM; /32, 219 nM), DYRKI1B (590 nM),
and PI3Ka (870 nM). Given the structural resemblance of BIP-
135 to known PKC}f inhibitors of the staurosporine class and
the high homology between PKCf1 and f2, this off-target
activity was not unexpected.'” In the case of the modest
inhibition shown by BIP-135 of DYRKIB, this may not be a
concern. A number of articles on DYRK1B suggest that it plays
a key role in cancer biology.”® In particular, overexpression of
the DYRKIB gene appears to be associated with pancreatic
cancers as a consequence of its downstream effect on oncogenic
K-ras.”® As for PI3Ka, it is one of a number of isozymes in the
PI3K family that can activate Akt. The activation of Akt has
been shown to downregulate FOXO, a protein that is
overexpressed in type I SMA that contributes to muscle
atrophy.*' As a weak inhibitor of PI3Ka, it is unlikely that BIP-
135 can influence the expression level of the FOXO protein.
As reported previously by Rubin, a set of commercially
available GSK-3 inhibitors, including alsterpaullone,
CHIR98014, and AR-A014418, were shown to elevate SMN
levels in vitro."® Under the same conditions, Western blot
analysis employing BIP-13S led to an elevation in SMN protein
levels. Exposure of human SMA patient fibroblasts to a dose of
25 uM of the test compound for 72 h led to a 7-fold increase in

SMN levels compared to vehicle treated cells (Figure 2).
However, the typical bell-shaped dose—response curve was
observed due to some toxicity at higher concentrations.

B EFFECTS OF BIP-135 IN A MODEL OF OXIDATIVE
STRESS

As oxidative stress also appears to play a role in the dysfunction
of motor neurons in SMA, we accordingly sought to explore the
possibility that BIP-135 might also work in preventing cell loss
under such conditions.”>"** Specifically, it has been suggested
that free radicals generated under conditions of oxidative stress
lead to the production of reactive lipid aldehydes, resulting in
increased levels of cell damage and cellular death in cells that
have lower SMN levels.”® Thus, to examine the therapeutic
efficacy of BIP-135 in a neuronal model of oxidative stress,
primary immature cortical neurons were exposed to the
glutamate analogue homocysteic acid (HCA; S mM), which
was used to deplete the cortical neurons of the antioxidant
glutathione. Since glutathione is a major cellular antioxidant, its
depletion allows the gradual accumulation of endogenously
produced oxidants, thereby 1nduc1ng neuronal degeneration
over a period of approximately 24 h.** Using this model of
oxidative stress, the survival of the HCA-treated cortical
neurons was reduced to approximately 25% (Figure 3). On
the other hand, the BIP-135 treated cells were protected to the
extent of about 80% at a concentration of 20 yM. No significant
toxicity was observed when the neurons were exposed to BIP-
135 alone, in the absence of HCA (Figure 3A). Other
commercially available GSK-3 inhibitors, such as AR-A014418,
also provided some protection in this model; however, BIP-135
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was able to protect at a lower concentration, demonstrating that
BIP-13$ is a superior neuroprotective agent in this model of
oxidative stress (Figure 3B and C). Micrographs taken of the
cortical neurons after 24 h exposure to the GSK-3 inhibitors,
BIP-135, SB-216763, or AR-A014418, either alone or in
combination with HCA are shown in Figure 3D. These images
visually reflect the important neuroprotective effect of BIP-13S.

The dependence of this oxidative stress model on impaired
cysteine/cystine transport and glutathione depletion is well-
documented.*® However, one could argue that the observed
neuroprotective effects of BIP-135 may be due to the inhibition
of one or both of these two processes. To rule out these
possibilities, the total intracellular glutathione levels (reduced
glutathione and oxidized glutathione) were measured after the
neurons were treated with HCA, with or without the GSK-3
inhibitors. The data obtained revealed that the GSK-3
inhibitors did not alter the overall glutathione levels (Figure
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Figure 4. Total intracellular glutathione levels of the primary cortical
neuron cultures after 8 h incubation with BIP-135, AR-A014418, or
SB-216763 in the absence (blue bar) or presence (red bar) of HCA (S
mM). The control contains no GSK-3 inhibitor.

4), demonstrating that the observed neuroprotection afforded
by BIP-135 is independent of antioxidant production. A
possible explanation to the observed neuroprotection is the
activation of BDNF by GSK-3 inhibition, which has offered
neuroprotection in many other models of neurodegenerative
diseases.® This compound may also increase a neuron’s
resistance to oxidative damage by disrupting the regulatory
role of GSK-3 in destabilizing the antiapoptotic protein Bcl-2 in
the intrinsic apoptotic pathway,® and thus enhance the overall
Bcl-2 level that leads to neuronal survival.*”*® These findings
further support the possible therapeutic use of BIP-135 in SMA,
at least in an animal model, where Bcl-2 deficiency was found
on the spinal cord of SMA mice.”® In fact, increasing evidence
has suggested that neuronal oxidative stress plays a significant
role in cell death and dysfunction associated with neurological
diseases, including SMA.>*** Thus, neuroprotection in this
oxidative model, demonstrated by BIP-135, may also be a useful
predictor in qualifying other GSK-3 inhibitors for use in
treating SMA.

B SMA ANIMAL STUDIES

While the in vitro results are promising, the possibility to move
a compound such as BIP-135 forward to the clinic requires a
demonstration that it works in animal models of the disease. To
date, animal models of SMA have been limited in large part
because SMA is a disease exclusive to humans. In general,
murine models of SMA often require homozygous mutation or
deletion of the Smn gene, followed by insertion of the SMN2

gene with or without SMN2 cDNA lacking exon 7
(SMN2A7*/*).*® This will ensure that the correct phenotypes
of the SMA disease are present in the mice. In the present
study, the latter murine species (with SMNA7*/*) was used to
analyze the in vivo effect of BIP-135. In addition, this particular
strain of SMA transgenic mice mimics the phenotypes that
resembles the human SMA Type I disease.*

In the A7 SMA neonatal mouse model of SMA,***! the
impact of BIP-135 on several phenotypes observed within the
human SMA disease, such as (1) loss of motor function, (2)
body weight deficiency, and (3) survival, were investigated
using three different doses (25, 75, and 125 mg/kg). Among
these doses, the in vivo potency of BIP-135 is most promising
at 75 mg/kg (intraperitoneal injection, 100% DMSO as
vehicle). At this dose, this GSK-3 inhibitor did not appear to
be toxic and was well-tolerated by the animals (no decrease in
body weight) (Figure SB). More importantly, BIP-135 caused a
modest extension in the median survival of SMA KO animals
by two days, suggesting a valid in vivo protective effect for this
compound when the median lifespan of these animals was
approximately 14 days (Figure SA). The motor function of the
transgenic animals was evaluated based on their performances
in the geotaxis and tube test (Figure 5C and D).*' In brief,
geotaxis test examined the ability of the animal to orient itself
from a downward- to an upward-facing position when placed
on an inclined platform. Tube test analyzed the hind-limb
strength of the animals when rising from a laying to a standing
position. Based on the results gathered from the geotaxis and
tube test, BIP-135 did not improve the overall motor function,
but it did increase the number of SMA KO animals that
completed the geotaxis test (Figure SC, b). Due to the short life
span of these animals (<14 days), it may be too difficult to
detect motor function improvement from the BIP-135
treatment, especially when the end point of the model is the
death of the animals. A mouse model with milder SMA
phenotypes (type III or IV) and longer lifespan may be more
amenable to evaluate the therapeutic effect of BIP-135 in SMA
as well as its effect on SMN protein level in vivo.>>

In summary, we have demonstrated that BIP-135 is a potent
and reasonably selective GSK-3 inhibitor that is neuro-
protective in a cortical neuron model of oxidative stress.
More importantly, BIP-135 was able to elevate SMN protein
levels in vitro and was found to extend the median survival
period of transgenic mice bearing a severe SMA phenotype.
This is the first report of a GSK-3 inhibitor to exert protective
effects in an animal model of SMA, and this finding will
hopefully support other efforts to test validated GSK-3
inhibitors in SMA. In addition, the evaluation of BIP-135 in a
less severe mouse model of SMA is being pursued.

B METHODS

Drug. To examine the in vitro and in vivo effects of BIP-135 in
SMA, this compound was resynthesized using our previously reported
methods (see the Supporting Information)."> The staurosporine-
related maleimide BIP-13S is a potent GSK-3 inhibitor (IC;, = 7— 21
nb, tested in the presence of 10 uM ATP). The overall purity of BIP-
135 used in both the in vitro and in vivo experiments exceeds 98%
according to high-performance liquid chromatography.

Kinase Selectivity. All kinase inhibition assays were conducted at
Reaction Biology Corporation, Inc. (http://www.reactionbiology.
com).

Animals. Male and female SMN2*/*;SMN2A7**;Smn*/~ /(het-
erozygote knockout for Smn gene, HET) mice were purchased from
Jackson Laboratories, Bay Harbor, ME (stock number $025) and were
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Figure 5. Effect of BIP-135 on several phenotypes of SMA disease that are observed in transgenic mice. (A) Kaplan—Meier survival curve of SMA
KO mice treated once a day with BIP-135 at 75 mg/kg or vehicle (100% DMSO) from postnatal day 0 to 21. Post hoc Logrank and Wilcoxon tests
showed significant differences between the two treatment groups (p = 0.0294 and 0.0266, respectively). The mean survival for KOs treated with BIP-
135 was 14.7 + 0.4 and 12.8 =+ 0.6 days for vehicle treated control [F(1,45) = 5.314, p = 0.0258)]. (B) Effects of GSK-3 inhibitor BIP-135 at 7S mg/
kg or its vehicle once a day on the SMA KO body weight. KO animals treated with BIP-13S showed an improvement in body weight in comparison
to vehicle treated control (B). ANOVA indicated a significant main effect for treatment [F(1,43) = 4.33, p = 0.0435)] and no significant treatment/
age [F(15,540) = 1.43, p = 0.1289)] or treatment/gender/age interactions [F(30,540) = 1.12, p = 0.3016]. Improvement in body weight measures
was observed after around P6. (C) Geotaxis test results for KO mice receiving BIP-135 at 7S mg/kg or its vehicle once a day. (a) Latency to
complete the negative geotaxis test. There were no significant treatment effects [F(1,43) = 3.50, p = 0.0683] or treatment/age interaction [F(3,111)
= 1.81, p = 0.1487] in the latency to reorient upward in the geotaxis test between the two groups. (b) Percent of KO mice that completed the
geotaxis test. Chi square test (4.625) indicated significant treatment effect at P12 (p = 0.031S), where more KO animals treated with BIP-135
completed the geotaxis test in comparison to the vehicle treated controls. (D) Tube test results for KO mice receiving BIP-135 at 75 mg/kg or its
vehicle once a day. The tube test was performed at postnatal day 6, 8, 10, and 12. (a) Time spent hanging at the edge of the tube; (b) number of
pulls; (c) hind-limb strength score; (d) tube test score. There was no significant treatment effect in the tube test parameters.
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bred to generate a self-sustaining colony of
SMN2*/*;SMN2A7*/*;Smn*/~ breeder mice. The breeder mice then
generated the SMN2**; SMN2A7**; Smn™~ (SMA model mice,
homozygote knockout for Smn, KO) as well as the SMN2*/*,
SMN2A7**; Smn*/* (wild type for Smn gene, WT) and SMN2*%;
SMN2A7*/*; Smn*/~ (HET) control mice for behavioral phenotyping.
All mice included in the present study were homozygous for human
SMN2*/* and SMN2A7*/*, One male was housed with 1—3 female
mice until vaginal plugs were observed. The male was then removed.
Pregnant females were housed individually in Plexiglas cages and were
provided with nesting materials and enriched environments containing
a plastic igloo, a flexible gnaw bone, and “Envirodri” bedding. Food
and water were available ad libitum. All mice were maintained at a
temperature of 21 °C on a 12 h light/dark cycle. All studies were
approved by an Institutional Animal Care and Use Committee
(IACUC) established at PsychoGenics Inc. according to the rules set
out by the Public Health Service Office of Laboratory Animal Welfare.

At birth (defined as postnatal day 0, or P0), litters were randomly
culled to 10 with equal numbers of males and females removed. Pups
were tattooed using nontoxic ink applied under the skin and a tail snip
sample was taken for genotyping. Genotyping was performed by
Transnetyx Inc. Genotype data were normally available within 48 h
after birth. Once the genotype results are known, the litters were
further culled to a maximum of 8 pups per litter by removing the HET
animals at P3. Litters with less than 6 pups at P3 were voided (thus
litter size used ranged from 6 to 8 pups). Both body weight and
survival were monitored daily for these mice. Mice were dosed once a
day between 08:30 and 09:30 a.m. via intraperitoneal injection (IP)
starting at P3 and continued until the KO pups died. Body weights for
unused (not dosed) littermate WT and HET were taken at P10, P12,
and P14 only to monitor the litter and dam overall health. Motor
function assessments (negative geotaxis followed by the tube test)
were performed in the afternoon at least 4 h post morning drug
injection. The study end point for each KO mouse was death of the
animal.

The A7 SMA mouse model closely mimics the human SMA
genotype and results in mouse phenotype that resembles the human
SMA Type I disease. A battery of tests was used to assess the effect of
GSK-3 inhibition on the body weight, life span, and motor function
(negative geotaxis and hind limb suspension tests, aka tube test) in the
KO animals. Ten KO females and 13 males were treated with the
GSK-3 inhibitor BIP-135 at 75 mg/kg, and 12 females and 13 males
with vehicle (100% DMSO). As much as possible, littermate KO
animals received different treatments. BIP-135 was dissolved in DMSO
and injected once per day with a dosing volume of 2.5 mL/kg, IP. One
female KO treated with BIP-13S was found dead at P4 (ie., a day after
receiving the first dose). This animal showed significant delay in body
weight growth prior to the commencement of the treatment and thus
was excluded from the analysis.

Motor Function Tests. Motor function tests (negative geotaxis
and tube test) were performed as previously described."

Statistical Analysis. Survival evaluation in the SMA study was
performed using Kaplan—Meier analysis with Logrank (Mantel—Cox)
and Breslow—Gehan—Wilcoxon as the post hoc tests. Body weight,
negative geotaxis, and tube test parameters were analyzed using the
Mixed Effects Model (also known as Mixed ANOVA Model) which is
more robust to missing values caused by fatalities over time, and is
based on likelihood estimation rather than moment estimation as in
the typical repeated-measures ANOVA analysis. The treatment and
gender were analyzed as independent and trials and age as dependent
factors. Mixed model ANOVA was followed by simple effect and
Tukey’s post hoc tests when indicated. ANOVAs were performed
using the PROC MIXED procedure in SAS 9.1.3 (SAS Institute, Cary,
NC). Values are presented as mean + SEM. A p-value of <0.05 was
considered statistically significant.

Primary Neurons, Cell Cultures, and Neuronal Viability
Assays (Oxidative Stress-Induced Neurodegeneration). Pri-
mary neurons, cell cultures, and neuronal viability assays were
prepared and performed as previously described.****

Intracellular Total Glutathione Measurements. Intracellular
total glutathione [glutathione (GSH) + oxidized glutathione (GSSG)]
measurements of primary neuron cultures were determined using the
GSH-Glo Glutathione Assay kit (Promega) according to the
manufacturer’s protocol.”®

SMA Patient Fibroblast, Cell Cultures, Immunostaining, and
Immunoblot Analysis. SMA patient fibroblast, cell cultures,
immununostaining, and immunoblot analysis were prepared and
performed as previously described.'
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Synthetic scheme and kinase selectivity table of BIP-135. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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