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FIGURE 2. MPTP up-regulates the levels of ER chaperones and ERAD
component by activating ATF6« and induces the phosphorylation of
p38 MAPK in dopaminergic neurons in vivo. A-H, extracts of the mid-
brain or the striatum of ATF6a WT(+/+) and ATF6a KO(—/—) mice were
prepared 5 days after intraperitoneal injection with either 20 mg/kg MPTP
or normal saline four times every 2 h for Western blot analysis of ATF6q,
PERK, p38MAPK, phospho-PERK (p-PERK), phospho-p38MAPK (p-p38MAPK),
BiP, GRP94, Derlin-3, and B-actin (n = 4 for each group). The protein levels
of p-PERK and p-p38MAPK were quantified using optical density and esti-
mated relative to PERK or p38MAPK protein level, respectively. Other pro-
tein levels were estimated relative to B-actin protein level, Each bar denotes
the mean = S.D. MPTP induces ATF6a cleavage (A and C), phosphorylation
of PERK (A and D) and p38MAPK activation (A and E) in the midbrain. MPTP
up-regulates the levels of BiP (8 and F), GRP94 (8 and G), and Derlin-3 (8 and
H) in the striatum in vivo. Abbreviation: N.S. indicates normal saline injection
as control. /-L, MPTP up-regulates the levels of BiP and p-p38MAPK in TH-
positive neurons. The midbrains of ATF6a WT mice treated with MPTP or
normal saline (Control) were stained using anti-TH (/-L, green), BiP (/ and J,
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ATF6ca KO mice and WT littermates. Western blot analysis
with antibodies against ATF6¢, PERK, p38MAPK, phosphor-
ylated p38MAPK (p-p38MAPK), p-PERK, BiP, GRP94, and
Derlin-3 was performed using midbrain and striatal extracts
from WT or ATF6a KO mice challenged with MPTP. MPTP
treatment induced phosphorylation of p38MAPK in the mid-
brain regardless of ATF6a genotype as expected (Fig. 2, A and
E). Importantly, MPTP treatment not only increased the level
of pATF6a (P), the precursor form of ATF6a, but also gener-
ated pATF6a (N), the active form produced as a result of the
cleavage of pATF6a (P), in the midbrain of ATF6a WT mice
(Fig. 2, A and C). The levels of ER chaperones, BiP and
GPR%4, and ERAD component, Derlin-3, were significantly
increased in the striatum of MPTP-treated WT mice (Fig. 2,
B, F, G, and H). In marked contrast, the induction of these ER
chaperones and ERAD components was not observed in
ATF6a KO mice even though MPTP increased phosphoryla-
tion of PERK regardless of ATF6a genotype (Fig. 2, A and D).
To identify the cell types in which BiP was up-regulated, we
performed double immunostaining for BiP in TH-positive
dopaminergic neurons of the midbrain of WT mice. Dopa-
minergic neurons showed higher BiP expression level in
MPTP-treated WT mice than untreated control mice (Fig. 2, /
and J). Phosphorylated p38MAPK was detected in the nucleus
of the dopaminergic neurons in the midbrain of MPTP-
treated mice (Fig. 2, K and L) as previously reported (18).
These data clearly indicate that MPTP somehow evokes ER
stress and up-regulates the expression of ER chaperones and
ERAD component by activating ATF6« in dopaminergic neu-
rons in vivo in addition to previously known effect on the
phosphorylation of p38MAPK. One possible cause for induc-
tion of ER stress by MPTP is production of ROS as we found
that treatment of mouse embryonic fibroblasts (MEFs) de-
rived from ATF6a WT mice with hydrogen peroxide, a repre-
sentative ROS, triggered not only phosphorylation of
p38MAPK but also cleavage of pATF6a(P) to produce
pATF6a(N) (supplemental Fig. S24).

ATFéa Protects against MPTP-induced Neurotoxicity in
Vivo—We then asked whether ATF6a deletion and the se-
quential decline in the expression levels of ER chaperones and
ERAD component have an impact on the ubiquitin protea-
some system (UPS)-mediated protein degradation in dopa-
minergic neurons after MPTP treatment. Immunostaining of
the striatum with antibody to ubiquitin revealed no difference
in the striatum between ATF6a WT and KO mice under
physiological conditions. However, upon stress with MPTP,
the striatum of ATF6a KO mice showed much higher in-
crease in the formation of clusters of ubiquitin-immunoreac-
tive material than WT mice, suggesting that treatment with
MPTP disturbed UPS more profoundly when the levels of ER
chaperones and ERAD components were mitigated (Fig. 3, A
and B). Next we assessed for neurotoxicity caused by treat-

red), p-p38MAPK (K and L, red) antibodies, and DAPI (K and L, blue). They
were visualized by Alexa Fluor 488- and Alexa Fluor 546-conjugated sec-
ondary antibodies and subjected to confocal fluorescence microscope anal-
ysis. White arrowheads in J and L indicate the TH-positive dopaminergic cells
of MPTP-treated mice. Scale bars indicate 10 pm.
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FIGURE 3. ATF6« protects against MPTP-induced neurotoxicity in vivo.
A and B, MPTP induces the formation of ubiquitinimmunopositive clusters
in the striatum of ATF6a KO(—/—) mice. A, representative images of ubiqui-
tin-immunoreactive clusters in the striatum of ATF6a WT(+/+) and ATF6a
KO mice treated with either 20 mg/kg MPTP or normal saline (Control) four
times every 2 h. The white box marks the area enlarged in lower right black
box. Scale bars indicate 50 wm. B, numbers of ubiquitin-immunoreactive
inclusion per the volume of ROl in the striatum of individual mice were
quantified by Stereoinvestigator and the density was compared among
each indicated group. (n = 4 for each group). Each bar denotes the mean +
S.D. C-F, dopaminergic neurons of ATF6a KO mice are more vulnerable to
MPTP neurotoxicity than ATF6a WT mice. C, extracts of the striatum of
ATF6a WT and ATF6a KO mice with MPTP treatment or normal saline (Con-
trol) were subjected for Western blot analysis of TH and B-actin (n = 4 for
each group). TH protein level was quantified using optical density and esti-
mated relative to B-actin protein level. D, representative TH-immunostained
images of the midbrain of ATF6a WT and ATF6a KO mice treated with nor-
mal saline (Control) or MPTP. E, TH-positive numbers in the
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ment with MPTP. Immunoblotting of the extracts from the
striatum using TH antibody showed more remarkably de-
creased level of TH in ATF6a KO mice than in WT after
treatment with MPTP, indicating that more dopaminergic
terminal loss takes occurs in ATF6a KO mice (Fig. 3C). The
number of TH-positive neurons in the SNc was significantly
decreased in MPTP-treated ATF6a KO mice when compared
with WT littermates (Fig. 3, D and E). These results were cor-
related with those of HPLC analysis, which showed significant
decreases of dopamine and its metabolites, 3,4-dihydroxyphe-
nylacetic acid (DOPAC), in the striatum of MPTP-treated
ATF6a KO mice when compared with WT littermates (Fig.
3F). These results indicate that MPTP induces a larger loss of
dopaminergic neurons and their terminals under ATF6a-
deleted conditions and further suggest that ATF6« protects
against MPTP-induced neurotoxicity.

Phosphorylated p38MAPK and Activated ATF6a Cooperate
to Enhance the Expression Level of BiP in Dopaminergic Neu-
rons Treated with MPP* —Next we investigated the possible
cooperation between p38MAPK phosphorylated and ATF6a
activated in MPTP-treated dopaminergic neurons. We
treated dopaminergic neuroblastoma SH-SY5Y cells with
MPP™. Immunoblotting revealed that treatment with MPP*
generated a ~60-kDa protein band representing pATF6a (N)
(Fig. 4, A and B) and induced phosphorylation of PERK (Fig.
4, A and C) as well as that of p38MAPK (Fig. 4, A and D) in

SH-SY5Y cells as in the midbrain of ATF6a WT mice (see Fig.

2A). SB203585, an inhibitor of p38MAPK phosphorylation,
attenuated p38MAPK phosphorylation induced by MPP*
(Fig. 4, A and D) but showed little effect on the activation of
ATF6a and PERK phosphorylation (Fig. 4, A-C). We con-
firmed that SB203585 attenuated p38MAPK phosphorylation
without affecting cleavage of pATF6a (P) in MEFs treated
with hydrogen peroxide (supplemental Fig. $24). However,
BiP was up-regulated after MPP* treatment and this up-regu-
lation was significantly reduced by $B203585 in SH-SY5Y
cells (Fig. 4, A and E). This observation was further confirmed
by BiP promoter-luciferase reporter system (Fig. 4, Fand G).
The reporter gene —132/LUC contains a fragment of the BiP
promoter driving the luciferase expression. We introduced
the BiP promoter-luciferase plasmid into SH-SY5Y cells with
or without p38MAPK overexpression vector, and then treated
transfected cells with MPP*. Luciferase expression level con-
tinuously increased for 24 h after MPP* treatment and this
MPP* -induced stimulation of reporter expression was syner-
gistically enhanced by p38MAPK overexpression (Fig. 4F).
We then examined the effect of MPP* and $SB203585 on re-
porter expression in the primary co-culture of the midbrain
and the striatum prepared from ATF6a KO or WT mice (sup-
plemental Fig. 2C). We found that MPP™ treatment induced a
significant increment in luciferase expression in cells from
ATF6a WT and that this effect was abrogated by the presence

midbrain SNc of ATF6a WT and ATF6a KO male littermates treated with
MPTP or normal saline (n = 5 for each group). F, quantification of the striatal
levels of dopamine and its metabolite DOPAC in ATF6a WT and ATF6a KO
mice treated with either MPTP or normal saline (Control) (n = 5 for each
gro(;:p). Abbreviations: DA, dopamine; DOPAC, 3,4-dihydroxyphenylacetic
acid.
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FIGURE 4. Phosphorylated p38MAPK and activated ATF6a cooperate to
enhance the expression level of BiP in dopaminergic neurons treated
with MPP*. A-E, immunoblot of cell lysates from SH-SY5Y cells treated with
1 mm MPP* for 2, 6, 12, 24 h using anti-ATF6a, phosphorylated PERK (p-
PERK), PERK, p38MAPK, phosphorylated p38MAPK (p-p38MAPK), BiP, and
B-actin antibodies. 5 um SB203585 was added into the medium prior to
MPP™ treatment for the indicated times. Densitometry of ATF6a (N) (B),
p-PERK (O), p-p38MAPK (D), and BiP (E) was performed on scanned immuno-
blots images using the Image-J and normalized to B-actin, PERK, p38MAPK,
and B-actin, respectively. Each bar denotes the mean = SD. F, BiP promoter-
Luciferase plasmid and pRL-SV40 plasmid were transfected into SH-SY5Y
cells with p38MAPK overexpression vector or Mock vector. Each group of
transfected cells was treated with or without 1 mm MPP* for 0.5, 1, 2,4, 12,
24 h. Relative activity is defined as the ratio of firefly luciferase activity to
Renilla luciferase activity in dual-luciferase assay. G, dopaminergic neurons
from primary co-culture of the midbrain and the striatum of ATF6a
WT(+/+) or ATF6a KO(—/—) mice transfected with BiP promoter-Luciferase
vector and pRL-SV40 vector and then treated with 1 mm MPP* for 24 h with
or without 5 um SB203585. Relative activity is defined as the ratio of firefly
luciferase activity to Renilla luciferase activity in dual-luciferase assay.
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of SB203585 (Fig. 4G). In contrast, reporter expression re-
mained unchanged in MPP™ -treated cells derived from
ATF6a KO. These data suggest that phosphorylation of
p38MAPK induced by treatment with MPP™ positively affects
the ATF6a-mediated transcriptional induction of BiP.

MPP* Induces the Translocation of the N-terminal Frag-
ment of ATF6a to the Nucleus and the Binding of N-terminal
ATF6a with Phosphorylated p38MAPK and Enhances the
Transcriptional Activity of ATF6a—To examine possible
interaction between ATF6a and p38MAPK, we conducted
immunofluorescence analysis of primary cultured dopa-
minergic neurons transfected with vectors to express green
fluorescent protein (GFP) fused to the N terminus of full-
length ATF6a (pGFP-ATF6a(P)), which is cleaved to pro-
duce nuclear-translocating pGFP-ATF6a(N) in response to
ER stress (11), using anti-phosphorylated p38MAPK (p-
p38MAPK) or anti-p38MAPK antibodies. GFP-ATFé6a (P)
was localized in the peri-nuclear region in non-stressed
dopaminergic neurons (Fig. 54) and was partially colocal-
ized with cytosolic p38MAPK (Fig. 5B) in non-stressed do-
paminergic neurons. 24 h after the treatment with MPP™*,
pGFP-ATF6a (N) was translocated into the nucleus and
colocalized with both DAPI and p-p38MAPK (Fig. 5C). By
treating SH-SY5Y cells with MPP* after expression with
both pGFP-ATF6a (P) and p38MAPK we confirmed that
pGFP-ATF6a (N) was translocated into the nucleus and
colocalized with both DAPI and p-p38MAPK (supplemen-
tal Fig. $3, A-C). To determine whether ATF6« physically
associates with p-p38MAPK, we cotransfected flag-
p38MAPK vector and the N-terminal fragment of ATF6a
vector (1-373), abbreviated to N-ATFée, into SH-SY5Y
cells and performed immunoprecipitation with an anti-Flag
antibody followed by immunoblotting with anti-ATF6«
antibody. As shown in Fig. 5D (upper panel), pATF6a (N)
(60kDa) and pATF6a (P) (90 kDa) were detected in the
immunoprecipitates after treatment of MPP*. SB203585
attenuated the intensity of both bands in immunoprecipi-
tates from MPP™* -treated SH-SY5Y cells. Both pATF6a (N)
(60 kDa) and pATF6« (P) (90 kDa) were also increased in
the nuclear fraction of MPP™* -treated SH-SY5Y lysates af-
ter immunoprecipitation with anti-p-p38MAPK antibody
as shown in Fig. 5D (middle panel). Endogenous N-ATF6«
can bind to p-p38MAPK in MPP* -treated condition and
this binding was attenuated by adding SB203585 (Fig. 5E).
Next we examined whether the p-p38MAPK-ATF6a com-
plex binds to the promoter region of BiP in the nuclear
fraction using ChIP assay. As shown in Fig. 5F, SH-SY5Y
cells were treated with MPP* for 24 h and then cross-
linked with formaldehyde. Extracted nuclear fraction was
subjected to immunoprecipitation with p-p38MAPK anti-
body. Fragmented genomic DNA was extracted from the
immunoprecipitates and quantified by QPCR using the
primers for ERSEs of BiP promoter regions (—155~—21).
MPP* enhanced the binding p-p38MAPK-ATF6c complex
to ERSEs, which was reduced by p38MAPK inhibitor (Fig.
5, G and H). We amplified the other cis-elements on Neu-
rogenin2 (a neural basic-loop-helix (PHLH) transcriptional
factor, Ngn2) promoter using the genomic DNA extracted
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FIGURE 5. Phosphorylated p38MAPK and activated ATF6a form a pro-
tein complex that binds and transactivates promoters containing ERSE
and UPRE. A-C, MPP™ induces release of N-terminal ATF6a fragment with
subsequent translocation into the nucleus and colocalization with phos-
pharylated p38MAPK in dopaminergic neurons. 24 h after transfection with
pGFP-ATF6a (P), primary cultured dopaminergic neurons from co-culture of
the midbrain and the striatum of ATF6a KO mice were fixed and stained
with anti-TH antibody (A, red), anti-p38MAPK antibody (8, red), and DAPI
(blue). 24 h after transfection with pGFP-ATF6a (P), primary cultured dop-
aminergic neurons were treated with 1 mm MPP™ for 24 h, and then fixed
for staining with phosphorylated p38MAPK (p-p38MAPK) antibody (C, red)
and DAPI (blue). White arrowheads indicate the nuclear localization of DAPI,
GFP, and p-p38MAPK. Scale bars indicate 10 um. Abbreviations: TH, tyrosine
hydroxylase; BF, bright-field image. D-H, MPP™ treatment induces the bind-
ing among p-p38MAPK, N-terminal fragment of ATF6a and ERSEs of BiP
promoter regions. SH-SY5Y cells were transfected with Flag-p38MAPK vector
and N-terminal fragment of ATF6a-(1-373) vector. They were then cultured
with or without 1 mm MPP™ in the presence or absence of 5 um SB203585
for 24 h. Cells were lysed in RIPA buffer and separated into soluble or
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from the same immunoprecipitated samples and found that
the amplified PCR products of the Ngn2 promoter regions
were not increased in MPP™* -treated SH-SY5Y cells. Thus,
phosphorylated p38MAPK selectively binds to the acti-
vated and cleaved N-terminal fragment of ATF6« that
binds to the ERSEs on BiP promoter region in MPP™*-
treated cells.

We finally investigated whether the expression of
p38MAPK and/or the treatment with MPP* could increase
the transcriptional activity of nuclear-translocating ATF6c
using the BiP promoter-luciferase system. MPP* was added
to SH-SY5Y cells cotransfected with Mock or N-ATF6a en-
coding transactivator domain (TAD) and the DNA-binding
b-ZiP domain or the dominant-negative form lacking TAD of
ATF6a (ATF6a-DN) in the presence or absence of
p38MAPK. MPP* treatment significantly enhanced the stim-
ulative effect of p38MAPK on N-ATF6a-mediated activation
of BiP reporter expression (Fig. 5I). We also found that MPP*
treatment increased transcriptional activator activity of
N-ATF6a through UPRE, which has been shown to be pres-
ent in the promoter region of ERAD components and be
functional in the induction of ERAD components (22, 23),
and further enhanced it in presence of p38MAPK (Fig. 5)).
ATF6a-DN canceled these enhancement induced by
p38MAPK overexpression through ERSE and UPRE. Thus,
MPP* promotes phosphorylation of p38MAPK and the bind-
ing with the N-terminal ATF6c, leading to up-regulation of
ATF6a transcriptional activity.

insoluble fraction. D, soluble fraction was immunoprecipitated with anti-
Flag antibody and immunoblotted with anti-ATF6a antibody (upper panel).
Insoluble fraction was immunoprecipitated with anti-p-p38MAPK antibody
and immunoblotted with anti-ATF6a antibody (middle panel). Western blot
analysis of 10% input of soluble fraction was performed with anti-ATF6a,
p38MAPK and B-actin antibodies (lower panels). Abbreviations: IP,immuno-
precipitation; /B, immunoblotting; SB, SB203585; N-ATF6a, N-terminal frag-
ment of ATF6a-(1-373). E, endogenous N-terminal fragment of ATF6a can
bind to phosphorylated p38MAPK in MPP™*-treated condition. SHSY5Y cells
were cultured without transfection and treated with or without 1 mm MPP™
in the presence or absence of 5 um 5B203585 for 24 h. Cells were totally
lysed in RIPA buffer using BIORUPTOR and immunoprecipitated with anti-p-
p38MAPK antibody and immunoblotted with anti-ATF6a antibody. F,
P-p38MAPK-ATF6a complex binds to ERSEs in response to MPP™ treatment.
Upper panel shows schematic representation of ChiP assays. SH-SY5Y cells
were treated with or without MPP™ in the presence or absence of 5 um
SB203585 for 24 h and then cross-linked with formaldehyde. Cells were
lysed in RIPA buffer, and the insoluble fraction defined as nuclear fraction
was lysed in SDS buffer. Inmunoprecipitated with anti-p-p38MAPK, puri-
fied, and input DNAs were analyzed by Quantitative PCR using the primers
shown in lower panel. G, primers used for human endogenous BiP pro-
moter, Neurogenin2 (Ngn2) promoter and GAPDH yielded 135, 234, and
360 bp PCR products, respectively. H, values of PCR products were mea-
sured by QPCR and fold induction was defined as the value of BiP or Ngn2
promoter regions relative to the value of GAPDH. Each bar denotes the
mean * S.D./and J, p38MAPK phosphorylation enhances the transcrip-
tional activity of ATF6a. /, vectors(1 pg of BiP promoter-Luciferase vector,
100 ng of pRL-5V40 vector and 1 g of control vector or p38MAPK vector)
were mixed with 1 pg of Mock(pcDNA-3.1(+)) or N-terminal fragment (1-
373)(N-ATF6a) or dominant-negative form (171-373) of ATF6a vector
(ATF6a-DN) for transfection of SH-SY5Y cells in a 6-well dish for 48 h. Cells
were challenged with or without 1 mmMPP* for 24 h and lysed for analysis
of BiP reporter expression. J, vectors (1 ng 5 X UPRE reporter vector, 100 ng
pRL-SV40 vector and 1 ug of control vector or p38MAPK vector) were mixed
with 1 ug of pcDNA-3.1(+) or N-ATF6a or ATF6a-DN vector for transfection
of SH-SY5Y cells in a 6-well dish for 48 h. Cells were challenged with or with-
out 1 mm MPP™ for 24 h and lysed for analysis of UPRE reporter expression.
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Hydrogen peroxide also induced the translocation of the
N-terminal fragment of ATF6 into the nucleus, where it co-
localizes with p-p38MAPK (supplemental Fig. $3, D-G). Hy-
drogen peroxide promoted the binding of N-ATF6a with
phosphorylated p38MAPK and enhanced the transcriptional
activity of N-ATF6a through ERSE and UPRE (supplemental
Fig. $3, H-J).

DISCUSSION

In this study, we concluded that ATF6a plays an important
role in protection from MPTP toxicity in the dopaminergic
neurons via up-regulation of ER chaperones and ERAD com-
ponent. This was based on the following findings: 1) ATF6c
controls the levels of ER chaperones and ERAD component
in dopaminergic neurons-containing brain regions (Figs. 1,
A-D) and 2). Both MPTP and MPP™ upregulate the ex-
pression levels of ER chaperones and ERAD component by
activating ATF6a in dopaminergic neurons and SH-SY5Y
cells (Fig. 2, A, B, C, F, G, Hand 4, A, B, E, F, and G); 3)
MPTP triggers more formation of clusters of ubiquitin-
immunoreactive material in the striatum of ATF6a KO
mice than in WT mice (Fig. 3, A and B); 4) Dopaminergic
neurons under ATF6c KO conditions are more vulnerable
to MPTP neurotoxicity (Fig. 3, C-F). Previous studies
showed that MPTP and 6-OHDA induce various ER stress
mediators in vitro (24—26). However, it has been unclear
how these neurotoxins induce UPR.

A plausible mechanism is that MPTP decreases the pro-
tein degradation function of striatal UPS (27). A single or
intermittent dose of MPTP decreases UPS$ activity only for’
a short time and does not lead to the ubiquitinated inclu-
sion bodies in rodent brain (28). In contrast, continuous
MPTP administration causes long-lasting impairment of
UPS and the production of inclusion bodies immunoreac-
tive for ubiquitin and a-synuclein in the rodent SNc (27).
This report suggests that the inhibition of UPS by MPTP
causes the accumulation of unfolded proteins followed by
activation of UPR, finally leading to ER stress-induced cell
death.

Consistent with this hypothesis, our study demonstrated
that UPR attenuation caused by ATF6« deletion accelerates
the MPTP-induced formation of ubiquitin immunopositive
inclusion body in the striatum as well as dopaminergic neuro-
nal death (Fig. 3). This result suggests that MPTP induces
accumulation of ubiquitin-positive aggregates presumably
as a result of oxidative protein damage to protein folding
and its machineries (29 -31) and that activated ATF6a pro-
motes refolding and/or elimination of ubiquitinated pro-
teins in the nerve terminal of dopaminergic neuron by the
action of induced ER chaperones and ERAD components.
These findings strongly suggest that both UPS and UPR are
involved in MPTP-induced dopaminergic neuronal deple-
tion. In our study we stained the striatal sections from
MPTP-treated ATF6a WT and KO mice with thioflavin T
(amyloid-specific dye) and immunostained with anti-a-
synuclein antibody and anti-phosphorylated a-synuclein.
However we could not detect any stained aggregates for
them (supplemental Fig. $2B). Although it remains to be
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elucidated what is the major component of the ubiquiti-
nated aggregates in this study, we speculates that oxidative
products should be ubiquitinated and accumulated after
oxidative stress induced by MPTP.

MPP* interferes with the mitochondrial complex-1, gener-
ates ROS. ROS are also generated in the degradation process
of dopamine and therefore dopamine is the most oxidative
neurotransmitter in brain (16). In the present study, ATF6a
was activated particularly in the dopaminergic neuron system
(Fig. 1, A and B) and the metabolism of dopamine is de-
creased in ATF6a KO mice (Fig. 1E), suggesting that ROS
generated from dopamine metabolic process may play a criti-
cal role in the up-regulation of ATF6a-mediated UPR.

Previous study showed that ROS induced by both MPP™*
and dopamine metabolism promotes phosphorylation of
p38MAPK (17, 18, 32). Phosphorylated p38MAPK phosphor-
ylates ATF6a and mediates the transcriptional induction of
the atrial natriuretic factor gene through a serum response
element (21, 33). To explore the relationship between oxida-
tive stress by ROS and UPR by ATF6a, we focused on
p38MAPK.

We demonstrated that: 1) Both MPTP and MPP* induce
the phosphorylation of p38MAPK in dopaminergic neurons
as well as in SH-SY5Y cells (Figs. 2, A, E, K, L and 4, A and D).
2) MPP* induces ATF6a-mediated up-regulation of BiP ex-
pression level in a p38MAPK-dependent manner (Fig. 4, 4, E,
F, and G). 3) MPP* triggers the translocation of N-terminal
ATFé6a to the nucleus and the binding of N-terminal ATF6c
with phosphorylated p38MAPK to enhance the transcrip-
tional activity of ATF6« in dopaminergic neurons (Fig. 5,
C-J). Hydrogen peroxide, a representative ROS, also activated
ATFé6a and phosphorylated p38MAPK (supplemental Fig.
$2A). Hydrogen peroxide promoted the formation of
N-ATF6a-p-p38MAPK complex and enhanced the transcrip-
tional activity of ATF6« to up-regulate ER chaperones and
ERAD components (supplemental Fig. $3, D-J).

Based on these data, we propose that MPP* -derived oxida-
tive stress results in phosphorylation of p38MAPK, enhance-
ment of ATF6a transcriptional activity, induction of ER chap-
erones and ERAD components and degradation of
ubiquitinated accumulated proteins in dopaminergic neurons.
In contrast, under ATF6a-deleted condition, MPP* triggers
the formation of ubiquitinated aggregates in the striatum, and
this protein accumulation lead to apoptosis of the dopaminer-
gic neurons (Fig. 6).

ER stress and oxidative stress are closely linked events. An-
other oxidative neurotoxin, 6-OHDA, causes rapid generation
of ROS, oxidative modification of protein and activates UPR.
Antioxidants reduce UPR activation and apoptosis, and im-
prove protein secretion (29). This study suggests that UPR
protects against oxidative stress-induced cell death. ER stress
preconditioning of BiP attenuates H,0,-induced cell injury in
LLC-PK1 cells (34). Precondition of ER chaperones in the
striatum expressed by ATF6a under physiological conditions
may also suppress dopaminergic neurons depletion induced
by MPP+-derived oxidative stress.

The p38MAPK pathway is stimulated by cellular stresses,
such as free radicals and inflammatory agents, and mediates
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Chemical Library Screening Identifies a Small Molecule That
Downregulates SOD1 Transcription for Drugs to Treat
Amyotrophic Lateral Sclerosis

GAKU MURAKAMI,' HARUHISA INOUE,* KAYOKO TSUKITA,* YASUYUKI ASAL*
YUJT AMAGAL® KAZUHIRO AIBA,® HIROKI SHIMOGAWA,* MOTONARI UESUGI,®
NORIO NAKATSUJI,” and RYOSUKE TAKAHASHI»

Familial amyotrophic lateral sclerosis (fALS) accounts for 10% of ALS cases, and about 25% of fALS cases are due to muta-
tions in superoxide dismutase 1 (SOD1). Mutant SOD1-mediated ALS is caused by a gain of toxic function of the mutant
protein, and the SOD1 level in nonneuronal neighbors, including astrocytes, determines the progression of ALS (non-
cell-autonomous toxicity). Therefore, the authors hypothesized that small molecules that reduce SOD1 protein levels in
astrocytes might slow the progression of mutant SOD1-mediated ALS. They developed and optimized a cell-based, high-
throughput assay to identify low molecular weight compounds that decrease SODI1 expression transcriptionally in human
astrocyte-derived cells. Screening of a chemical library of 9600 compounds with the assay identified two hit compounds that
selectively and partially downregulate SOD1 expression in a dose-dependent manner, without any detectable cellular toxic-
ity. Western blot analysis showed that one hit compound significantly decreased the level of endogenous SOD1 protein in
H4 cells, with no reduction in expression of B-actin. The assay developed here provides a powerful strategy for discovering
novel lead molecules for treating familial SOD1-mediated ALS. (Journal of Biomolecular Screening 2011;16:405-414)

Key words:

INTRODUCTION

MYOTROPHIC LATERALS SCLEROSIS (ALS) IS A DEVASTAT

ING neurodegenerative disease that selectively involves

motor neurons in the brain and spinal cord. ALS leads to muscle

weakness, paralysis, and respiratory failure within 5 years of

onset. Familial ALS (fALS) accounts for about 10% of all ALS

cases, and approximately 25% of fALS cases are due to muta-
tions in superoxide dismutase [Cu-Zn] (SOD1).!

Some evidence suggests that mutant SOD1 protein has neu-

rotoxic properties and leads to ALS via a gain of toxic function.
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amyotrophic lateral sclerosis, superoxide dismutase 1, high-throughput screening, cell-based assay

Mice carrying a high copy number of the mutant SOD1 gene
suffer more severe muscle weakness and death than mice car-
rying a low copy number? SOD1 knockout mice do not
develop the motor neuron disease phenotype at all’ In rats,
only strains with the highest level of mutant SOD1 expression
develop an ALS phenotype.*

Previous studies reported that the SOD1 level in neurons
and in nonneuronal neighbors, including astrocytes and micro-
glia, determines the onset and progression of motor neuron
disease.>® Therefore, we hypothesized that reduction of SOD!1
expression in astrocytes might ameliorate mutant SODI1-
mediated ALS. This hypothesis is supported by prolonged
survival of ALS model mice, following application of RNA
interference or antisense oligonucleotide, which reduced SOD1
protein levels.”® Furthermore, inactivation of a mutant allele
reversed the phenotypes in other neurodegenerative disease
models, such as Huntington disease and Alzheimer disease,
even after onset.>® The present study developed and optimized
a high-throughput screening (HTS) system to identify com-
pounds that downregulate the transcription of SOD1.

MATERIALS AND METHODS
Generation of a SODI1 promoter-luciferase reporter cell line

We used the SOD1 genomic promoter, including 5’ and 3’
untranslated regions (UTR), in our construct to generate SOD1
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The stable gPri®®-Luc cell line used for the high-throughput screening (HTS) assay of compounds that downregulate SOD1 transcrip-

tion. (A) Diagram of the superoxide dismutase gene (SOD1) promoter-luciferase reporter plasmid, which encodes a secreted luciferase incorpo-
rated into the human SOD1 gene, including the 5~ and 3'-untranslated region and introns. (B) Southern blotting analysis of the gPrPLLuc cell
line. Clone 1 was the stable clone used in HTS assays. N, negative control, nontransfected H4 cells; P, positive control, H4 cells transiently
transfected with the same cassette as clone 1. Copy number indicates the number of the transgene loaded. (C) Results of the luciferase reporter
assay. Clone 1 has a relatively high number of copies of the transgene and, therefore, high luciferase activity. Values are mean £ SEM.

transgenic mice. The cassette was identical to that carried by
SOD1%%A transgenic mice (gPr*°!-Luc), to reflect physiologi-
cal activity of the SOD1 promoter (Fig. 1A). A total of 1.2 Kb
of human SOD1 (hSOD1) 5'-fragment, with 5'-EcoR1 and
3'-Afel-BamH1 sites, was amplified using PfuUltra 2 Fusion HS
DNA Polymerase (Stratagene, Cedar Creek, TX). The following
PCR primers were used to amplify the region: forward primer,
5-AAAGAATTCTGCCAACCAAATAAG-3"; reverse primer,
5'-TTTGGATCCAGCGCTGAAGCCGGAAAGCGGAG-3'.
The fragment was cloned into pKF18k-2 plasmid (Takara, Otsu,
Japan). To add the Clal site and delete the start codon of SOD1
exon 1, the cassette was amplified by PfilUltra 2 Fusion HS DNA
Polymerase using the following PCR primers: forward primer,
5-GTTATCGATGCGACGAAGGCCGTGT-3"; reverse primet,
5-TCGCTAGGCCACGCCGAGG-3'. The fragment was cut
with EcoR1 and Afel and cloned into pKF18k-2-hSOD1%%4,
The SV40-Neo-Poly(A) was incorporated downstream from
the SOD1 gene, between the BamH1 and Sall sites. Finally,
secreted Tuciferase gene (MetLuc) from the marine copepod;
Metridia longa (Clontech, Mountain View, CA), with ATG was
added at the Clal site.

406 www.slas.org
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Human astrocytoma-derived H4 cells,!! which are frequently
used for research on neurodegenerative diseases,” were used
for transfection to mimic the transcription of SOD1 in astro-
cytes. The cell lines were cultured at 37 °C in Dulbecco’s
modified Eagle’s medium (DMEM; Sigma, St. Louis, MO),
containing 10% (v/v) fetal bovine serum (FBS), 50 U mL™
penicillin, 50 pg mL™ streptomycin, and 200 pg mL™' G418
(Nacalai, Kyoto, Japan). The cells were stably transfected with
the SOD1 genomic construct cut by Sgfl, using FuGENE 6
Transfection Reagent (Roche, Basel, Switzerland). Clonal cell
lines were selected based on high levels of secreted luciferase
genes, and reactivity was confirmed by Southern blotting and
luciferase reporter assay (Fig. 1B,C). For the Southern blotting,
15 pg DNA, cut at EcoR1 and BamH1, was loaded, and
the probe was made from the following primers: forward
primer, 5-ATCTGGGAGACCATGGAAGT-3'; reverse primer,
5*-TTCTTTGAAGCCGCTGATCTC-3'.

The compound library

High-throughput screening (HTS) assays using the gPr*®'-
luciferase cell line were performed to screen a library of 9600
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compounds provided by the Institute for Chemical Research,
Kyoto University. The library was delivered in 96-well racks,
with each compound dissolved in DMSO at 5 mM. The
extreme right and left wells contained DMSO without any
compound, leaving the corresponding well on assay plates
available for controls. All compounds were stored at —20 °C.

HTS assay

Luciferase expression by the gPri®Vl-luciferase cells after
exposure to various small compounds was assaved in white,
flat-bottomed, 96-well plates (Costar, Bethesda, MD). The cells
were precultured overnight at 3.0 x 10* cells well ! and 37 °C.
The compound to be tested was preplated, diluted with culture
medium to 50 uM, and used to replace 80 pL of 100 pL per well
of cell culture to give a final concentration of 40 uM. The cells
were then cultured for another 16 h at 37 °C.

SOD1 gene expression by cells exposed to each compound
was determined by measuring activity of luciferase proteins
secreted by the cells. The cell culture in each well was trans-
ferred to the corresponding well on a 96-well assay plate, using
a Multifunction Tabletop Dispenser EDR-384S2 (Biotec,
Tokyo, Japan). Ready-To-Glow Secreted Luciferase Reporter
System (Clontech) was added, and luciferase activity was
measured as emission at 450 nm, using a 1420 VICTOR 3
Multilabel Plate Reader with optional dispenser (PerkinElmer
Life and Analytical Sciences, Waltham, MA). The ratios of the
vehicle-treated samples were used to correct for spontaneous
decay of the signal.

Assay performance was determined by calculating the Z
factor (Z'), using the following equation:

77— 1_3x(cc+ +0c)
(Me- —Mey)

where Y, and 6, are the mean and standard deviation (SD),
respectively, of the positive control; i, and o, are the mean
and SD of the negative control. The positive control assays
treated cells with 10 pg mL™' mitomycin-C (Wako, Osaka,
Japan).” The negative control assays treated cells with vehicle
(DMSO). The Z' value indicates the quality of an assay by
describing the magnitude of the signal window (1. — p.,) and
the precision of the assay (6., + 6 ). A compound was selected
as a hit when it decreased luciferase activity less than mean
minus 3 SD of negative controls. In each run, four or five
library plates were applied to the screening assay with an indi-
vidual control plate for calculating Z' value as well as an aver-
age and SD of luciferase activity for negative control. Hits
were not selected from runs with a Z’ value less than zero. The
effect of hit compounds on the SOD1 expression was con-
firmed when it also decreased luciferase activity less than mean
minus 3 SD of negative controls in duplicate by another assay.

Journal of Biomolecular Screening 16(4); 2011

Dose response and cytotoxicity

Dose-response analysis was carried out using the gPr*P!-
luciferase cell line to confirm that the hit compounds reduced
SOD1 expression in a dose-dependent manner. As in the pri-
mary assays, the cells were precultured overnight, and then the
media were exchanged to give a 0- to 80-uM range of com-
pound concentrations. The cells were incubated for another 16 h,
and luciferase activity was measured. Only compounds that
resulted in greater than —3 SD inhibition of SOD1 expression
at 40 uM were included in further analyses because the concen-
tration was also adapted for HTS assay selection.

Toxicity assays identified compounds that produced a non-
specific decrease in luciferase activity due to cellular toxicity.
Toxicity analysis was performed on untransfected H4 cells,
using the tetrazolium salt, WST-1 (Roche). In this assay, cleav-
age of WST-1 to formazan by mitochondrial dehydrogenases
causes a color change from red to yellow. As in the primary
assays, untransfected H4 cells were precultured overnight in a
96-well plate, and then the media were exchanged to give a 0-
to 40-uM range of compound concentrations. The cells were
incubated for 16 h, then WST-1 was added at 10 pL well ™, and
the cells were incubated for 1 b at 37 °C. Absorbance at 450 nm
was compared to that of cells that were not treated with the
compound. Compounds were considered to have significant
cellular toxicity if cells treated with 40 uM showed greater than
a -2 8D decrease in fluorescence compared to untreated cells,

Secondary assay

Enzyme-linked immunosorbent assays (ELISAs) and
‘Western blots were used to determine whether effects observed
in the reporter cell line could be reproduced at the level of
endogenous SODI protein. As in the primary assays, untrans-
fected H4 cells were precultured overnight, and the media were
exchanged with hit compounds to give final concentrations of
0 to 40 puM. The cells were cultured for 48 h, and then each well
was washed once with 200 pL of phosphate-buffered saline
(PBS) and lysed with 100 pL of 1% Triton-X containing pro-
tease inhibitors (Roche).

ELISAs were performed to quantify differences in SOD1
protein levels, and EC,, values were calculated using a two-
antibody sandwich ELISA for human SODI. Polystyrene,
enzyme-linked, immunosorbent, 96-well assay plates (Greiner
Bio-one, Frickenhausen, Germany) were coated with 0.02 pg
0.1 mL™ well of rabbit anti-SOD1 antibody (1:5000; cat.
#S0D100; Stressgen, Ann Arbor, M) in 50 mM sodium carbon-
ate buffer at pH 9.4. The plates were incubated overnight at 4 °C.
The wells were washed with PBS and blocked for 2 h with 3%
bovine serum albumin (BSA) in wash buffer (PBS containing
0.05% Tween-20). The blocking solution was discarded; 50 pL
of cell lysate diluted 1:100 in 3% BSA in wash buffer was added
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to each well, along with recombinant SOD! protein'* (standard
curve); and the plates were incubated overnight at 4 °C. The
wells were washed with PBS, 100 pL of mouse anti-SOD1 anti-
body (1:1000; cat. #32147; Sigma) was added, and the plates
were incubated for 1 h at room temperature (RT). The wells were
washed with PBS, and the bound mouse antibody was detected
with 100 pL per well of horseradish peroxidase (HRP)—conjugated
goat anti-mouse IgG antibody (1:5000; cat. #NA9310V; GE
Healthcare, Buckinghamshire, UK). The plate was incubated for
1 h at RT and then reacted for 30 min with OptEIA TMB
Substrate Reagent Set (BD Biosciences, San Jose, CA). The
reaction was stopped by adding 100 pL of I M sodium phos-
phate. The rate of change in absorbance at 450 nm was measured
with a ThermoFischer Scientific Multiskan JX (Thermo Electron
Corporation, Waltham, MA). The concentration of SOD1 in the
cell lysates was derived from a standard curve with a linear con-
centration range of 1.0 to 125 ng mL"™".

The cell lysates were subjected to sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) and transferred
to polyvinylidene difluoride membranes. Membranes were
blocked in 3% BSA in TBS, probed with anti-SOD1 antibody
(1:1000; Stressgen), and then reprobed with an anti-§-actin anti-
body (1:5000; cat. #A1978; Sigma) as an internal control.

Western blot analysis for phosphorylation of transcription
Sactors

Untransfected H4 cells were precultured overnight on 12-well
plates at 5.0 x 10* cells. The hit compound was diluted with
culture medium to 25 uM and 50 pM and used to replace 0.8 mL
of 1 mL per well of cell culture to give a final concentration of
20 pM and 40 uM, respectively. The cells were then cultured for
another 16 h, and then each well was washed once with 2 mL
PBS and lysed with 100 pL of 1% Triton-X containing protease
inhibitors (Roche) and phosphatase inhibitor cocktail (Nacalai
Tesque, Kyoto, Japan). Western blotting was performed with
antibody specific to Ser*-phosphorylated Nrf2 (2500:1;
#EP1809Y; Abcam, Cambridge, MA), Nif2 (500:1; H-300;
#s¢13032; Santa Cruz Biotechnology, Santa Cruz, CA), Ser'®-
phosphorylated cAMP response element binding protein (CREB;
500:1; #06-519; Millipore, Billerica, MA), CREB (1000:1;
#9197; Cell Signaling, Salem, MA), and -actin (1:5000; Sigma).

Synthesis of 052C9

6-Chloro-3-formylchromone (0.20 g, 0.96 mmol) and o-phe-
nylene diamine (0.10 g, 0.96 mmol) were dissolved in acetic acid
(5 mL). The reaction mixture was stirred at 60 °C for 16 h and
then diluted with an aqueous solution of NaHCO, (20 mL). The
resulting precipitate was filtered and washed with water. The
residue was dissolved in trifluoroacetic acid (1 mL) and then

concentrated in vacuum. To the residue was added EtOAc (3.

mL), and the resulting suspension was filtered to give 052C9 (72
mg, 18%) as a trifluoroacetic acid salt.
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Table 1. Z' of All the Runs

Run No. A

1 0.69
2 0.39
3 0.35
4 0.55
5 0.60
6 0.38
7 0.42
3 0.38
9 0.37
10 —0.04
11 0.47
12 0.46
13 0.51
14 0.38
15 0.32
16 0.40
17 0.75
18 0.52
19 0.33
20 0.12
21 0.55

Table 2. Hit Compounds Identified Using the High-

Throughput Screening Assay
No. (%)

Screened compounds 9600
Total hits 325(3.39)
Duplicate 141 (1.47)
Dose dependency 120 (1.25)
Toxic hits ) 5
Analysis continuing 115 (1.20)

Hits with dose dependency were defined as compounds that reduced luciferase activity in
a dose-depend: with a significant efect at least at 40 uM. Toxic hit compounds
also decreased repoiter sctivity in the WST-1 assay.

RESULTS

0D1

HTS assays using the g. ~Luc cell line

As evidenced by the reduction in luciferase activity (Fig.
1B,C), the stable gPr*°™-Luc cell line expresses secreted Iuci-
ferase under the control of a genomic SOD1 promoter and, there-
fore, is useful for identifying compounds that decrease SOD1
expression transcriptionally, The HTS assays using the gPrSPl-
Luc cell line exhibited good reproducibility, with an average Z/
value of 0.39 (range, —0.23 to 0.75). Only two runs had 2’ values
below zero (Table 1). We did not select hit compounds from
these two runs. The effect of each compound was represented as
the degree of inhibition of luciferase activity compared to vehicle-
treated cells (see Supplemental Figure 1).

Using the HTS assay, duplicate assay, and dose-dependent test-
ing, we identified 120 hit compounds that significantly inhibited
SOD1 transcription (Table 2). We excluded the compounds with
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B-actin. Values are means = SEM (n = 5). Difference between relative
abundance at 0 and 40 pM was significant at p < 0.05 (one-way analysis
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poor dose-dependent responses (Fig. 2A). WST-1 assays indicated
that five of these hit compounds had nonspecific cell toxicity (data
not shown). ELISA results showed that 2 of the remaining 115
compounds reduced the level of endogenous SOD1 protein in a
dose-dependent manner. We did not employ the compounds with
no significant decline of SOD1 protein by ELISA (Fig. 2B,C).
One of the compounds, 052C9, was selected for Western blot
analysis, based on its downregulation of SOD1 expression, deter-
mined by the reporter assay (Fig. 3A) and by ELISA (Fig. 3B)
with the lower 50% effective concentration (EC,,) compared to the
other compound (Fig. 3C). The selected compound significantly
decreased the level of endogenous SOD1 protein in H4 cells, with
no reduction in expression of B-actin (Fig. 4). The structure of this

Journal of Biemelecular Screening 16(4); 2011

hit compound (Fig. 5) was confirmed by resynthesis and spectro-
scopic characterization: The molecule is composed of a benzoimi-
dazole ring and a chroman unit and is not analogous to any of the
drugs used in ALS treatment trials to date. Two major transcription
factors have been reported to activate the expression of SOD1:
NF-E2 (Nrf2) and CREB. We examined the effects of 052C9 on
the phosphorylation status of these two transcription factors by
Western blot analysis. The results showed that 052C9 blocked the
phosphorylation of NF-E2 (Nrf2) with no reduction of total Nrf2
protein level, whereas 052C9 had no detectable effects on the
phosphorylation status of CREB (Fig. 6).

DISCUSSION

In a recent article, Broom et al.'* developed HTS assays to
identify compounds that downregulate SOD1 expression. On
the basis of this previous study, we executed the present study
targeting the transcription of SOD! with a different compound
library and a modified reporter construct of SOD1 promoter.
The HTS system using astrocytoma-derived H4 cells success-
fully identified a number of hit compounds that decrease the
expression of SOD1 protein. The HTS assays exhibited good
reproducibility, with an average Z' value of 0.39 (range, —0.23
to 0.75). This variability might be due to the manual preplating
of the cells for screening or the instability of the secreted luci-
ferase. Although the assay results had a high coefficient of
variation, this could be attributed to the relatively high abun-
dance of hit compounds (3.39%; Table 2). Because this hit
percentage may partially reflect Gaussian statistics, we con-
firmed the significant efficacy of the hit compounds on SOD1
expression through another duplicate assay and dose-dependent
analysis. This process would allow us to rule out the effect of
Gaussian statistics on the hit selection. Although most of the hit
compounds failed to decrease endogenous SOD1 protein level
by ELISA in a dose-dependent manner, we suppose that this
may be due to direct inhibition of luciferase reaction or to the
difference between temporal patterns of the transcription and
translation of SOD1. At least one of the hit compounds, 052C9,
significantly downregulated SOD1 protein levels in a dose-
dependent manner. It is unlikely that the effect reflects nonspe-
cific cellular toxicity because the WST-1 assay showed no
significant effects at the concentrations at which the compound
exerted the downregulation of SODI. It is also unlikely that the
hit compound represses transcription generally, as there was no
corresponding reduction in expression of B-actin,

The mode of action of 052C9 remains unclear at the moment.
Nevertheless, our analysis suggests that 052C9 directly or indi-
rectly blocks the phosphorylation of Nrf2. Transcription factor
Nrf2 binds to the antioxidant response element (ARE) in the
promoter region of detoxifying genes.' Phosphorylation of Nrf2
promotes its translocation into the nucleus where it activates the
transcription of antioxidant genes.!” Because the SOD1 gene also
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FIG. 5. The chemical structure of the selected hit compound.

4 NMR (DMSO-d,, 300 MHzZ) delta-y 9.38 (d, J = 1.1 Hz, 1H), 8.18 (d, J = 2.7 Hz, 1H), 7.99 (dd, J = 9.1, 2.7 Hz, 1H), 7.91 (dd, J = 9.1, 1.1

Hz, 1H), 7.76 (dd, J = 6.0, 3.0 Hz, 2H), 7.36 (dd, J = 6.0, 3.0 Hz, 2H)

C NMR (DMSO-d,, 75 MHZ) delta-¢ 172.9 (), 160.0 (d), 154.1 (s), 143.5 (s), 135.2 (s), 134.4 (s X 2), 151.3 (s), 124.4 (d), 124.3 (d x 2),124.3
(d), 121.4 (d), 114.8 (d), 111.7 (s) MS (ESI) mass calcd for C ;H,CIN,O, + H requires m/z 297 Found m/z 297

contains ARE," the hit compound, 052C9, may downregulate
the transcription of SOD1 by inhibiting phosphorylation of Ser*®
of Nrf2. 052C9 had no detectable effects on the Ser™ phospho-
rylation of CREB'in the present study. Because protein kinase C

(PK.C) phospherylates both of the two transeription factors, -

it is likely that 052C9 inhibits the activity of an unidentified
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Nrf2-selective kinase or its activation, 052C9 or its analogs may
serve as a powerful tool for exploring the molecnlar mechanism
of SOD1 expression.

The hit compounds identified in the present study cause a par-
tial reduction: in SOD1-expression. Although the effects-on ALS~
model mice have not yet been examined, partial downregulation
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Differences between relative abundance both at 0-20 uM and at 040 UM were not significant (one-way ANOVA followed by the Bonferroni

post hoc test).

of SOD1 expression may be desirable. SOD1-knockout mice do
not develop the motor neuron disease phenotype’ but do show
modest vulnerability to axotomy® and pathological degeneration of
neuromuscylar junctions and axons.?*

Decreasing wild-type SOD1 by a small molecule may prove
to alleviate the disease phenotype in ALS-model mice and even
in sporadic ALS patients. A previous study showed that wild-
type (WT) SOD! transgenic mice have pathological changes
similar to those in mutant SOD1 mice and that WT SOD1 aggra-
vates the ALS phenotype in double-transgenic mice with both
WI-SOD1 and mutant SOD1. Moreover, the mutation in the
SOD1 promoter reduces SOD1 gene expression and may corre-
late with a delay in the onset of sporadic ALS* Indeed, Zhong
et al.” reported that administration of activated protein C (APC)

Journal of Biomelecular Screening 16(4); 2011

to mutant SOD1 mice, which decreases the expression of SOD1
protein in vivo, ameliorates the ALS phenotype. Based on these
findings, the toxicity of mutant SOD1 may not be explained by
a gain of toxic function but by an increased toxicity of wild-type
SOD1. Direct reduction of the transcription of pathogenic SOD1
protein may provide a new therapeutic strategy for SODI1-
mediated ALS, and similar strategies may be used to treat other
neurodegenerative diseases mediated by aberrant proteins.
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The Use of Induced Pluripotent Stem Cells

in Drug Development

H Inoue’?3 and S Yamanakal:24

Induced pluripotent stem cell (iPSC) technology is revolutionizing medical science, allowing the exploration of disease
mechanisms and novel therapeutic molecular targets, and offering opportunities for drug discovery and proof-of-
concept studies in drug development. This review focuses on the recent advancements in iPSC technology including
disease modeling and control setting in its analytical paradigm. We describe how iPSC technology is integrated into
existing paradigms of drug development and discuss the potential of iPSC technology in personalized medicine.

The ability of cells to differentiate into various cell types—known
as “pluripotency”—is a hallmark of embryonic stem cells (ESCs).
Stem cells belong to one of two major categories according to
their potency of differentiation: organ-specific stem cells and
pluripotent stem cells. Organ-specific stem cells generally have
limited potential for growth and differentiation. In contrast,
pluripotent stem cells, such as ESCs!~? and induced pluripo-
tent stem cells (iPSCs),*"6 replicate in culture dishes and are
theoretically capable of giving rise to any of the cell types found
in the body (Figure 1).

The development of cellular reprogramming techniques lead-
ing to iPSCs has dramatically changed the landscape of stem
cell research and application by providing a modality that cir-
cumvents the two major issues hampering fulfillment of the
great potential of human ESCs.*6 One is the ethical issue asso-
ciated with the derivation of human ESCs from human ferti-
lized eggs, and the other is the immunological incompatibility
between ESC-derived donor organs or cells and the recipients
because of histocompatibility-antigenic factors.*6 As iPSCs are
transforming the field of regenerative medicine, the reprogram-
ming approach is also becoming a platform for drug discovery
research.

DISCOVERY OF iPSCs

Reprogramming inducers

Transduction of four genes encoding transcription factors highly
functional in ESCs (i.e., Oct3/4, Sox2, KlIf4, and c-Myc) was
discovered to be sufficient to trigger reprogramming of both
mouse and human somatic cells and to generate cells closely
resembling the respective ESCs.*-6 The term coined for these

reprogrammed ESC-like cells was “iPSCs.# Subsequent research
from our laboratory as well as from others has revealed several
alternative methods for generating iPSCs.”-°

Among the quartet of transcription factors involved in repro-
gramming,® Oct3/4 is expressed specifically in ESCs and germ
cells but not in somatic cells.? The forced expression of Oct3/4
in mouse or human Sox2-expressing neural stem cells can give
rise to iPSCs, albeit with low reprogramming efficiency.® There
are reports of iPSC generation even in the absence of the Oct3/4
transgene, but the efficiency of generation is very low.

Sox2, which is a key partner of Oct3/4, is expressed almost
exclusively in ESCs, germ cells, and nerve cells. The deletion of
Sox2 causes the death of the embryo, suggesting its crucial role
in embryogenesis.” Sox family proteins, including Sox2, show
functional overlap with each other. Although the conventional
reprogramming method requires Sox2 transgene, inhibition of
the transforming growth factor beta (TGF-3) was shown to be
capable of replacing Sox2 in reprogramming mouse embryonic
fibroblasts.” Moreover, in some cell types, such as neural stem
cells, melanocytes, and melanoma cells, the Sox 2 transgene is
not necessarily a requirement for iPSC generation.® These find-
ings indicate the opportunistic nature of Sox transgene require-
ment in iPSC reprogramming.

Kruppel-like transcription factor 4 (KIf4) is a downstream
target gene of the signaling pathway of the cytokine leukemia
inhibitory factor—Stat3. K1f4 has overlapping functions with
other KIf transcriptional factors (K12 and Kif5).1° During the
reprogramming process, Kif4 binds to the Oct3/4-Sox2 com-
plex!! and, together with homeobox protein PBX1, it under-
pins iPSC identity by regulating expression of Nanog, one of
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Figure 1 Generation of induced pluripotent stem cells (iPSCs) and their
differentiation potential. iPSCs are derived from easily accessible somatic
cells. In contrast to organ-specific stem cells, pluripotent stem cells such as
embryonic stem cells and iPSCs show the ability to differentiate into many
different cell types in culture. This allows in vitro generation of specific tissue
cell types with the characteristics of the disease phenotype, from patient-
derived iPSCs.

the pluripotency-defining proteins.!? The K1f4 transgene is not
necessary for reprogramming under certain conditions such
as histone deacetylase inhibition!>!# and in the absence of the
tumor suppressor gene Trp53.15

The reprogramming process is highly enhanced by c-Myc,16
although its inclusion in the reprogramming process should be
discouraged, given its clear oncogenic potential. c-Myc expres-
sion is ubiquitous, in contrast to the other Myc family members,
N- and L-Myc.® L-Myc and c-Myc mutants, all of which have
little transformation activity, were shown to promote the gen-
eration of human iPSCs with more efficiency and specificity as
compared with wild-type c-Myc.”

For these reasons, the original quartet of reprogramming fac-
tors (Oct3/4, Sox2, Klf4, and c-Myc) are not necessary under
certain conditions and could be modified in accordance with
the experimental context. Clearly, it is necessary to obtain a bet-
ter understanding of the mechanisms underlying somatic cell
reprogramming in order to fully validate the iPSC technology.

iPSC/ESC differentiation repertoire and tumorigenicity
In vitro culture and the differentiation of stem cells provide us
with opportunities for disease modeling, drug discovery, and
cell replacement therapy. The generation of specific functional
cell types from ESCs/iPSCs has been demonstrated, including
neural cells, vascular endothelia, smooth muscle cells, cardio-
myocytes, hematopoietic cells, pancreatic insulin-producing
cells, and hepatocyte-like cells.'-23 The current differentiation
repertoire includes more than 200 types of somatic cells.24 These
cells may be applied in regenerative medicine, and work is ongo-
ing to overcome the remaining hurdles. Significant challenges in
iPSC-based regenerative medicine include (i) the tumorigenic
potential inherent to the reprogramming methods, (ii) the dif-
ficulty in achieving highly targeted differentiation, and (iii) the
complexity of cellular transplantation techniques.?>
Eradicating the tumorigenic potential of iPSC-derived cells is
of fundamental importance to further enhance clinical transfer
of the technology. Interestingly, the teratoma-forming propen-
sities of secondary neurospheres, after transplantation into the
brains of nonobese/severe combined immunodeficient mice,
vary significantly depending on the origin of the tissue from
which the iPSCs were derived.?6 For example, secondary neu-
rospheres from iPSCs generated from adult tail-tip fibroblasts of
mice showed the highest propensity for tumorigenicity, whereas
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those from iPSCs originating from mouse embryonic fibroblasts
and gastric epithelial cells showed the lowest such propensity,
the latter being comparable, in this regard, to those obtained
from ESCs. Secondary neurospheres from hepatocyte iPS cells
showed an intermediate teratoma-forming propensity. The
use of iPSCs in regenerative medicine clearly requires further

" improvement of differentiation protocols in order to minimize

tumorigenicity.

iPSC-BASED DISEASE MODELING
There are many potential causes for the failed translation of drug
discovery from levels of molecular and animal models to human
therapeutics. In particular, the success of preclinical phases of
drug development is based on animal models.?” Furthermore,
<10% of the compounds that enter the clinical phase of test-
ing reach the stage of market approval; the estimated cost of
the entire drug development process is US$1.2-1.7 billion per
drug.?’-?° Drug discovery/development platforms using iPSC-
based disease models could be useful in filling the gap between
animal models and clinical trials.

iPSC technology is expected to provide innovative tools for
drug development via high-throughput therapeutic/toxicity
screening, using differentiated cells from patient-derived iPSCs.
This disease-modeling approach to drug discovery will also
increase our understanding of disease progression and biology
in specific cell types, which could possibly lead to redefining
known aspects of diseases.*® Patient-specific iPSCs provide not
only genetic information but also potential phenotype attributes.
In addition, iPSCs can be generated from patients irrespective
of whether the disease is in the familial or the sporadic form.
Drug screening platforms can be developed to test compounds
(including biologics such as small hairpin RNAs) that are able
to make the disease-related phenotype revert to that of the non-
disease control.30

The available lines of human ESCs are variable with regard to
epigenetic information, expression profile, and differentiation
propensity.3132 Significant intrinsic variability also remains in
iPSC lines, and abnormal expression of imprinted genes has
been detected in a significant number of them.3? These inter-
iPSC differences were attributed to the introduction of repro-
gramming factors using randomly integrating viral vectors,
and/or to persistent donor cell gene expression.3* However,
even if iPSCs are generated in the absence of integrating fac-
tors, intrinsic variability remains,35-% including in the matter
of neuronal differentiation competence.3® Moreover, expression
profile analysis of integration-free human iPSCs has shown an
expression signature in iPSCs that is distinct from those of both
the original population and standard human ESCs.* It is also
reported that there is a strong correlation between gene expres-
sion signatures and specific laboratories, in both ESC and iPSC
lines, because of differences in the in vitro microenvironment.3®
These observations suggest that further dissecting the intrinsic
variability of iPSCs may provide clues regarding the wild-type
iPSCs that would be most suitable as experimental controls
and the number of control lines that should be obtained for
each experiment.? Despite these variations, however, many

www.nature.com/cpt



