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ATF4 INHIBITORS AND THEIR USE FOR NEURAL PROTECTION, REPAIR,

REGENERATION AND PLASTICITY

CROSS REFERENCE TO RELATED APPLICATION

This application claims the benefit of U.S. Provisional Application No. 60/963,558,

filed August 3, 2007, which is incorporated herein by reference in its entirety.

The invention was made with funds from the W.M. Burke Foundation, by a grant
from the National Institutes of Health to Rajiv R. Ratan (NS40591), and by the Dr. Miriam
and Sheldon G. Adelson Medical Research Foundation. The invention was also made with
funds from a postdoctoral fellowship from the Deutsche Forschungsgemeinschaft (LA
1483/1-1) for Philipp S. Lange and the Koeln Fortune Program/Faculty of Medicine,
University of Cologne (125/2003) for Philipp S. Lange. The invention was also made with
funds from a Scientist Development Grant for Juan C. Chavez from the Northeast Affiliate of

the American Heart Association (0635556T).

BACKGROUND OF THE INVENTION

Neurological disorders affect a wide variety of cell populations in the nervous system.
Acute and chronic neurological disorders may be associated with loss of sensory, motor, and
cognitive abilities, as well as a high level of mortality. Despite their devastating effects, few

effective therapies are available for the vast majority of these disorders.

Neural cell death and loss of neuronal contacts are pathological features common to

many of the neurological disorders. Once destroyed, neural cells are not regenerative.
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Accordingly, there is a long felt need for methods for neural protection, repair, regeneration,

and plasticity.
SUMMARY OF THE INVENTION

The present invention addresses these needs, among others. In one aspect, the
invention relates to a method for identifying a drug candidate with activity as a
neuroprotective agent. The method includes determining whether a compound reduces ATF4

activity, and identifying the compound that reduces ATF4 activity as a drug candidate.

In another aspect, the invention relates to a method for reducing ATF4 activity in a
neural cell in a human in need thereof. The method includes administering to the human an
effective amount of: Thimerosal; Gambogic Acid;Anthothecol; Disulfiram; Pyrithione Zinc;
Thiram; Tomatine; Dihydrogambogic Acid;Trifluoperazine Hydrochloride; Alexidine
Hydrochloride; Phenylmercuric Acetate; Pristimerin; Aklavine Hydrochloride; 6,3'-
Dimethoxyflavone; Tetrachloroisophthalonitrile; Actinomycin D; Cedrelone; Pyrromycin;
Mitoxanthrone Hydrochloride; Tyrothricin ; Selinidin; Gentian Violet; Clofoctol;
Aminacrine; Penicillic Acid; Byssochlamic Acid; Hieracin; Atranorin; Dihydrojasmonic
Acid; Deltaline; Azaserine; Sodium Fluoroacetate; Thalidomide; Neomycin Sulfate;
Camptothecin; Trimedlure (5-Cl [somer Present); Chlorguanide Hydrochloride;
Benzo[a]pyrene; Hycanthone; Methotrexate; Dihydrorotenone; Galanthamine Hydrobromide;
Ipraflavone; 5,7-Dichlorokynurenic Acid; Haematoporphyrin Dihydrochloride; Osthol; 1r,2s-
Phenylpropylamine; 2,4-Dinitrophenol; Bromopride; Isorotenone ; Lycorine; Halcinonide; 7-
Desacetoxy-6,7-Dehydrogedunin; 6-Aminonicotinamide; 6alpha-methylprednisolone acetate;
Teniposide; 1-Methylxanthine; Mercaptopurine; Tripelennamine Citrate; 9-Amino-1,2,3,4-
Tetrahydroacridine Hydrochloride; Beta-Dihydrorotenone; Acivicin; Hydroxytacrine

Maleate; or Cetylpyridinium Chloride.
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In yet another aspect, the invention relates to a method for protecting a neural cell
from further neural cell injury or death in a human who has suffered neural cell injury or
death. The method includes administering to the human an effective amount of a compound

that reduces ATF4 activity.

In a further aspect, the invention relates to a method for promoting recovery of neural
cell function in a human that has suffered neural cell injury or death. The method includes

administering to the human an effective amount of a compound that reduces ATF4 activity.

In yet a further aspect, the invention relates to a method for promoting synaptic
plasticity in a human in need thereof. The method comprises administering to a human in

need thereof an effective amount of a compound that reduces ATF4 activity.

In another aspect, the invention relates to a method for limiting oxidative stress in a
human who has a condition in which oxidative stress is a mediator of injury. The method
includes administering to the human an effective amount of a compound that reduces ATF4

activity.
BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1. Amino acid depletion and thapsigargin treatment induce ATF4 and protect
embryonic cortical neurons from oxidative stress—induced cell death. (A) Cortical neuronal
cultures (1 d in vitro) were treated with a vehicle control (shown as C), 10 mM of the
glutamate analogue HCA, 1 pg/ml arginase, 1 uM thapsigargin, 1 pg/ml arginase and 10 mM
HCA, or 10 mM HCA and 1 uM thapsigargin. 24 h later, cell viability was determined using
the MTT assay. The graph depicts mean (compared with control) + SD calculated from three
separate experiments for each group (n = 25). *, P <0.05 from HCA-treated cultures by the

Kruskal-Wallis test followed by Dunn's multiple comparisons test. (B) Live/dead assay of
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cortical neuronal cultures (2 d in vitro). Live cells were detected by uptake and trapping of
calcein-AM (green fluorescence). Dead cells failed to trap calcein but were freely permeable
to the highly charged DNA intercalating dye ethidium homodimer (red fluorescence). Bar, 50
pum. (C) Treatment with 10 mM HCA (shown as H) and 1 pg/ml arginase (shown as A) or 1
uM thapsigargin (shown as T), alone or in combination with HCA, increases the expression
of ATF4 in cultured cortical neurons as compared with vehicle-treated control (shown as C).
Cells were harvested at the indicated time points, and nuclear extracts were separated using
gel electrophoresis and immunodetected using an antibody against ATF4. YY1 was
monitored as a loading control. The immunoblot is a representative example of three

experiments.

Figure 2. Cortical neurons from ATF4~~ brains are resistant to oxidative stress—
induced cell death. (A) Immunocytochemistry of cultured ATF4™* and ATF47" cortical
neurons. Cells were stained with an antibody against MAP2 (which stains neural dendrites;
red) and counterstained with Hoechst (blue). Bar, 50 um. (B) Real-time PCR of ATF4
mRNA expression in ATF4** and ATF4™ neurons in response to treatment with 10 mM
HCA. The value obtained from the ATF4*"* control was arbitrarily defined as 1. Mean + SD
was calculated from three separate experiments. Each data point was performed in duplicate.
(C) Cortical neuronal cultures (1 d in vitro) prepared from brains from ATF4** and ATF4™~
embryos were treated with a vehicle control (shown as C) or 10 mM HCA. 24 h later, cell
viability was determined using the MTT assay. The graph depicts mean (compared with
control) + SD calculated from data from five separate experiments (n = 27 ATF4™* and 73
ATF4™). * P <0.05 from ATF4*"* untreated cultures by the Kruskal-Wallis test followed by
Dunn's multiple comparisons test. The difference between treated and untreated ATF4~"
neurons was not significant (n.s.). (D) Representative live/dead assay displaying untreated

and HCA-treated ATF4*"* and ATF4™" neurons. Bar, 50 pm. (E) ATF 4*" neurons were
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transfected with a reporter plasmid (pGL3 backbone) containing the mouse ATF4 5'UTR and
AUG fused to luciferase. Cortical neurons were cotransfected with a plasmid expressing
Renilla to allow normalization for transfection efficiency. 24 h after transfection, neurons
were treated with vehicle control (shown as C) or 10 mM HCA. Cells were harvested in
luciferase assay buffer 12 h after the onset of treatment. Values were calculated from three
separate experiments and are given as the ratio of luciferase and Renilla activities (mean =%
SD; n = 3). The value for treatment with vehicle control was arbitrarily defined as 1. (F)
Oxidative stress results in nuclear accumulation of ATF4 in cultured cortical neurons. 60 pg
of nuclear extracts from cortical neurons treated with 10 mM HCA or vehicle control (shown
as C) were separated using gel electrophoresis and immunodetected using an antibody against
ATF4. YY1 was monitored as a loading control. (G) Real-time PCR of TRB3 mRNA
expression in ATF4™" and ATF4™ neurons in response to treatment with 10 mM HCA. The
value obtained from the ATF4** control was arbitrarily defined as 1. Mean + SD was
calculated from three separate experiments. Each data point was performed in duplicate. (H)
ATF4" and ATF47" neurons were transfected with a luciferase reporter plasmid (pGL3
backbone) containing a 2-kb fragment of the mouse TRB3 promoter (TRB3WT), with a
mutant version of this promoter lacking the 33-bp ATF4 binding site (TRB3A33bp) or with
the empty vector (pGL3 basic). Cortical neurons were cotransfected with a plasmid
expressing Renilla to allow normalization for transfection efficiency. 24 h after transfection,
neurons were treated with vehicle control (shown as C) or 10 mM HCA. Cells were harvested
in luciferase assay buffer 12 h after the onset of treatment. Values are given as the ratio of
luciferase and Renilla activities (mean = SD) aﬁd were calculated from three separate
experiments. Each data point was performed in duplicate. Values are given as the ratio of
luciferase and Renilla activities (mean + SD; n = 3). The value for empty pGL3 was

arbitrarily defined as 1.
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Figure 3. Gene expression array analysis of ATF4™* and ATF47~ neurons before and
after treatment with HCA. (A) Heatmap with cluster dendrogram of the differentially
expressed genes (log2 fold change vs. control) at a false discovery rate of 5%. Unsupervised
clustering groups samples by genotype and by treatment. Genes are in rows and samples are
in columns. Column color coding is as follows: red, ATF4~~ versus ATF4"" untreated
neurons; blue, HCA-treated ATF4™" versus untreated ATF4™~ neurons; and green, HCA-
treated ATF4""* versus untreated ATF4** neurons. (B) The number of genes that are up- (red)

and down-regulated (green). Shown are three different contrasts: ATF47" versus ATF4**

+H+ ++

untreated neurons, HCA-treated ATF4™"" versus untreated ATF4™" neurons, and HCA-treated
ATF4™ versus untreated ATF4™" neurons. The complete list of differentially expressed
genes is available in Table S3, which is presented online at
http://www.jem.org/cgi/content/full/jem.20071460/DC1. ANOVA FDR, analysis of variance

false discovery rate; C, control.

Figure 4. ATF4 binds to a 33-bp binding element within the TRB3 promoter. (A)
EMSA performed with 10 pg of dialyzed nuclear extracts from HT22 cells transfected with
ATFAWT, mutant ATF4 (ATF4ARK), or GFP, respectively. Extracts were incubated with a
radioactively labeled WT oligonucleotide containing the TRB3 promoter binding site or with
a mutant oligonucleotide. Binding of ATF4WT to the TRB3WT promoter binding site was
corifirmed by supershift analysis (arrow) performed with an antibody (Ab) directed against
ATF4. (B) Overexpressed ATF4WT protein occupies its putative binding site within the
TRB3 promoter in HT22 cells, as shown by chromatin immunoprecipitation assay. HT22
cells were transfected with ATF4WT, mutant ATF4 (ATF4ARK), or GFP. An anti-myc
antibody was used to precipitate the proteins in nuclear extracts of cross-linked HT22 cells.
Coprecipitated DNA fragments were detected using PCR with a set of primers specific for the

ATF4 binding site in the TRB3 promoter, yielding a 190-bp product. A representative
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example of three experiments is shown. (C) HT22 cells were transfected with the expression
plasmids for ATF4WT, mutant ATF4 (ATF4ARK), or GFP. The cells were cotransfected
with either a luciferase reporter vector containing the 33-bp ATF4WT binding site (33 bp
WT), a reporter vector containing a mutant form of this binding site (33 bp MUT), or empty
vector (pGL3 basic). In parallel, the transfection mix contained a plasmid expressing Renilla
to allow normalization for transfection efficiency. The value for empty pGL3 cotransfected
with GFP was arbitrarily defined as 1. Shown are ratios of luciferase and Renilla activities

(mean + SD for three independent experiments; each data point was performed in duplicate).

Figure 5. Overexpression of ATF4WT restores sensitivity to oxidative stress and

** and

reduces neuronal viability itself. (A) Representative immunocytochemistry of ATF4
ATF4™ cortical neurons infected with the adenoviral constructs ATF4AWT and ATF4ARK.
Neurons were stained with antibodies against myc (green) and MAP2 (red), and were
counterstained with Hoechst dye (blue). Bar, 50 pm. (B) Whole-cell extracts obtained from
both ATF4""" and ATF4™" neurons infected with GFP, ATF4WT, and ATF4ARK were
separated using gel electrophoresis and immunodetected using an antibody directed against

++ .
™ cortical neurons

the myc tag. Total elF2« was monitored as a loading control. (C) ATF4
were infected with GFP, ATF4WT, and ATF4ARK adenoviruses at an MOI of 100. 24 h
after infection, neurons were treated with vehicle control (shown as C) or 10 mM HCA. 24 h
later, cell viability was determined using the MTT assay. The graph depicts mean (compared
with control) + SD calculated from four separate experiments for each group (n =45). P <
0.05 by the Kruskal-Wallis test followed by Dunn's multiple comparisons test from untreated
ATF4WT-overexpressing neurons (*) and from HCA-treated neurons overexpressing GFP (3
). (D) Live/dead assay. Bar, 50 um. (E) ATF4™" cortical neurons were infected with GFP,
ATF4AWT, and ATF4ARK adenoviruses at an MOI of 100. 24 h after infection, neurons were

treated with vehicle control (shown as C) or 10 mM HCA. 24 h later, cell viability was
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determined using the MTT assay. The graph depicts mean (compared with control) + SD
calculated from four separate experiments for each group (n = 28). P < 0.05 by the Kruskal-
Wallis test followed by Dunn's multiple comparisons test from untreated ATF4WT-
overexpressing neurons (*) and from HCA-treated neurons overexpressing GFP (§). (F)

Live/dead assay. Bar, 50 pm.

Figure 6. ATF4 has a negative impact on the neuronal glutathione metabolism. (A)
ATF4*"* () and ATF47" (a) cortical neurons were treated with 10 mM HCA. At the
indicated time points, cells were trypsinized, washed, and pelleted. Reduced glutathione
(GSH) was determined in the cell pellets using HPLC electrochemical detection. Data are
from three separate cultures, and each data point was measured in duplicate. Graph depicts
mean + SD. (B) Schematic overview over cysteine uptake and glutathione synthesis and their
inhibition. (C) ATF4™" and ATF47" cortical neurons were treated with a vehicle control
(shown as C) or 200 uM BSO. 24 h later, cell viability was determined using the MTT assay.
The graph depicts mean (compared with control) = SD calculated from five separate
experiments for each group (n = 46 ATF4™* and 58 ATF4™"). *, P < 0.05 from untreated
ATF4™* cultures by the Kruskal-Wallis test followed by Dunn's multiple comparisons test.

The difference between treated and untreated ATF4™~ neurons was not significant (n.s.). (D)

' Live/dead assay displaying untreated and BSO-treated ATF4™* and ATF4™" neurons. Bar, 50

pum. (E) Protein expression of ¥-GCS does not differ between ATF4™ and ATF4™" cortical
neurons. Cytoplasmic extracts were separated using gel electrophoresis and immunodetected
using an antibody against Y-GCS. Total elF2« was monitored as a loading control. (F)
ATF4*"* () and ATF4™~ (W) cortical neurons were treated with 200 uM BSO. At the
indicated time points, cells were trypsinized, washed, and pelleted. GSH was determined in
the cell pellets using HPLC electrochemical detection. Data are from three separate cultures,

++

and each data point was measured in duplicate. Graph depicts mean + SD. (G) ATF4
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cortical neurons were infected with GFP (¢), ATF4WT (M), and ATF4ARK (&) adenoviruses
at an MOI of 100. At the indicated time points after infection, cells were trypsinized, washed,
and pelleted. GSH was determined in the cell pellets using HPLC electrochemical detection.
The graph depicts mean + SD calculated from three separate experiments for each group, and
each data point was measured in duplicate. The value obtained from noninfected neurons was
arbitrarily defined as 100%. (H) ATF4™* cortical neurons were infected with GFP and
ATF4WT adenoviruses at an MOI of 100. 24 h after infection, neurons were treated with
vehicle control (shown as C), 10 mM HCA, 10 uM BHA, or a combination of both. The
graph depicts mean (compared with control) + SD calculated from five separate experiments
for each group (n = 29). *, P <0.05 from untreated neurons overexpressing ATF4WT by the
Kruskal-Wallis test followed by Dunn's multiple comparisons test. The difference between
neurons overexpressing ATF4WT treated with BHA alone and neurons overexpressing
ATF4WT treated with both BHA and HCA was not significant (n.s.). (I) Live/dead assay.

Bar, 50 pm.

Figure 7. Role of ATF4 in brain ischemia. (A, top) Sagittal sections of ATF 4% (left)
and ATF47™" (right) brains stained with cresyl violet. Bar, 3,000 pm. (A, middle) Ventral view
of large cerebral blood vessels of representative ATF 4*" (left) and ATF4™" (right) mice that
were perfused with India ink. Note the higher degree of tortuosity of the MCA in the brain
from the ATF4™" mouse. Bar, 3,000 pm. (A, bottom) Representative microscopic views of
brain sections from ATF4*"* and ATF4™" mice that were immunostained for the endothelial
cell-specific marker CD31 (green). Bar, 100 pm. (B) Representative brain sections at 4 d
after MCAo from ATF4™* (n = 5) and ATF4™~ (n = 6) mice from rostral to caudal stained
with cresyl violet to determine the infarct area. Bar, 1,000 pm. (C) The infarct area in
ATF4™* (#) and ATF4™" (M) brains was measured in 12 sequential sections taken from

ATF4™"* (n=5) and ATF4™~ (n = 6) mice at rostral to caudal regular intervals. Graph depicts
g ph dep
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mean + SD. (D) The infarct volume was assessed by adding the infarct volumes based on the
infarct area in each section. Graph depicts mean = SD. *, P < 0.0001 by the ¢ test. (E) Scoring
of neurological deficit was assessed at different time points of recovery in ATF4"™ (n= 5)
and ATF4™" (n = 4) mice. Graph depicts mean + SD. *, P < 0.05 by the Mann-Whitney test.
(F) Inclined plane test at different time points after stroke in ATF4™* (n = 5) and ATF4™ (n
= 4) mice. The test measured the time a mouse managed to hold itself on an inclined glass
plate angled at 50° before sliding down. Graph depicts mean + SD. *, P < 0.05 by the 7 test.
(G) Hanging wire test at different time points after stroke in ATF4** (n = 5)and ATF4™ (n=
4) mice. The hanging wire test determined the time it took an animal to cross a distance of 45

cm on a freely hanging narrow metal bar. Graph depicts mean + SD. *, P < 0.05 by the ¢ test.

Figure 8. ATF4 " neurons display lower ROS levels in response to HCA treatment.
ATF4™"* (A, untreated; o, treated) and ATF 4" (O, untreated; m, treated) cortical neurons
were treated with 10 mM HCA. At the indicated time points, the cultures were incubated for
45 min with 1.25 pM DCF-H,. Cells were washed with HBSS and read on a Fluorometer
plate reader at 485-nm excitation and 530-nm emission wavelengths. Neurons that were not
switched did not show any fluorescence and were used for background readings. Experiments
were performed in three separate sets of cultures (ATF4+/ *. n=51; ATF4”, n= 21). Each

data point was performed in duplicate. Values are mean + SD.

Figure 9. Cerebral blood flow, mean arterial blood pressure, and rectal temperature
after MCAo. Local cerebral blood flow (arbitrary values) was monitored in ATF4** (A) and
ATF4™ (B) mice before, during MCAo, and after reperfusion by laser Doppler flowmetry.
Mean arterial blood pressure (mmHg) was measured by cannulation of the left femoral artery.
Rectal temperature (°C) was measured using a rectal probe. BC, blood sample collection;

CCAo, common carotid artery occlusion.

10
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Figure 10. Differentially expressed genes in ATF4—/— neurons versus ATF4+/+
neurons before and after HCA treatment. From each of the three contrasts, the top 30 genes
with the highest fold change were selected. Ratios are log2 transformed. Up-regulated genes
(fold change > 0.2) are highlighted in light grey, and down-regulated genes (fold change < —

0.2) are highlighted in dark grey.

Figure 11. Comparison of the gene array data from this study with array data obtained
from ATF4-deficient fibroblasts An x indicates that the respeptive gene appears in both
datasets as differentially expressed. 42 genes were extracted in the fibroblast array, of which
18 overlap with this study. These are 43% of the 42 genes of the fibroblast data resulting in a

high level of significance at the hypergeometric test (P < 0.00001).

Figure 12. Physiological data from ATF4+/+ and ATF4-/- mice. Shown are the
values for blood gases, pH, levels of bicarbonate, glucose, and lactate, and values for mean
arterial blood pressure and body temperature. Measurements were carried out 45 min before

and after MCAo for three animals each.

DETAILED DESCRIPTION OF THE INVENTION

The invention is based on the surprising discovery by the inventor that ATF4 protein
(i.e., activating transcription factor 4) increases the likelihood of neural cell death from
oxidative stress. The inventors further discovered that a reduction of ATF4 activity renders
neurons resistant to neural cell death. Specifically, a reduction in ATF4 activity in mammals
was shown to protect the mammalian brain from stroke-induced injury and disability. A
reduction of ATF4 activity caused the mammals to recover more easily and maintained

proper motor function more efficiently following stroke-induced injury and disability.

11
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Method for Identifving a Drug Candidate

In one aspect, the invention relates to a method for identifying a drug candidate with
activity as a neuroprotective agent. The method includes determining whether a compound
reduces ATF4 activity, and identifying the compound that reduces ATF4 activity as a drug

candidate.

The term. “drug candidate” refers to any compound that has a putative or possible
effect as a neuroprotective agent in a mammal. Examples of compounds include biological

molecules and small molecules.

A biological molecule is any molecule which contains a more than one nucleotide,
saccharide, or a amino acid unit, and has a molecular weight greater than about 450.
Molecules that contain more than one nucleotide units include nucleic acids, oligonucleotides
and polynucleotides. Molecules that contain more than one saccharide unit include
disaccharides, trisaccharides, oligosaccharides (more than four saccharides) and
polysaccharides. Molecules that contain more than one amino acid units include

oligopeptides, peptides, proteins, and polypeptides .

Biological molecules further include derivatives of any of the molecules described
above. For example, defivatives of biological molecules include lipid and glycosylation
derivatives of molecules that contain more than one.amino acid unit, e.g., lipoporoteins and
glycoroteins. Derivatives of biological molecules further include lipid and glycosylated
derivatives of molecules that contain more than one,saccharide unit, e.g. lipopolysaccharides
and glycopolysaccharides. Derivatives of biological molecules further include proteo

derivatives of molecules that contain more than one nucleotide units.

12
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Small molecules are typically organic compounds, including organometallic and
organosilicon compounds, and the like, and generally have molecular weights of
approximately 450 or less. Small molecules can further include molecules that would
otherwise be considered biological molecules, except their molecular weight is not greater
than approximately 450. Thus, small molecules can include monosaccharides,
oligosaccharides, amino acids, oligopeptides, nucleotides, oligonucleotides, and their

derivatives, having a molecular weight of approximately 450 or less.

It is emphasized that a small molecule can have any molecular weight. They are
merely called small molecules because they do not qualify as biological molecules, and

typically have molecular weights less than approximately 450.

A drug candidate with “activity” as a neuroprotective agent refers to an ability to
induce a neuroprotective effect upon in vitro, ex vivo, or in vivo administration of the drug
candidate. Neuroprotective effects include preventing or reducing the likelihood of one or
more of the following events: an increase in cytoplasmic swelling of a neural cell, a decrease
in the number of dendrites attached to a neuron, a decrease in the number of synapses
associated with a neuron, a decrease in the branching of dendrites, and a decrease in nucleus

integrity in a neural cell.

The term “neuroprotective agent” refers to a substance, e.g., a compound, cell, etc.,
that limits neural dysfunction and/or death in the central nervous system (CNS) and
peripheral nervous system (PNS) by inducing neuroprotective effects. Neuroprotective
effects include maintaining neuronal viability, which includes maintaining integrity of normal
cellular interactions and normal neural function. The neural dysfunction and/or death may
result from acute disorders (e.g., stroke, CNS, or PNS injury or trauma) or from the onset of a

neurodegerative disease or condition (e.g., Parkinson’s, Alheimer’s, Multiple Schlerosis).

13
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A compound is identified as a drug candidate with activity as a neuroprotective agent
by determining whether the compound reduces the activity of (activating transcription factor
4) ATF4, which is also referred to as CREB2. ATF4 is a stress response transcription factor
that is expressed constitutively only at low concentrations, but gets rapidly induced under
particular cell stress conditions. Once translated, ATF4 protein binds to the promoter regions
of an array of different target genes including many that are involved in amino acid

metabolism and redox control.

As used herein, “ATF4” refers to human ATF4 having a nucleic acid sequence and
amino acid sequence as set forth in GenBank accession numbers NM_182810, NM_001675,
and CU012942. The term “ATF4” further includes a nucleic acid and amino acid sequence
having at least 95 percent homology (i.e., identity) to the sequences set forth in GenBank, as

determined by methods known in the art.

A compound that “reduces” ATF4 activity refers to a compound that decreases a
measurable level of ATF4 activity in a given assay in the presence of the compound, relative
to a measurable level of ATF4 activity in the absence of the compound when tested under the

same conditions.

Activity is considered reduced according to the invention if it is reduced at least about
10%, preferably, at least about 20%, more preferably at least about 30%, even more
preferably at least about 40%, and most preferably at least about 50% or more than in the
absence of the compound. Optimally, at least about 70%, more optimally at least about 85%,

and most optimally 100% of the ATF4 activity in a cell is reduced in a neural cell.

“ATF4 activity” as used herein can be reduced by any mechanism. For example,
ATF4 activity could be reduced by a reducing transcriptional induction of its cognate

messenger RNA (mRNA), decreasing stability of ATF4 mRNA, decreasing translation of
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ATF4 mRNA into protein, decreasing stability of ATF4 protein, decreasing ATF4 activity (in
the presence or absence of decreased protein), inhibiting binding of ATF4 to its target DNA,

or any other mechanism.

In one embodiment, the act of determining whether a compound reduces ATF4
activity includes providing a cell expressing ATF4, contacting the cell with the compound,
and measuring the level of ATF4 activity in the cell, wherein a decreasé in the level of ATF4
activity in the cell in the presence of the compound indicates that the compound is able to

reduce ATF4 activity.

The act of determining whether a compound reduces ATF4 activity in a given cell
may also be determined indirectly by determining either the amount of ATF4 mRNA or the
amount of ATF4 protein produced by the cell before and after contact with the compound.
The level of mRNA transcribed from the ATF4 gene or the level of ATF4 protein encoded by

the ATF4 gene in the cell may be determined by quantitative methods known in the art.

Any cell that expresses ATF4 may be used in the method of the invention.

Expression may occur in the cell in vitro or in vivo.

Examples of a suitable celi that expresses ATF4 in vitro include a neural cell and a
cell from the mouse hippocampal cell line HT22-ATF4-Puro, and several cancer cell lines as
disclosed in Fels, et al. 2006, Cancer Biol. Ther. 5:723-728; Shringarpure, et al. 2006, Br. .J.
Haematol. 134:145-156; Torigoe, et al. 2005, Curr. Med. Chem. Anticancer Agents. 5:15—
27; Park, et al. 2004, J. Natl. Cancer Inst. 96:1300—-1310; Tanabe, et al., 2003, Cancer Res.
63:8592—-8595. The cell may be derived from any mammal, such as a mouse, rat, or human.

Preferably, the cell is derived from a human.
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Cells that express ATF4 in vitro may require a known compound to induce ATF4
expression, such as thapsigargin and tunicamycin. Accordingly, in one embodiment, the
level of ATF4 activity in the cell in the presence of the test compound is measured in relation

to a level of ATF4 activity in the cell contacted with thapsigargin or tunicamycin.

Examples of a suitable cell that expresses ATF in vivo include neural cells. Any
neural cell may be involved in the methods of the invention. As used herein, a "neural cell"
includes nerve cells (i.e., neurons, e.g., uni-, bi-, or mulipolar neurons) and their precursors
and glial cells (e.g., macroglia such as astrocytes, oligodendrocytes, ependymal cells, radial
glia, Schwann cells, Satellite cells, and microglia) and their precursors. Microglia are
specialized macrophages capable of phagocytosis that protect neurons of the central nervous
system. The term "precursor" refers to cells which are capable of developing into a specific
cell type. For example, a neural cell precursor is a cell which is capable of developing into a
mature neural cell (i.e., a cell having the characteristic morphology and function of a neural

cell).

Examples of cells that may undergo neural cell injury or death include cells of the
central nervous system (CNS) or peripheral nervous system (PNS), including neurons,
ganglia, Schwann cells, astrocytes, oligodendrocytes, microglia cells, endothelial cells,

immune cells (e.g., macrophages, T cells, B cells, and neutrophils), etc.

Suitable cells include those of mammals, e.g., laboratory animals, such as mice, rats,
and other rodents; monkeys, baboons, and other primates, efc. In one embodiment, the cell is

a human cell.

The act of determining whether a compound reduces ATF4 activity includes
contacting the cell expressing ATF4 with the compound. The term “contacting” refers to

directly or indirectly bringing the cell and the compound together in physical proximity. The
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contacting may be performed in vitro or in vivo. For example, the cell may be contacted with
the compound by delivering the compound into the cell through known techniques, such as
microinjection, injecting the compound into the bloodstream of a mammal, and incubating

the cell in a medium that includes the compound.

The act of determining whether a compound reduces ATF4 activity further includes
measuring the level of ATF4 activity in the cell. The level of ATF4 may be measured by any
method known in the art, including for example, PCR analysis, RT-PCR, Northern blot,
Western blot, immunohistochemistry, ELISA assays, luciferase reporter assays, etc. For
example, the level of ATF4 activity may be assessed by measuring the level of induction of a

reporter gene (e.g., luciferase) that is operably linked to the ATF4 gene.

The level of ATF4 activity may also be assessed by detecting the level of activity of a
gene that is.targeted by ATF4. Genes that are targeted by ATF4 include, for example, heme
oxygenase 1, stanniocalcin2, osteocalcin, gadd153/CHOP, and TRB3. Typically, the level of
ATF4 activity in a given cell is measured in the présence of and in the absence of the test

compound.

Identifying drug candidates typically involves multiple phases. During the early
stages, compounds, preferably large libraries of compounds are screened or tested in vitro for

binding to and/or biological activity at ATF4.

The compounds that exhibit activity (“active compounds” or “hits™) from this initial
screening process are then tested through a series of other in vifro and in vivo tests to further

characterize the neuroprotective activity of the compounds.
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The in vivo tests at this phase may include tests in non-human mammals such as those
mentioned above. If a compound meets the standards for continued development as a drug

following in vitro and in vivo tests, the compound is typically selected for testing in humans.

A progressively smaller number of test compounds at each stage are selected for
testing in the next stage. The series of tests eventually leads to one or a few drug candidates
being selected to proceed to testing in human clinical trials. The human clinical trials may
include studies in a human suffering from a medical condition that can be treated or

prevented by reducing ATF4 activity.

Suitable drug candidates for the methods described herein are preferably, but not
necessarily, approved by a governmental entity responsible for approving drugs for human
use (e.g., the United States Food and Drug Administration, and comparable national and

regional agencies outside the United States).

Method for Reducing ATF4 Activity in a Neural Cell

In another aspect, the invention relates to a method for reducing ATF4 activity in a
neural cell in a human in need thereof. The method includes administering to the human an
effective amount of: Thimerosal; Gambogic Acid;Anthothecol; Disulfiram; Pyrithione Zinc;
Thiram; Tomatine; Dihydrogambogic Acid;Trifluoperazine Hydrochloride; Alexidine
Hydrochloride; Phenylmercuric Acetate; Pristimerin; Aklavine Hydrochloride; 6,3'-
Dimethoxyflavone; Tetrachloroisophthalonitrile; Actinomycin D; Cedrelone; Pyrromycin;
Mitoxanthrone Hydrochloride; Tyrothricin ; Selinidin; Gentian Violet; Clofoctol;
Aminacrine; Penicillic Acid; Byssochlamic Acid; Hieracin; Atranorin; Dihydrojasmonic
Acid; Deltaline; Azaserine; Sodium Fluoroacetate; Thalidomide; Neomycin Sulfate;
Camptothecin; Trimedlure (5-Cl Isomer Present); Chlorguanide Hydrochloride;

Benzo[a]pyrene; Hycanthone; Methotrexate; Dihydrorotenone; Galanthamine Hydrobromide;
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Ipraflavone; 5,7-Dichlorokynurenic Acid; Haematoporphyrin Dihydrochloride; Osthol; 1r,2s-
Phenylpropylamine; 2,4-Dinitrophenol; Bromopride; Isorotenone ; Lycorine; Halcinonide; 7-
Desacetoxy-6,7-Dehydrogedunin; 6-Aminonicotinamide; 6alpha-methylprednisolone acetate;
Teniposide; 1-Methylxanthine; Mercaptopurine; Tripelennamine Citrate; 9-Amino-1,2,3,4-
Tetrahydroacridine Hydrochloride; Beta-Dihydrorotenone; Acivicin; Hydroxytacrine
Maleate; or Cetylpyridinium Chloride. See Figure 13. Such compounds reduce ATF4

activity in vitro, ex vivo, or in vivo.

A human in need of a method for reducing ATF4 acﬁvity in a neural cell include a
human suffering from a memory deficit; a memory surfeit; a stroke; ischemia; trauma to the
central nervous system or peripheral nervous system; epilepsy-related brain damage,
poisoning with a neurotoxic compound, or radiation-induced brain damage; an infectious
disease of the central nervous system or peripheral nervous system; a cancer of the central

nervous system or peripheral nervous system; and a neurodegenerative disease or condition.

The method for reducing ATF4 is especially useful in a human suffering from a
neurodegenerative disease or condition. A neurodegenerative disease or condition includes
Alexander disease, Alper's disease, Alzheimer's disease, Amyotrophic lateral sclerosis,
Ataxia telangiectasia, Batten disease (also known as Spielmeyer-Vogt-Sjogren-Batten
disease), Bovine spongiform encephalopathy (BSE), Canavan disease, Cockayne syndrome,
Corticobasal degeneration, Creutzfeldt-Jakob disease, Huntington disease, HIV-associated
dementia, Kennedy's disease, Krabbe disease, Lewy body dementia, Machado-Joseph disease
(Spinocerebellar ataxia type 3), Multiple sclerosis, Multiple System Atrophy,
Neuroborreliosis, Parkinson disease, Pelizaeus-Merzbacher Disease, Pick's disease, Primary
lateral sclerosis, Prion diseases, Refsum's disease, Sandhoff disease, Schilder's disease,

Schizophrenia, Spielmeyer-Vogt-Sjogren-Batten disease (also known as Batten disease),
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Spinocerebellar ataxia (multiple types with varying characteristics), Spinal muscular atrophy,
Steele-Richardson-Olszewski disease, Tabes dorsalis, depression or a psychiatric disorder in

which elements of cognition and memory have become disordered.

Specifically, the method for reducing ATF4 is especially useful in a human suffering
from dementia, which is a neurodegenerative disease or condition. More specifically, the
dementia is age-related dementia, dementia related to vitamin deficiency, or alcohol-related

dementia.

A human in need of a method for reducing ATF4 activity in a neural cell may also be
a human in need of any of the methods described herein as comprising administering to the
human an effective amount of a compound that reduces ATF4 activity. Such methods
include, for example, protecting neural cells from neural cell injury or death; promoting

recovery of neural cell function; promoting synaptic plasticity; and limiting oxidative stress.

In one embodiment, the method for reducing ATF4 activity by administering a
compound that reduces ATF4 activity further includes prescribing or treating the human with

physical therapy, psychotherapy, or a combination thereof.

Physical therapy includes treating disease, injury, or disability by physical and
mechanical means (such as by massage, regulated exercise, water, light, heat, and electricity).
Physical therapy may include robotic techniques, such as those described in Volpe BT et al
(2005) Robotics and Other Devices in the Treatment of Patients Recovering from Stroke.

Current Neurology and Neuroscience Reports 5:465—470.

Conditions that can be treated with a combination of reducing ATF4 activity and

physical therapy include: muscular control, sport-related injuries, traumatic brain injury,
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stress incontinence, neurological conditions, such as stroke and multiple sclerosis,

rehabilitation following amputation, and cardiopulmonary rehabilitation.

Psychotherapy refers to treating a mental or emotional disorder or related physical
conditions by psychological means. Psychotherapy includes various therapy models used by
clinical psychologists. Four major psychotherapy perspectives include psychodynamic,
cognitive behavioral, existential-humanistic, and systems or family therapy. All
psychotherapy models involve a formal relationship between the clinical psychologist and
client. The client may be an individual, couple, family, or small group. Psychotherapies
typically employ a set of procedures to form a therapeutic alliance, explore the nature of

psychological problems, and encourage new ways of thinking, feeling, or behaving.

Conditions that can be treated with a method for reducing ATF4 activity and
psychotherapy include: Anxiety Disorders such as those listed in the DSM-IV, including
Generalized Anxiety Disorder, Panic Disorder (with and without Agoraphobia), Agoraphobia
Without History of Panic Disorder, Specific Phobia, Social Phobia, Obsessive-Compulsive

Disorder, Posttraumatic Stress Disorder, Acute Stress Disorder, and Anxiety Disorders.

Method for Protecting Neural Cells from Further Neural Cell Injury or Death

In another aspect, the invention relates to a method for protecting a neural cell from
further neural cell injury or death in a human who has suffered neural cell injury or death.
The method includes administering to the human an effective amount of a compound that

reduces ATF4 activity.

“Protecting a neural cell from further neural cell injury or death” refers to decreasing

the likelihood of further neural cell injury or death in a neural cell, as compared to the
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likelihood in the absence of a compound that reduces ATF4 activity. Protecting a neural cell

includes being able to produce neuroprotective effects, as described above.

A human who has suffered a neural cell injury or death caused by a disease or
disorder of the CNS or PNS may be susceptible to further neural cell injury or death. For
example, a human who has suffered a first neural cell injury or death due to stroke are
typically more susceptible or have a greater likelihood of suffering additional neural cell
injury or death after the first episode of stroke. The increase in susceptibility is in relation to

a human who have not suffered a first neural cell injury or death.

Method for Promoting Recovery of Neural Cell Function

In a further aspect, the invention relates to a method for promoting recovery of neural
cell function in a human that has suffered neural cell injury or death. The method includes

administering to the human an effective amount of a compound that reduces ATF4 activity.

“Promoting” recovery of neural cell function refers to increasing the likelihood of
recovery of neural cell function following a neural cell injury or death. The neural cell
injury or death may result in a partial or complete loss of an ability of the neural cell to
properly function. The likelihood of recovery is in relation to the likelihood in the absence of

a compound that reduces ATF4 activity.

“Recovery of neural cell function” refers to regaining at least in part the ability to
perform a neural cell function properly, following a neural cell injury or death. Recovery can
also refer to preservation of the ability of a neural cell to perform a function that it performed
previous to a neural cell injury or death. The recovery of neural cell function may be due to
partial or complete restoration of a structure of a neural cell that was subjected to a neural cell

injury or death.
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“Neural cell function” refers to any function, role, task, or activity performed by a
normal neural cell. Neural cell functions include the ability to allow for processing and
recalling of information; regulation of factors, hormones, proteins, or compounds relating to
the CNS and PNS; stimulating release or uptake of endogenous chemicals; controlling of

motor functions; receiving and processing sensory factors; maintaining consciousness, etc.

Method for Promoting Synaptic Plasticity

In yet a further aspect, the invention relates to a method for promoting synaptic
plasticity in a human in need thereof. The method comprises administering to a human in

need thereof an effective amount of a compound that reduces ATF4 activity.

“Promoting” synaptic plasticity refers to increasing the likelihood of synaptic
plasticity in a neural cell following a neural cell injury of death. The likelihood of synaptic
plasticity is in relation to the likelihood in the absence of a compound that reduces ATF4

activity.

“Synaptic plasticity” refers to the capacity of a neural cell to change its structure
and/or function in response to a neural cell injury or death, environmental condition,
experience, or ongoing CNS or PNS activity. Synaptic plasticity may involve the
proliferation of neural cells, the growth or movement of neural cell processes and/or
alterations in their shape. Synaptic plasticity may involve formation of new synaptic
connections between or amongst neural cells, which may involve growth or movement of
neural cells. Synaptic plasticity may further involve strengthening or weakening of existing

synaptic connections.

A human in need of a method for promoting synaptic plasticity include a human in

need of a method for reducing ATF4 activity in a neural cell, as described above.

23



10

15

20

WO 2009/020601 PCT/US2008/009413

Method for Limiting Oxidative Stress

In another aspect, the invention relates to a method for limiting oxidative stress in a
human who has a condition in which oxidative stress is a mediator of injury. The method
includes administering to the human an effective amount of a compound that reduces ATF4

activity.

“Limiting oxidative stress” refers to decreasing the likelihood of oxidative stress in
relation to the likelihood in the absence of a compound that reduces ATF4 activity.
“Oxidative stress” refers to a condition in which there is an overproduction of oxygen-free

radicals or a deficiency in an antioxidant defense and repair mechanism, or both.

Disorders and Diseases

“Neural cell injury or death” refers to any physical alteration, disruption, physical or
chemical insult to a neural cell, or disease or disorder in which reducing ATF4 activity is
desired as described below. The neural cell injury or death may result in a partial or complete

loss of an ability of the neural cell to properly function.

Disorders and diseases in which reducing ATF4 activity is desired for treatment
include ischemia, neurodegenerative disease or condition, or stroke. Additional disorders
and diseases in which reducing ATF4 activity is desired for treatment traumatic disorders
(including but not limited to spinal cord injuries, spinal cord lesions, or other CNS pathway
lesions), surgical nerve lesions, damage secondary to infarction, infection, exposure to toxic
agents, malignancy, paraneoplastic syndromes, or patients with various types of
neurodegenerative disorders of the central nervous system. A mammal suffering from
neural cell injury or death includes a mammal that is suffering from a disease or disorder in

which reducing ATF4 activity is desired.
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Ischemia

Any mammal suffering from ischemia can be treated in accordance with the methods
of the present invention. Ischemia generally refers to a condition of decreased blood flow to
an organ, tissue and/or cell. The decrease in blood flow can be caused by, for example,
constriction (e.g., hypoxemic vasoconstriction) or obstruction (e.g., clot, atherosclerotic

plaque) of a blood vessel.

Ischemia can occur in any cell, organ, and/or tissue. Examples of cells, organs, and/or
tissues which can be subjected to ischemia include neuronal cells (e.g., neurons, ganglia,
Schwann cells, astrocytes, oligodendrocytes and microglia), brain, spinal cord, intestinal

cells, kidney cells, heart and cardiac muscle cells such as myocytes, etc.

Neurodegenerative Disease or Condition

A neurodegenerative disease or condition typically refers to a disorder generally
characterized by gradual and progressive loss of cells, tissue and/or organ of the central or
peripheral nervous system. Examples of such cells, tissues and organs include, the brain,

spinal cord, neurons, ganglia, Schwann cells, astrocytes, oligodendrocytes and microglia.

Any mammal suffering from any neurodegenerative disease or condition can be
treated in accordance with the methods of the present invention. For example, the
neurodegenerative disease or condition can be an acute condition. Acute conditions generally
occur as a result of trauma to a cell, tissue and/or organ of the nervous system. The trauma
can, for example, partially or completely block blood flow to the cell, tissue and/or organ.

Examples of acute neurodegenerative conditions include head injury and brain injury.

Alternatively, the neurodegenerative disease or condition can be a chronic

neurodegenerative condition. Examples of chronic neurodegenerative diseases and
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conditions include Parkinson’s disease, Alzheimer’s disease, Huntington’s disease and

Amyotrophic Lateral Sclerosis (also known as Lou Gherig’s disease).

Additional examples of neurodegenerative disorders and diseases that can be treated
by the invention include but are not limited to Alexander disease, Alper's disease,
Alzheimer's disease, Amyotrophic lateral sclerosis, Ataxia telangiectasia, Batten disease (also
known as Spielmeyer-Vogt-Sjogren-Batten disease), Bovine spongiform encephalopathy
(BSE), Canavan disease, Cockayne syndrome, Corticobasal degeneration, Creutzfeldt-Jakob
disease, Huntington disease, HIV-associated dementia, Kennedy's disease, Krabbe disease,
Lewy body dementia, Machado-Joseph disease (Spinocerebellar ataxia type 3), Multiple
sclerosis, Multiple System Atrophy, Neuroborreliosis, Parkinson disease, Pelizaeus-
Merzbacher Disease, Pick's disease, Primary lateral sclerosis, Prion diseases, Refsum's
disease, Sandhoff disease, Schilder's disease, Schizophrenia, Spielmeyer-Vogt-Sjogren-
Batten disease (also known as Batten disease), Spinocerebellar ataxia (multiple types with
varying characteristics), Spinal muscular atrophy, Steele-Richardson-Olszewski disease,

Tabes dorsalis, and other dementias.

Stroke

Any mammal suffering from stroke can be treated in accordance with the methods of
the present invention. Stroke is a type of cardiovascular disease that generally involves the
interruption of blood flow to and/or within the brain. The interruption of blood flow can be
due to, for example, a blockage or rupture of an artery or vessel. The blockage typically
occurs from a blood clot. As a result of the interruption of blood flow, the brain does not

receive sufficient amounts of blood.
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Trauma of the CNS or PNS

Any type of trauma to the nervous system may be treated by the methods of the
claimed invention. As described above, trauma of the CNS or PNS include, but are not
limited to, spinal cord injuries, spinal cord lesions, other CNS pathway lesions, as well as
injuries to the PNS, such as injuries to a nerve or neuron of the PNS and axon damage
resulting in demyelination of the PNS. Such trauma can arise from either physical injury or
disease. Any mammal suffering from a trauma of the CNS or PNS can be treated in

accordance with the methods of the present invention.

For example, spinal cord injury refers to any damage to the spinal cord. The damage
typically results in loss of function, such as mobility or feeling. Damage to the spinal cord
can occur, for example, as a result or trauma (car accident, gunshot, falls, etc.) or disease

(polio, spina bifida, Friedreich's Ataxia, etc).

Any injury to the spinal cord can be treated in accordance with the method of the
present invention. For example, the injury can be a complete injury to the spinal cord.
Complete injury typically refers to the lack of function (e.g., no sensation and no voluntary

movement) below the site of injury. Both sides of the body are usually affected.

Alternatively, the injury may be an incomplete injury to the spinal cord. An
incomplete injury generally refers to some function below the site of injury. For instance, a
person with an incomplete injury may be able to move one limb more than another, may be
able to feel parts of the body that cannot be moved, or may have more functioning on one

side of the body than the other, etc.
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Additional injuries, traumas, and insults include epilepsy related brain damage;
infectious disease, such as bacterial or viral meningitis and meningo-encephalitis, or prion

diseases; poisonings with neurotoxic compounds; and radiation-induced brain damage.
Dementia

Dementia is a loss of mental ability severe enough to interfere with normal activities
of daily living, lasting more than six months, not present since birth, and not associated with

a loss or alteration of consciousness.

Dementia is a group of symptoms caused by gradual death of brain cells. The loss of
cognitive abilities that occurs with dementia leads to impairments in memory, reasoning,
planning, and personality. While the over-whelming number of people with dementia are
elderly, and can be a result of the process of aging. Dementia is also caused by specific brain
diseases. Of these, Alzheimer's disease (AD) is the most common, followed by vascular or

multi-infarct dementia.

Dementia is usually caused by degeneration in the cerebral cortex, the part of the
brain responsible for thoughts, memories, actions and personality. Death of brain cells in this

region leads to the cognitive impairment which characterizes dementia. This degeneration can

“be a result of the process of aging.

Another common cause of dementia is AD. The braiﬁ of a person with AD becomes
clogged with two abnormal structures, called neurofibrillary tangles and senile plaques.
Neurofibrillary tangles are twisted masses of protein fibers inside nerve cells, or neurons.
Senile plaques are composed of parts of neurons surrounding a group of proteins called beta-
amyloid deposits. Why these structures develop is unknown. Current research indicates

possible roles for inflammation, blood flow restriction, and toxic molecular fragments known
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as free radicals. Several genes have been associated with higher incidences of AD, although

the exact role of these genes is still unknown.

Vascular dementia occurs from decrease in blood flow to the brain, most commonly
due to a series of small strokes (multi-infarct dementia). Other cerebrovascular causes
include: vasculitis from syphilis, Lyme disease, or systemic lupus erythematosus; subdural
hematoma; and subarachnoid hemorrhage. Because of the usually sudden nature of its cause,
the symptoms of vascular dementia tend to begin more abruptly than those of aging or
Alzheimer's dementia. Symptoms may progres§ stepwise with the occurrence of new strokes.

Unlike AD, the incidence of vascular dementia is lower after age 75.

Other conditions which may cause dementia include: AIDS; Parkinson's disease;
Lewy body disease; Pick's disease; Huntington's disease; Creutzfeldt-Jakob disease; brain
tumor; hydrocephalus; head trauma; multiple sclerosis; prolonged abuse of alcohol or other

drugs; vitamin deficiency: thiamin, niacin, or B »; hypothyroidism; and hypercalcemia.

Compounds that Reduce ATF4 Activity

Any of the compounds listed above as being effective in the method for reducing
ATF4 activity in a neural cell in a human in need thereof may be used in any of the methods
described above as comprising administering to the human an effective amount of a
compound that reduces ATF4 activity. Such methods include, for example, protecting neural
cells from neural cell injury or death; promoting recovery of neural cell function; promoting

synaptic plasticity; and limiting oxidative stress.

Similarly, the same compounds may be used in the disorders and diseases listed above

as capable of being treated in accordance with the invention. These disorders and diseases
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include, for example, ischemia, any of the neurodegenerative diseases or conditions listed

above, stroke, trauma of the CNS or PNS, and dementia.

A compound that reduces ATF4 activity or may be used in the disorders and diseases
listed above as capable of being treated in accordance with the invention further includes
compounds identified by the method for identifying a drug candidate with activity as a

neuroprotective agent, as described above.

Administration

The compounds of the invention are administered to a human in an amount effective
in achieving its purpose. The effective amount of the compound to be administered can be
readily determined by those skilled in the art, for example, during pre-clinical trials and
clinical trials, by methods familiar to physicians and clinicians. Typical daily doses include

approximately 1 mg to 1000 mg.

Any method known to those in the art for contacting a cell, organ or tissue with a
compound may be employed. Suitable methods include in vitro, ex vivo, or in vivo methods.
In vitro methods typically include cultured samples. For example, a cell can be placed in a
reservoir (e.g., tissue culture plate), and incubated with a compound under appropriate
conditions suitable for reducing ATF 4-activity. Suitable incubation conditions can be readily

determined by those skilled in the art.

Ex vivo methods typically include cells, organs or tissues removed from a mammal,
such as a human. The cells, organs or tissues can, for example, be incubated with the
compound under appropriate conditions. The contacted cells, organs or tissues are normally
returned to the donor, placed in a recipient, or stored for future use. Thus, the compound is

generally in a pharmaceutically acceptable carrier.
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In vivo methods are typically limited to the administration of a compound, such as
those described above, to a mammal, preferably a human. The compounds useful in the
methods of the present invention are administered to a mammal in an amount effective in
reducing ATF4 activity or treating the mammal. The effective amount is determined during

pre-clinical trials and clinical trials by methods familiar to physicians and clinicians.

An effective amount of a compound useful in the methods of the present invention,
preferably in a pharmaceutical composition, may be administered to a mammal in need
thereof by any of a number of well-known methods for administering pharmaceutical

compounds. The compound may be administered systemically or locally.

For example, the compound may be administered orally, intravenously, intranasally,
intramuscularly, subcutaneously, or transdermally. Other routes of administration include
intracerebroventricularly or intrathecally. Intracerebroventiculatly refers to administration
into the ventricular system of the brain. Intrathecally refers to administration into the space
under the arachnoid membrane of the spinal cord. Thus intracerebroventricular or intrathecal
administration may be preferred for those diseases and conditions which affect the organs or

tissues of the central nervous system.

The compounds useful in the methods of the invention may also be administered to
mammals by sustained release, as is known in the art. Sustained release administration is a
method of drug delivery to achieve a certain level of the drug over a particular period of time.

The level typically is measured by serum or plasma concentration.

A description of methods for delivering a compound by controlled release can be
found in international PCT Application No. WO 02/083106. The PCT application is
incorporated herein by reference in its entirety. Other controlled release agents are

described, for example, in U.S. Patent Nos. 5,567,439; 6,838,094; 6,863,902; and 6,905,708.
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The controlled release agents and methods for making them in these patents are incorporated

herein by reference.

Any formulation known in the art of pharmacy is suitable for administration of the
compounds useful in the methods of the present invention. For oral administration, liquid or
solid formulations may be used. Some examples of formulations include tablets, capsules,
such as gelatin capsules, pills, troches, elixirs, suspensions, syrups, wafers, chewing gum and
the like. The compounds can be mixed with a suitable pharmaceutical carrier (vehicle) or
excipient as understood by practitioners in the art. Examples of carriers and excipients
include starch, milk, sugar, certain types of clay, gelatin, lactic acid, stearic acid or salts
thereof, including magnesium or calcium stearate, talc, vegetable fats or oils, gums and

glycols.

Formulations of the compounds useful in the methods of the present inventions may
utilize conventional diluents, carriers, or excipients etc., such as those known in the art to
deliver the compounds. For example, the formulations may comprise one or more of the
following: a stabilizer, a surfactant, preferably a nonionic surfactant, and optionally a salt .
and/or a buffering agent. The compound may be delivered in the form of an aqueous

solution, or in a lyophilized form.

The stabilizer may, for example, be an amino acid, such as for instance, glycine; or an
oligosaccharide, such as for example, sucrose, tetralose, lactose or a dextran. Alternatively,
the stabilizer may be a sugar alcohol, such as for instance, mannitol; or a combination
thereof. Preferably the stabilizer or combination of stabilizers constitutes from about 0.1% to
about 10% weight for weight of the compound. The surfactant is preferably a nonionic

surfactant, such as a polysorbate. Some examples of suitable surfactants include Tween20,
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Tween80; a polyethylene glycol or a polyoxyethylene polyoxypropylene glycol, such as

Pluronic F-68 at from about 0.001% (w/v) to about 10% (w/v).

The salt or buffering agent may be any salt or buffering agent. Some examples of
salts include sodium or potassium chloride, or sodium or potassium phosphate. Preferably,
the buffering agent maintains the pH of the pharmaceutical composition in the range of about
5.5 to about 7.5. Some examples of buffers include sodium or potassium biphosphate,
sodium or potassium bicarbonate, and mixtures of carboxylic acids and salts thereof, such as,

for example, ascetic acid/sodium acetate and citric acid/potassium citrate.

The salt and/or buffering agent is also useful to maintain the osmolality at a level
suitable for administration to a human or an animal. Preferably the salt or buffering agent is

present at a roughly isotonic concentration of about 150mM to about 300mM.

The formulations of the compounds useful in the methods of the present invention
may additionally contain one or more conventional additive. Some examples of such
additives include a solubilizer such as, for example, glycerol; an antioxidant such as for
example, benzalkonium chloride (a mixture of quaternary ammonium compounds, known as
“quats”™), benzyl alcohol, chloretone or chlorobutanol; anaesthetic agent such as for example a
morphine derivative; or an isotonic agent etc., such as described above. As a further
precaution against oxidation or other spoilage, the pharmaceutical compositions may be

stored under nitrogen gas in vials sealed with impermeable stoppers.

33



10

15

20

WO 2009/020601 PCT/US2008/009413

EXAMPLES

Example 1: Amino acid depletion and thapsigargin treatment induce ATF4 and protect

embryonic cortical neurons from oxidative stress—induced cell death

Arginase and thapsigargin led to nearly complete protection from neuronal cell death
(Fig. 1, A and B) and to accumulation of ATF4 protein (Fig. 1 C). Interestingly, oxidative

stress alone was shown to be was sufficient to induce ATF4 protein levels (Fig. 1 C).

Example 2: Cortical neurons from ATF47" brains are resistant to oxidative stress—

induced cell death

To verify that the protection by arginase and thapsigargin requires ATF4, cortical
neurons from brains of embryonic ATF4™" mice (E15.5) were cultured.
Immunohistochemical analysis (Fig. 2 A) using an antibody to microtubule-associated
protein 2 (MAP2; which stains neu;al dendrites) showed that basal viability and morphology
of cell bodies and dendrites did not display any differences between ATF4"" and ATF4™~
neurons. ATF4 mRNA was found to be induced in ATF4™* neurons after oxidative stress

and its absence in ATF4™" neurons (F ig. 2 B) was confirmed.

Susceptibility to oxidative stress induced by the glufamate analogue homocysteate
(HCA) in ATF4+/+ and ATF4™" cortical neurons (Fig. 2, C and D) was then examined.
ATE4™" neurons were found to be significantly protected from oxidative stress—induced
death. ATF4™" neurons demonstrated enhanced resistance, as monitored by MTT reduction
(Fig. 2 C) and live/dead staining (Fig. 2 D). Moreover, in ATF4*"* neurons, ATF4 induction
by treatment with HCA was a result of induction at the translational level (Fig. 2 E). The
nuclear accumulation of ATF4 in ATF4** neurons exposed to oxidative stress (Fig. 2 F) was

confirmed.
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Higher nuclear ATF4 activity after oxidative stress was demonstrated by showing
higher promoter activity of an ATF4 target gene, tribbles homologue 3 (TRB3), that has been
recently associated with cell death. TRB3 mRNA is induced upon HCA treatment in an

ATF4-dependent manner (Fig. 2 G).

To characterize ATF4 binding on the promoter of TRB3, a 2-kb fragment of the
mouse TRB3 promoter (Fig. 2 H) was generated. This fragment contains a 33-bp element
whose human analogue has been characterized as a DNA binding region of ATF4.
Transfection of both ATF4*"* and ATF4™ neurons with the TRB3WT promoter construct,
along with a mutant version lacking the binding element, revealed that this element plays an
important but not exclusive role in the induction of the TRB3 promoter after oxidative stress.
In the absence of ATF4, the TRB3 promoter activity was not induced in response to oxidative

stress.

Example 3: Microarray analysis reveals that ATF4 regulates a subset of genes that are

induced in response to oxidative stress

To begin to examine whether ATF4 functions primarily as a repressor or activator in
neurons and to determine the extent to which these ATF4-regulated genes function similarly
in fibroblasts and neurons, a global analysis of gene expression using microarrays in ATF4™*
and ATF4™" neurons (F ig. 3 A) was performed. More specifically, (a) the physiological
genomic effect of ATF4 knockout (comparing ATF47™~ with ATF4"* neurons), and (b) the
effect of ATF4 knockout on the response to oxidative stress (comparing ATF4™~ with
ATF4™ neurons after HCA treatment; Fig. 3 B and Fig. 10) was assessed. At the chosen

statistical threshold (5% false discovery rate), 136 probes were down-regulated in ATF4™"

versus ATF4** neurons, compared with 53 that were up-regulated, suggesting a role for
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ATF4 as a transcriptional activator. Functional gene ontology categories overrepresented in

this list include mitochondrion, oxidoreductase activity, and amino acid metabolism.

Several of the down-regulated genes have been shown to be positively regulated by
ATF4, including the prodeath gene TRB3. Comparison of ATF4™ versus ATF4*" neurons
after oxidative stress with HCA treatment suggested a fundamental role of ATF4 in
modulating oxidative stress—induced gene expression. In fact, 119 probes are dysregulated in
response to oxidative stress in ATF4™* neurons, whereas only 3 change in ATF 47" neurons.
Collectively, these findings suggest that ATF4 is a major upstream regulator of oxidative
stress—induced changes in gene expression. Additionally, for most genes in embryonic

cortical neurons, ATF4 functions as an activator and not a repressor.

Figure 10 displays the differentially expressed genes in ATF4™~ neurons versus
ATF4™* neurons before and after HCA treatment. From each of the three contrasts, the top
30 genes with the highest fold change were selected. Ratios are log2 transformed. Up-
regulated genes (fold change > 0.2) are highlighted in light grey, and down-regulated genes

(fold change <—0.2) are highlighted in dark grey.

Gene expression array data were obtained from ATF4~~ fibroblasts that display a
higher susceptibility to oxidative stress (Harding, et al., 2003, Mol. Cell. 11:619-633). A
significant overlap could be observed between the array data from ATF4™" fibroblasts and
neurons (Figure 11), indicating that ATF4 regulates at least a major part of target genes in a
cell type—independent manner. These similarities do not explain the observation that ATF4 is
prosurvival in fibroblasts and prodeath in neurons, but they demonstrate the reliability in the

present analysis.

In contrast, a subset of genes, including the prodeath gene TRB3, were ATF4-

regulated in neurons but not in fibroblasts. Collectively, these findings provide some

36



10

15

20

WO 2009/020601 PCT/US2008/009413

understanding of the tissue-specific gene regulation mediated by ATF4 that could account for

the divergent phenotypes in dividing fibroblasts versus postmitotic neurons.

Figure 11 shows a comparison of the gene array data from this study with array data
obtained from ATF4-deficient fibroblasts. An x indicates that the respective gene appears in
both datasets as differentially expressed. 42 genes were extracted in the fibroblast array, of
which 18 overlap with this study. These are 43% of the 42 genes of the fibroblast data

resulting in a high level of significance at the hypergeometric test (P < 0.00001).

Example 4: Overexpression of ATF4 is sufficient to restore sensitivity to glutathione

depletion—induced cell death and is capable of inducing cell death by itself

Because germline knockout animals (Masuoka, et al., 2002, Blood. 99:736-745) were
used in this study, the bossibility that the decreased susceptibility to oxidative stress was a
consequence of a compensatory effect distantly related to ATF4 deficiency was analyzed. To
address this possibility, adenoviral overexpression of a mouse ATF4WT construct was used.
As a control, a dominant-negative ATF4 construct harboring a mutation in its DNA binding
domain *’RYRQKKR®® to 2 GYLEAAA?*®) was use. To confirm the different DNA
binding properties of these constructs, the 33-bp binding region of the TRB3 promoter by gel-
shift (Fig. 4 A) and chromatin immunoprecipitation studies (Fig. 4 B) was analyzed. In fact,
only nuclear extracts from cells overexpressing ATF4WT in combination with WT
oligonucleotide formed a band specific for ATF4. Consistently, ohly TRB3 promoter
chromatin from cells overexpressing ATF4WT could be PCR amplified using primers
flanking the ATF4 binding site. Cotransfection of WT and mutant ATF4 constructs with
reporter constructs containing the WT and the mutant binding site confirmed the activating

effect ATF4 has on transcription (Fig. 4 C).
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To determine whether forced expression of ATF4 in ATF4~ neuronal cultures can
restore sensitivity to oxidative stress and/or has an effect itself, both constructs were

** and ATF4™" cortical neuronal

overexpressed along with a GFP control in both ATF4
cultures, followed by treatment with HCA (Fig. 5). The efficient expression of both ATF4
constructs in cortical neurons by immunohistochemistry (Fig. 5 A) and Western blotting (Fig.
5 B) was confirmed. Specifically, ~50% of neurons and a small number of glia are infected
with the adenoviruses. Infection with ATFAARK was able to protect ATF4™* cortical

neuronal cultures from HCA-induced toxicity (Fig. 5, C and D), whereas infection with

ATF4AWT was capable of rendering ATF4™ neurons sensitive to HCA (Fig. 5, E and F).

Moreover, infection with ATF4WT itself significantly reduced the viability in both
WT and ATF4™" neurons. Combination of forced expression of ATFAWT and treatment with
HCA resulted in a higher loss of viability than infection with ATF4WT alone, suggesting that
at least one more pathway in addition to ATF4 is involved in HCA toxicity. Collectively,
these results are consistent with the notion that ATF4 indeed plays a key role in oxidative

stress—mediated cell death.
Example 5: ATF4 has a negative impact on neuronal glutathione metabolism

The loss of glutathione is central to the in vitro model of oxidative stress used in this
study. This model has been successfully used to describe signaling pathways that prevent cell
death downstream of glutathione depletion. However, in fibroblasts, ATF4 has been
described as a positive regulator of glutathione metabolism (Harding, et al., 2003, Mol. Cell.
11:619-633). Therefore, glutathione measurements were performed to determine whether
ATF4 permits cell death in response to HCA by direct influence of the neuronal glutathione

metabolism or by acting downstream of glutathione depletion.
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In untreated neurons, glutathione concentrations in ATF4™" and ATF4~ neurons did
not differ (Fig. 6 A). HCA treatment caused a progressive loss of glutathione in ATF4*"*

neurons. However, ATF4™" neurons displayed a markedly slower decline in glutathione

concentration.

To rule out the possibility that an increased rate of glutathione synthesis is responsible
for decreased sensitivity to cystine deprivation—induced glutathione depletion (20),
buthionine sulfoximine (BSO) was used to d1rectly inhibit the rate- llmltmg enzyme of
glutathione synthesis, T-glutamylcysteine synthetase (¥-GCS; Fig. 6 B). BSO resuited in cell
death in ATF4™" neurons, whereas ATF4”~ neurons were essentially resistant (Fig. 6, C and
D). 7-GCS expression did not differ between ATF4"* and ATF4™" neurons at the protein
level and did not appear in the gene array (Fig. 6 E). Similar to HCA, BSO treatment led to a
decline in the concentration of glutathione in ATF4™* neurons, whereas ATF 47" neurons
displayed a distinctly slower reduction of glutathione (Fig. 6 F). These findings are consistent
with the notion that the differences in reduction of glutathione after HCA or BSO is not

attributable to changes in synthesis.

To determine whether ATF4 directly regulates the neuronal glutathione content,
glutathione in neurons with forced expression of ATF4WT, ATF4ARK, and GFP (Fig. 6 G)
was measured. Consistent with the finding that forced expression of ATF4AWT can reduce
neuronal viability, this viability reduction was found to correlate with a reduction in the
neuronal glutathione content. Because cell death attributable to glutathione depletion can be
completely blocked by a whole host of classical antioxidants, the forced expression of

ATFAWT was combined with butylated hydroxyanisol (BHA) treatment (Fig. 6, H and I).

BHA is a well characterized antioxidant known to block HCA-induced cell death in

cortical neurons (6). In fact, in neurons overexpressing ATF4WT, BHA significantly
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increased neuronal viability and protected against the additional toxic effect of HCA
treatment. Finally, production of ROS was measured by using the redox-sensitive probe 2',7'-
dichlorofluorescin (DCF; Fig. S1). ATF4™" neurons displayed lower levels of ROS in

** neurons. These findings are consistent with the

response to HCA treatment than ATF4
notion that ATF4 positively influences ROS levels and leads to a higher consumption of

glutathione independent of its synthesis.
Example 6: ATF4™" animals are less susceptible to ischemic brain damage

To test the hypothesis that ATF4 germline knockout animals have less neuronal loss
after stroke, a transient middle cerebral artery occlusion (MCAo0) model was used for
ischemia-reperfusion injury, as previously described (Baranova, et al., 2007, J. Neurosci.

27:6320-6332).

First, morphological studies were performed to rule out that germline ATF4
deficiency causes a fundamental abnormality in the adult brain that would bias stroke
outcome (Masuoka, ef al., 2002, Blood. 99:736-745; Bagheri-Yarmand, et al., 2003, J. Biol.
Chem. 278:17421-17429; Tanaka, et al., 1998, Genes Cells. 3:801—810; Hettmann, et al.,

2000, Dev. Biol. 222:110-123).

Examining sagittal sections of brains from ATF4"* and ATF4~animals (Fig. 7 A,
top), did not detect any significant structural differences in the cerebellum, hippocampus, or
cortex. The morphology of major cerebral blood vessels of the circle of WillisA(Fig. 7A,

middle) (Baranova, et al., 2007, J. Neurosci. 27:6320—6332) were then assessed.

Besides a higher degree of tortuosity in the MCA, no major abnormalities were
detected in the brains obtained from ATF4™ mice. Finally, using immunofluorescent

staining for the endothelial-specific marker CD31/PECAM, no significant differences in the
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density or morphology of the microvessels (Fig. 7 A, bottom) were observed. In addition,
important physiological parameters did not differ between ATF4" and ATF4™" animals (Fig.

S2 and Table S2).

+/+ /- .
Figure 12 shows the physiological data from ATF4 and ATF4" mice. The data
shown in figure 12 are the values for blood gases, pH, levels of bicarbonate, glucose, and
lactate, and values for mean arterial blood pressure and body temperature. Measurements

were carried out 45 min before and after MCAo for three animals each.

The procedure used to occlude the MCA (occlusion time = 45 min) led to
reproducible infarcts in WT animals involving both the cerebral cortex and the striatum, with
sparing of the hippocampus. However, a significantly smaller infarct was observed when the
procedure was performed in ATF4™" animals (F ig. 7, C and D). The smaller infarct area
could be observed in all sections of the brain. Thus, the higher resistance to ischemia-
reperfusion injury was not limited to a specific brain area. In fact, the smaller infarct volume
was associated with a faster recovery in ATF4™ animals, as measured by a simple

neurological score (Fig. 7 E).

In addition, two simple behavioral tests (Fig. 7, F and G) complemented the
morphological data. In consideration of the eye lens malformation regularly observed in
ATF47" animals (25), these tests are not dependent on the visual sense. Consistent with the

++

morphological data, ATF4™" animals performed significantly better than the ATF4™" control

group, suggesting that ATF4 deficiency facilitates recovery after stroke.

Example 7: ATF4 is a prodeath transcription factor
These studies have led to the surprising conclusion that oxidants can trigger neuronal

death via highly regulated signaling pathways and subsequent activation of prodeath
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transcription factors, leading to the controlled demise known as apoptosis. The current study
adds to the present understanding of the cellular transcription factors that regulate neuronal

viability and function after oxidative stress in primary cortical neurons.

Specifically, the transcription factor ATF4 was shown to be induced by oxidative
stress caused by depletion of the major antioxidant tripeptide, glutathione. Transgenic
deletion of ATF4 was demonstrated to render neurons resistant to neuronal cell death.
Prevention of cell death by germline knockout of ATF4 is associated with a preservation of
glutathione levels, the primary mediator of death in our oxidative stress model. Consistent
with ATF4's role in regulating an early, upstream aspect of the oxidative neuronal death
pathway, ATF4 deficiency was found to cause global down-regulation of gene expression
and blocks the up-regulation of many genes that are induced by oxidative stress in WT
neurons. Accordingly, forced expression of ATF4 was sufficient to promote cell death and

loss of glutathione.

In addition, restoration of ATF4 protein expression was shown to reinstate sensitivity
to oxidative death in ATF4™ neurons. The relevance of protection by ATF4 deficiency was
established by demonstrating that the ATF4 homozygous knockout is capable of protecting
the adult mouse brain from stroke-induced injury and disability. ATF4™ animals was shown
to recover more easily and maintain proper motor function more efficiently. Although known
to be a stress-responsive protein, these results for the first time establish ATF4 as a redox-
regulated protein that can function to lower the threshold for oxidative stress—induced death in

neurons.

Example 8: ATF4 is a redox-regulated transcription factor
An up-regulation of ATF4 mRNA translational efficiency was observed after

glutathione depletion. However, an increase in ATF4 mRNA levels was also observed after
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oxidative stress, thereby confirming a role for transcriptional regulation in ATF4 induction by
cell stress. The distinct increase in ATF4 protein levels in the nucleus of neurons undergoing
oxidative stress corresponded to an ATF4-dependent induction of a TRB3 promoter-
luciferase reporter. Collectively, these observations show that oxidative stress—induced
changes in ATF4 mRNA levels and translational efficiency lead to increased ATF4 activity in

neurons.

Because ATF4 overexpression is sufficient to induce death, limiting the amount of
ATF4, at least under basal conditions, is necessary for neuronal survival. Mechanisms that
control and limit basal ATF4 activity appear to be important determinants of neuronal fate.
Although this low level of ATF4 appears to be sufficient to regulate a host of genes, its

absence does not grossly influence neuronal morphology or basal survival.
Example 9: ATF4 has a direct impact on glutathione metabolism

The above findings confirm the primary role that glutathione can play in neuronal
death. The data presented in this study favor a model in which glutathione depletion causes
an ATF4-dependent up-regulation of a coordinated set of genes that orchestrate the timely and
irreversible demise of the cell. Part of the orchestrated sequence of events downstream of
ATF4 activation includes the increased production of ROS and turnover of glutathione. Of
note, many mitochondrial genes that could facilitate production of deleterious ROS during

respiration are down-regulated in the ATF4™" neurons.
Example 10: ATF4 induces global transcriptional changes

The above gene array data suggest that ATF4 acts at least in part as a transcriptional
activator. This finding is in line a description of the activating effect of ATF4 on several

target genes, such as heme oxygenase 1 (He, et al. 2001. J. Biol. Chem. 276:20858-20865;
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Alam,et al. 2003. Curr. Pharm. Des. 9:2499-2511), stanniocalcin 2 (Ito, et al. 2004. Mol.
Cell. Biol. 24:9456-9469), osteocalcin (Yang, et al. 2004. Cell. 117:387-398),
gadd153/CHOP (Averous, et al. 2004. J. Biol. Chem. 279:5288-5297), and TRB3 (Ohoka, et
al. 2005. EMBO J. 24:1243-1255). Some of these target genes have been shown to play an
important role in cell death and cell survival in the brain. Heme oxygenase 1 was
demonstrated to be is induced in WT neurons by oxidative stress; however, it was down-
regulated in ATF4—/—neurons. Likewise, stanniocalcin 2 is up-regulated in response to
oxidative stress in WT neurons but was down-regulated in ATF4—/— neurons. A prodeath
ATF4 target gene, TRB3, was strongly dependent on ATF4 and up-regulated in response to

oxidative stress.

Example 11: The prodeath role of ATF4 might be context and cell type specific

The data presented above show a prodeatﬁ role of ATF4. The finding that ATF4
activation can be associated with protection from oxidative stress—induced cell death,
although it clearly acts as a prodeath transcription factor, points to a complex and context-
specific role of ATF4 in the propagation of neuronal cell death. The gene expression data
above indicates a highly significant overlap between data obtained from fibroblasts and from

cortical neurons.

Example 12: ATF4 is a prodeath transcription factor.in vivo

ATF4 was established to play an important prodeath role in an in vivo model of
stroke. No overt difference was observed when comparing the brain morphology between
WT and ATF4™" brains, including the vascular system. In addition, the smaller infarct size in
the ATF4™" mice could not be attributed to changes in systemic physiological parameters,
including body temperature, or changes in cerebral blood flow under basal conditions or after

MCAo. In summary, the strong correlation in the outcome between in vitro and in vivo
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studies lets us conclude that the above results provide an important role for ATF4 in the
induction of neuronal cell death. Thus, ATF4 is an important target for therapeutic

intervention against stroke and other neurodegenerative diseases.
Example 13: Materials and Methods
Animals.

All animal procedures were performed according to protocols approved by the
Institutional Animal Care and Use Committee of the Weill Medical College of Cornell
University. Germline ATF4™~ mice have been described previously (Masuoka, et al. 2002.

Blood. 99:736—745). For the culture of mouse embryonic cortical neurons, embryos (15.5

days post conceptionem) were obtained from the mating of ATF4 heterozygous mice.

Primary cortical neurons and cell culture.

Primary neuronal cultures were prepared from the cerebral cortices of mouse
embryos, as described previously (Siddiq, et al. 2005. J. Biol. Chem. 280:41732—41743), with
minor modifications. The mouse hippocampal cell line HT22 was maintained accordingto
standard procedures (Aminova, et al. 2005. J. Biol. Chem. 280:3996—4003). Transfection of
both cortical neurons and HT22 cells was performed using Lipofectamine 2000 (Invitrogen)
according to the manufacturer's instructions. Recombinant arginase was provided by D. Ash

(Temple University, Philadelphia, PA).

Genotyping.

Genomic DNA for PCR was prepared using the DNeasy genomic DNA isolation kit
(QIAGEN). The WT alleles were detected using the primer 5'-

AGCAAAACAAGACAGCAGCCACTA-3'. The ATF4 ™ alleles (neomycin) were detected
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using the primer 5'-ATATTGCTGAAGAGCTTGGCGGC-3'". As a common reverse primer,

we used 5'-GTTTCTACAGCTTCCTCCTCCACTCTT-3".
Cell viability/cell death assays.

Cell viability was assessed by propidium iodide uptake and retention of calcein
(Invitrogen) using an inverted epifluorescence microscope (Axiovert 200M; Carl Zeiss, Inc.).
MTT assay was performed according to the manufacturer's instructions (Promega). In brief,
absorbance was measured at 570 nm. From each data point, the reference absorbance
measured at 690 nm was subtracted. Finally, values were calculated as the percentage of

untreated control cells.

Plasmids.

The expression plasmids for ATF4WT and dominant-negative ATF4ARK (provided
by J. Alam, Ochsner Foundation, New Orleans, LA) (He, et al. 2001. J. Biol. Chem.
276:20858-20865), and the mouse ATF4 5'UTR luciferase construct (D. Ron, New York
University, New York, NY) have been previously described. The promoter construct pTRB3
was generated by amplification of genomic mouse DNA using the primers 5'-
CTCACTCAGGTGCCTGTAGTGCTCG-3'and 5'-
TCAGCAGAAGCAGCCAGAGGTGTAG-3', followed by a second round of PCR with the
primers 5'-"ACACTCGAGAGAGAAACAAATGTGTCATG-3"and 5'-
ACAAAGCTTCTAGAGAGCAAGGAAGAAAG-3' before cloning into the vector
pGL3basic (Promega). The mutant form lacking the 33-bp ATF4 binding site was generated
using a site-directed mutagenesis kit (QuikChange; Stratagene). To generate the reporter
plasmids with the 33-bp ATF4 binding sequence, the following oligonucleotides were

annealed and cloned into pGL3 basic: p33WT, 5'-
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TCGAGGCAGATTAGCTCAGGTTTACATCAGCCGGGCGGGGATCCA-3"and 5'-
AGCTTGGATCCCCGCCCGGCTGATGTAAACCTGAGCTAATCTGCC-3";and p33MUT
(mutant form), 5'-

TCGAGGCAGATTAGCTCAGTCTAAACCTATAGGGGCGGGGATCCA-3"and 5'-
AGCTTGGATCCCCGCCCCTATAGGTTTAGACTGAGCTAATCTGCC-3'. All sequences

were verified by automatic DNA sequencing.

Luciferase assay.

Primary neurons and HT?22 cells were transfected with the respective reporter
construct along with the pTK-Renilla control (Promega). A dual luciferase assay (Promega)
was performed using a bioluminometer (MDS Analytical Technologies), according to the

manufacturer's instructions.

Adenoviruses.

To generate the adenoviruses ATF4WT and ATF4ARK, the expression cassettes of
each construct were cloned into the shuttle vector adS pVQ-K-NpA. The correct sequence
was confirmed by automatic DNA sequencing. Virus generation and amplification were
performed by ViraQuest. Infection with adenoviruses was performed at a multiplicity of

infection (MOI) of 100.

Gene array analysis.

RNA quantity was assessed with a spectrophotometer (Nanodrop; Thermo Fisher
Scientific), and quality was assessed with nanochips (Bioanalyzer; Agilent Technologies).
Total RNA was amplified, labeled, and hybridized on arrays (MouseRef-8 Expression

BeadChip; Illumina). Data analysis was performed using Bioconductor packages (available at
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http://www.bioconductor.org; Gentleman, et al. 2004. Genome Biol. 5:R80). Raw data were
log2 transformed and normalized using quantile normalization. Analysis of differential
expression was performed using a linear model fitting (LIMMA package; Smyth, G.K. 2005.
Limma: linear models for microarray data. /n Bioinformatics and Computational Biology
Solutions Using R and Bioconductor. R. Gentleman, V. Carey, W. Huber, R. Irizarry, and S.
Dudoit, editors. Springer, New York. 397—420). The obtained p-values were corrected for
multiple testing using the false discovery rate method, and a threshold of 0.05 was applied.
Microarray data have been deposited iﬁ the National Center for Biotechnology Information

Gene Expression Omnibus under accession no. GSE10470.

DNA EMSA.

Crude nuclear extracts were purified by dialysis using Slide-A-Lyzer MINI Dialysis .
Units (Thermo Fisher Scientific). The following oligonucleotide probes (Invitrogen)
corresponding to the ATF4 binding site of the TRB3 gene were used: TRB3WT, 5'-
GATTAGCTCAGGTTTACATCAGCCGGGCGGGGA-3"; and TRB3MUT, 5'-
GATTAGCTCAGTCTAAACCTATAGGGGCGGGGA-3'. The oligonucleotides were
annealed with complementary DNA and radiolabeled with 7-[*’P]JATP using T4
polynucleotide kinase. After incubation with nuclear extracts, the DNA—protein complexes
were resolved in 5% polyacrylamide gels, and the signal was visualized using a

Phosphorlmager (Fujifilm).
Chromatin immunoprecipitation assay and PCR amplification.

Formaldehyde cross-linking and chromatin immunoprecipitation were performed as
described previously (Chavez, et al. 2006. J. Neurosci. 26:9471-9481). The cross-linked

chromatin suspension was sonicated using a Sonicator 3000 (Mosonix). Immunoprecipitation
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was performed with an anti-myc antibody. DNA—protein cross-linking was reversed,
followed by an overnight incubation at 65°C. DNA was isolated by phenol/chloroform
extraction and subjected to PCR analysis using the primers 5'-

GGTCACAGATGGTGCAATCC-3"and 5'-AACTGAGCAGCTCTCGGAGTC-3'.

Glutathione determination using HPLC electrochemical detection and ROS detection

using DCF fluorescence.

Concentrations of reduced glutathione were measured using HPLC (PerkinElmer)
equipped with an eight-channel coulometric array detector (ESA, Inc.). Cells were lysed in
5% (wt/vol) metaphosphoric acid and centrifuged at 10,000 g for 10 min to sediment protein.
Cell-pellet precipitates were saved for protein determinations. Glutathione concentrations of
supernatant fractions were determined by injecting 5-pl aliquots onto an Ultrasphere 5 u, 4.6
X 250 mm, C18 column (Beckman Coulter), and elutiﬁg with a mobile phase of 50 mM
NaH,PO4, 0.05 mM octane sulfonic acid, 1.5% acetonitrile (pH 2.62) at a flow rate of 1
ml/min. Peak areas were analyzed using software from ESA, Inc. Intracellular generation of
ROS was determined by DCF. Cortical neurons were seeded in 96-well fluorescence plates.
After the treatments indicated in the figures, the cultures were incubated for 45 min with 1.25
uM DCF-H;. Cells were washed with HBSS and read on a plate reader (Fluorometer; MDS

Analytical Technologies) at 485-nm excitation and 530-nm emission wavelengths.
Cerebral ischemia.

Transient focal cerebral ischemia was induced by MCAo using the intraluminal
filament method, as previously described (Baranova,et al. 2007. J. Neurosci. 27:6320-6332).
Male mice were anesthetized. A small incision was performed in the skin covering the scalp,

and a fiber optic probe was glued to the parietal bone and connected to a laser-Doppler
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flowmeter (Periflux System 5010; Perimed) for continuous monitoring of cerebral blood
flow. For MCAo, a heat-blunted black monofilament surgical suture (6-0) was inserted into
the exposed external carotid artery, advanced into the internal carotid artery, and wedged into
the circle of Willis to obstruct the origin of the MCA. The filament was left in place for 45

min and withdrawn.
Physiological parameters.

Animal ﬁhysiology was assessed in ATF4™* and ATF4” " mice (n =3 each). For this
purpose, the left femoral artery was cannulated using a polyethylene tube (PE-10; BD
Biosciences) to record mean arterial blood pressure. Blood samples were taken for chemical

analysis using a hand-held blood analyzer (iSTAT; Abbot Laboratories).
Quantification of infarct volume.

Coronal brain sections were serially cut in a cryostat (Leica) and stained with cresyl
violet to identify viable tissue. To correct for the effect of edema, the infarcted area was
determined indirectly by subtracting the area of the healthy tissue in the ipsilateral hemisphere
from the area of the contralateral hemisphere on each section. Infarction volume was
calculated by integration of infarct areas measured in 20 equidistant brain sections that
encompassed the whole lesion. Volumes from all sections were summed to calculate total

infarct volume.
Cerebral macrovascular morphology.

To assess the morphology of major cerebral blood vessels of the circle of Willis,
deeply anesthetized mice were perfused transcardially with a prewarm (37°C) saline solution

containing gelatin (20% wt/vol) and India ink (0.25% vol/vol).
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Neurological evaluation.

Neurological scores were assigned the following values: 0, normal motor function; 1,
flexion of torso and contralateral forelimb when the mouse was lifted by the tail; 2, circling to
the contralateral side when the mouse was held by the tail on a flat surface, but normal
posture at rest; 3, leaning to the contralateral side at rest; and 4, no spontaneous motor
activity. The inclined plane test measured the time a mouse managed to hold itselfon an
inclined glass plate angled at 50° before sliding down. The hanging wire test determined the

time it took an animal to cross a distance of 45 cm on a freely hanging narrow metal bar.
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What is claimed is:

1. A method for identifying a drug candidate with activity as a neuroprotective agent, the

method comprising
a. determining whether a compound reduces ATF4 activity; and
b. identifying the compound that reduces ATF4 activity as a drug candidate.

2. The method according to claim 1, wherein the act of determining whether a compound

reduces ATF4 activity comprises
a. providing a cell éxpressing ATF4;
b. contacting the cell with the compound; and
c. measuring the level of ATF4 activity in the cell,
wherein a decrease in the level indicates a compound that is able to reduce ATF4 activity.
3. The method according to claim 2, wherein the cell is in vitro.
4. The method according to claim 2, wherein the cell is ex vivo.
5. The method according to claim 2, wherein the cell is in vivo.
6. The method according to claim 5, wherein the cell is a human cell.

7. The method according to claim 2, wherein a decrease in the level of ATF4 is relative to a

level in a cell contacted with thapsigargin.

8. The method according to claim 1, further comprising testing the drug candidate for

neuroprotective activity in a mammal.
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9.

10.

11.

12.

13.

14.

15.

16.

The method according to claim 8, wherein the mammal is a mouse.

The method according to claim 8, wherein the mammal is a human.

A method for protecting neural cells from further neural cell injury or death in a human
who has suffered neural cell injury or death, the method comprising administering to the

human an effective amount of a compound that reduces ATF4 activity.

A method according to claim 11, wherein the neural cell is a neuron.

A method according to claim 11, wherein the neural cell is a glial cell.

A method according to claim 11, wherein the neural cell injury or death is caused by

trauma to the central nervous system or peripheral nervous system.

A method according to claim 11, wherein the neural cell injury or death is caused by
epilepsy-related brain damage, poisoning with a neurotoxic compound, or radiation-

induced brain damage.

A method according to claim 11, wherein the neural cell injury or death is caused by an

- infectious disease of the central nervous system or peripheral nervous system.

17.

18.

19.

A method according to claim 11, wherein the neural cell injury or death is caused by a

cancer of the central nervous system or peripheral nervous system.

A method according to claim 11, wherein the neural cell injury or death is due to stroke.

A method according to claim 11, wherein the neural cell injury or death is due to

ischemia.

53



10

15

20

WO 2009/020601 PCT/US2008/009413

20.

21.

22.

23.

24.

A method according to claim 11, wherein the neural cell injury or death is due to a

neurodegenerative disease or condition.

A method according to claim 20, wherein the neurodegenerative disease or condition is:
Alexander disease, Alper's disease, Alzheimer's disease, Amyotrophic lateral sclerosis,
Ataxia telangiectasia, Batten disease (also known as Spielmeyer-Vogt-Sjogren-Batten
disease), Bovine spongiform encephalopathy (BSE), Canavan disease, Cockayne
syndrome, Corticobasal degeneration, Creutzfeldt-Jakob disease, Huntington disease,
HIV-associated dementia, Kennedy's disease, Krabbe disease, Lewy body dementia,
Machado-Joseph disease (Spinocerebellar ataxia type 3), Multiple sclerosis, Multiple
System Atrophy, Neuroborreliosis, Parkinson disease, Pelizacus-Merzbacher Disease,
Pick's disease, Primary lateral sclerosis, Prion diseases, Refsum's disease, Sandhoff
disease, Schilder's disease, Schizophrenia, Spielmeyer-Vogt-Sjogren-Batten disease (also
known as Batten disease), Spinocerebellar ataxia (multiple types with varying
characteristics), Spinal muscular atrophy, Steele-Richardson-Olszewski disease, Tabes
dorsalis, depression or a psychiatric disorder in which elements of cognition and memory

have become disordered.

A method according to claim 20, wherein the neurodegenerative disease or condition is a

dementia.

A method according to claim 22, wherein the dementia is age-related dementia, dementia

related to vitamin deficiency, or alcohol-related dementia.

The method according to claim 11, wherein the compound comprises: Thimerosal;
Gambogic Acid;Anthothecol; Disulfiram; Pyrithione Zinc; Thiram; Tomatine;
Dihydrogambogic Acid;Trifluoperazine Hydrochloride; Alexidine Hydrochloride;

Phenylmercuric Acetate; Pristimerin; Aklavine Hydrochloride; 6,3'-Dimethoxyflavone;
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25.

26.

27.

28.

29.

Tetrachloroisophthalonitrile; Actinomycin D; Cedrelone; Pyrromycin; Mitoxanthrone
Hydrochloride; Tyrothricin ; Selinidin; Gentian Violet; Clofoctol; Aminacrine; Penicillic
Acid; Byssochlamic Acid; Hieracin; Atranorin; Dihydrojasmonic Acid; Deltaline;
Azaserine; Sodium Fluoroacetate; Thalidomide; Neomycin Sulfate; Camptothecin;
Trimedlure (5-Cl Isomer Present); Chlorguanide Hydrochloride; Benzo[a]pyrene;
Hycanthone; Methotrexate; Dihydrorotenone; Galanthamine Hydrobromide; Ipraflavone;
5,7-Dichlorokynurenic Acid; Haematoporphyrin Dihydrochloride; Osthol; 1r,2s-
Phenylpropylamine; 2,4-Dinitrophenol; Bromopride; Isorotenone ; Lycorine;
Halcinonide; 7-Desacetoxy-6,7-Dehydrogedunin; 6-Aminonicotinamide; 6alpha-
methylprednisolone acetate; Teniposide; 1-Methylxanthine; Mercaptopurine;
Tripelennamine Citrate; 9-Amino-1,2,3,4-Tetrahydroacridine Hydrochloride; Beta-

Dihydrorotenone; Acivicin; Hydroxytacrine Maleate; or Cetylpyridinium Chloride.

A method for promoting recovery of neural cell function in a human who has suffered
neural cell injury or death, the method comprising administering to the human an

effective amount of a compound that reduces ATF4 activity.
A method according to claim 25, wherein the neural cell is a neuron.
A method according to claim 25, wherein the neural cell is a glial cell.

A method according to claim 25, wherein the neural cell injury or death is due to trauma

to the central nervous system or peripheral nervous system.

A method according to claim 25, wherein the neural cell injury or death is caused by
epilepsy-related brain damage, poisoning with a neurotoxic compound, or radiation-

induced brain damage.
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30.

31.

32.

33.

34.

35.

A method according to claim 25, wherein the neural cell injury or death is caused by an

infectious disease of the central nervous system or peripheral nervous system.

A method according to claim 25, wherein the neural cell injury or death is caused by a

cancer of the central nervous system or peripheral nervous system.
A method according to claim 25, wherein the neural cell injury or death is due to stroke.

A method according to claim 25, wherein the neural cell injury or death is due to

ischemia.

A method according to claim 25, wherein the neural cell injury or death is due to a

neurodegenerative disease or condition.

A method according to claim 34, wherein the neurodegenerative disease or condition is:
Alexander disease, Alper's disease, Alzheimer's disease, Amyotrophic lateral sclerosis,
Ataxia telangiectasia, Batten disease (also known as Spielmeyer-Vogt-Sjogren-Batten
disease), Bovine spongiform encephalopathy (BSE), Canavan disease, Cockayne
syndrome, Corticobasal degeneration, Creutzfeldt-Jakob disease, Huntington disease,
HIV-associated dementia, Kennedy's disease, Krabbe disease, Lewy body dementia,
Machado-Joseph disease (Spinocerebellar ataxia type 3), Multiple sclerosis, Multiple
System Atrophy, Neuroborreliosis, Parkinson disease, Pelizaeus-Merzbacher Disease,
Pick's disease, Primary lateral sclerosis, Prion diseases, Refsum's disease, Sandhoff
disease, Schilder's disease, Schizophrenia, Spielmeyer-Vogt-Sjogren-Batten disease (also
known as Batten disease), Spinocerebellar ataxia (multiple types with varying
characteristics), Spinal muscular atrophy, Steele-Richardson-Olszewski disease, Tabes
dorsalis, depression or a psychiatric disorder in which elements of cognition and memory

have become disordered.
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36.

37.

38.

39.

A method according to claim 34, wherein the neurodegenerative disease or condition is a

dementia.

A method according to claim 36, wherein the dementia is age-related dementia, dementia

related to vitamin deficiency, or alcohol-related dementia.

A method according to claim 25, wherein the neural cell injury or death is secondary
damage due to activation of pathophysiologic cascades ca_used by trauma, injury, or

disease.

A method for promoting synaptic plasticity in a human in need thereof, the method
comprising administering to the human an effective amount of: Thimerosal; Gambogic
Acid;Anthothecol; Disulfiram; Pyrithione Zinc; Thiram; Tomatine; Dihydrogambogic
Acid;Trifluoperazine Hydrochloride; Alexidine Hydrochloride; Phenylmercuric Acetate;
Pristimerin; Aklavine Hydrochloride; 6,3'-Dimethoxyflavone;
Tetrachloroisophthalonitrile; Actinomycin D; Cedrelone; Pyrromycin; Mitoxanthrone
Hydrochloride; Tyrothricin ; Selinidin; Gentian Violet; Clofoctol; Aminacrine; Penicillic
Acid; Byssochlamic Acid; Hieracin; Atranorin; Dihydrojasmonic Acid; Deltaline;
Azaserine; Sodium Fluoroacetate; Thalidomide; Neomycin Sulfate; Camptothecin;
Trimedlure (5-Cl Isomer Present); Chlorguanide Hydrochloride; Benzo[a]pyrene;
Hycanthone; Methotrexate; Dihydrorotenone; Galanthamine Hydrobromide; Ipraflavone;
5,7-Dichlorokynurenic Acid; Haematoporphyrin Dihydrochloride; Osthol; 1r,2s-
Phenylpropylamine; 2,4-Dinitrophenol; Bromopride; Isorotenone ; Lycorine;
Halcinonide; 7-Desacetoxy-6,7-Dehydrogedunin; 6-Aminonicotinamide; 6alpha-
methylprednisolone acetate; Teniposide; 1-Methylxanthine; Mercaptopurine;
Tripelennamine Citrate; 9-Amino-1,2,3,4-Tetrahydroacridine Hydrochloride; Beta-

Dihydrorotenone; Acivicin; Hydroxytacrine Maleate; or Cetylpyridinium Chloride.
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40.

4].

42.

43.

44.

45.

46.

47.

48.

49.

A method according to claim 39, wherein the human suffers from a memory deficit.
A method according to claim 39, wherein the human suffers from a memory surfeit.
A method according to claim 39, wherein the human has suffered a stroke.

A method according to claim 39, wherein the human has suffered ischemia.

A method according to claim 39, wherein the human has suffered trauma to the central

nervous system or peripheral nervous system.

A method according to claim 39, wherein the human has suffered epilepsy-related brain

damage, poisoning with a neurotoxic compound, or radiation-induced brain damage.

A method according to claim 39, wherein the human has suffered an infectious disease of

the central nervous system or peripheral nervous system.

A method according to claim 39, wherein the human has suffered a cancer of the central

nervous system or peripheral nervous system.

A method according to claim 39, wherein the human has a neurodegenerative disease or

condition.

A method according to claim 48, wherein the neurodegenerative disease or condition is:
Alexander disease, Alper's disease, Alzheimer's disease, Amyotrophic lateral sclerosis,
Ataxia telangiectasia, Batten disease (also known as Spielmeyer-Vogt-Sjogren-Batten
disease), Bovine spongiform encephalopathy (BSE), Canavan disease, Cockayne
syndrome, Corticobasal degeneration, Creutzfeldt-Jakob disease, Huntington disease,
HIV-associated dementia, Kennedy's disease, Krabbe disease, Lewy body dementia,

Machado-Joseph disease (Spinocerebellar ataxia type 3), Multiple sclerosis, Multiple
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50.

51.

52.

53.

54.

System Atrophy, Neuroborreliosis, Parkinson disease, Pelizacus-Merzbacher Disease,
Pick's disease, Primary lateral sclerosis, Prion diseases, Refsum's disease, Sandhoff
disease, Schilder's disease, Schizophrenia, Spielmeyer-Vogt-Sjogren-Batten disease (also
known as Batten disease), Spinocerebellar ataxia (rhultiple types with varying
characteristics), Spinal muscular atrophy, Steele-Richardson-Olszewski disease, Tabes
dorsalis, depression or a psychiatric disorder in which elements of cognition and memory

have become disordered.

A method according to claim 48, wherein the neurodegenerative disease or condition is a

dementia.

A method according to claim 50, wherein the dementia is age-related dementia, dementia

related to vitamin deficiency, or alcohol-related dementia.
A method according to claim 39, further comprising physical therapy.
A method according to claim 39, further comprising psychotherapy.

A method for reducing ATF4 activity in a neural cell in a human in need thereof, the
method comprising administering to the human an effective amount of: Thimerosal;
Gambogic Acid;Anthothecol; Disulfiram; Pyrithione Zinc; Thiram; Tomatine;
Dihydrogambogic Acid;Trifluoperazine Hydrochloride; Alexidine Hydrochloride;
Phenylmercuric Acetate; Pristimerin; Aklavine Hydrochloride; 6,3'-Dimethoxyflavone;
Tetrachloroisophthalonitrile; Actinomycin D; Cedrelone; Pyrromycin; Mitoxanthrone
Hydrochloride; Tyrothricin ; Selinidin; Gentian Violet; Clofoctol; Aminacrine; Penicillic
Acid; Byssochlamic Acid; Hieracin; Atranorin; Dihydrojasmonic Acid; Deltaline;
Azaserine; Sodium Fluoroacetate; Thalidomide; Neomycin Sulfate; Camptothecin;

Trimedlure (5-Cl Isomer Present); Chlorguanide Hydrochloride; Benzo[a]pyrene;
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55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Hycanthone; Methotrexate; Dihydrorotenone; Galanthamine Hydrobromide; Ipraflavone;
5,7-Dichlorokynurenic Acid; Haematoporphyrin Dihydrochloride; Osthol; 1r,2s-
Phenylpropylamine; 2,4-Dinitrophenol; Bromopride; Isorotenone ; Lycorine;
Halcinonide; 7-Desacetoxy-6,7-Dehydrogedunin; 6-Aminonicotinamide; 6alpha-
methylprednisolone acetate; Teniposide; 1-Methylxanthine; Mercaptopurine;
Tripelennamine Citrate; 9-Amino-1,2,3,4-Tetrahydroacridine Hydrochloride; Beta-

Dihydrorotenone; Acivicin; Hydroxytacrine Maleate; or Cetylpyridinium Chloride.
A method according to claim 54, wherein the neural cell is a neuron.

A method according to claim 54, wherein the neural cell is a glial cell.

A method according to claim 54, wherein the human suffers from a memory deficit.
A method according to cléim 54, wherein the human suffers from a memory surfeit.
A method according to claim 54, wherein the human has suffered a stroke.

A method according to claim 54, wherein the human has suffered ischemia.

A method according to claim 54, wherein the human has suffered trauma to the central

nervous system or peripheral nervous system.

A method according to claim 54, wherein the human has suffered epilepsy-related brain

damage, poisoning with a neurotoxic compound, or radiation-induced brain damage.

A method according to claim 54, wherein the human has an infectious disease of the

central nervous system or peripheral nervous system.

A method according to claim 54, wherein the human has a cancer of the central nervous

system or peripheral nervous system.
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65.

66.

67.

68.

69.

70.

A method according to claim 54, wherein the human has a neurodegenerative disease or

condition.

A method according to claim 65, wherein the neurodegenerative disease or condition is:
Alexander disease, Alper's disease, Alzheimer's disease, Amyotrophic lateral sclerosis,
Ataxia telangiectasia, Batten disease (also known as Spielmeyer-Vogt-Sjogren-Batten
disease), Bovine spongiform encephalopathy (BSE), Canavan disease, Cockayne
syndrome, Corticobasal degeneration, Creutzfeldt-Jakob disease, Huntington disease,
HIV-associated dementia, Kennedy's disease, Krabbe disease, Lewy body dementia,
Machado-Joseph disease (Spinocerebellar ataxia type 3), Multiple sclerosis, Multiple
System Atrophy, Neuroborreliosis, Parkinson disease, Pelizacus-Merzbacher Disease,
Pick's disease, Primary lateral sclerosis, Prion diseases, Refsum's disease, Sandhoff
disease, Schilder's disease, Schizophrenia, Spielmeyer-Vogt-Sjogren-Batten disease (also
known as Batten disease), Spinocerebellar ataxia (multiple types with varying
characteristics), Spinal muscular atrophy, Steele-Richardson-Olszewski disease, Tabes
dorsalis, depression or a psychiatric disorder in which elements of cognition and memory

have become disordered.

A method according to claim 65, wherein the neurodegenerative disease or condition is a

dementia.

A method according to claim 67, wherein the dementia is age-related dementia, dementia

related to vitamin deficiency, or alcohol-related dementia.
A method according to claim 54, further comprising physical therapy.

A method according to claim 54, further comprising psychotherapy.
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71.

72.

A method for limiting oxidative stress in a human who has a condition in which oxidative
stress is a mediator of injury, the method comprising administering to the human an

effective amount of a compound that reduces ATF4 activity.

The method of claim 71, wherein the compound comprises: Thimerosal; Gambogic
Acid;Anthothecol; Disulfiram; Pyrithione Zinc; Thiram; Tomatine; Dihydrogambogic
Acid;Trifluoperazine Hydrochloride; Alexidine Hydrochloride; Phenylmercuric Acetate;
Pristimerin; Aklavine Hydrochloride; 6,3'-Dimethoxyflavone;
Tetrachloroisophthalonitrile; Actinomycin D; Cedrelone; Pyrromycin; Mitoxanthrone
Hydrochloride; Tyrothricin ; Selinidin; Gentian Violet; Clofoctol; Aminacrjne; Penicillic
Acid; Byssochlamic Acid; Hieracin; Atranorin; Dihydrojasmonic Acid; Deltaline;
Azaserine; Sodium Fluoroacetate; Thalidomide; Neomycin Sulfate; Camptothecin;
Trimedlure (5-Cl Isomer Present); Chlorguanide Hydrochloride; Benzo[a]pyrene;
Hycanthone; Methotrexate; Dihydrorotenone; Galanthamine Hydrobromide; Ipraflavone;
5,7-Dichlorokynurenic Acid; Haematoporphyrin Dihydrochloride; Osthol; 1r,2s-
Phenylpropylamine; 2,4-Dinitrophenol; Bromopride; Isorotenone ; Lycorine;
Halcinonide; 7-Desacetoxy-6,7-Dehydrogedunin; 6-Aminonicotinamide; 6alpha-
methylprednisolone acetate; Teniposide; 1-Methylxanthine; Mercaptopurine;
Tripelennamine Citrate; 9-Amino-1,2,3,4-Tetrahydroacridine Hydrochloride; Beta-

Dihydrorotenone; Acivicin; Hydroxytacrine Maleate; or Cetylpyridinium Chloride.
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FIGURE 3
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FIGURE 4
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FIGURE 8
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FIGURE 9
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FIGURE 10

PCT/US2008/009413

Symbol Definition

arfe activating tranccrigtion factor 4 (Atf4)

Atf4 activaning transeription factor & {Atid)

Swred solute carmigr famity 7, meraber 3 (Sikc7a3)

1810009K03RkK | RIKEN c0id 121000850 gere (1810008KO3RK)

Coxba2 cytchrome ¢ oxidase, subunit VI a, polypegtide 2 (CoxbaZ}

Eiftebpl erkaryotic tranciati itistion factor A€ binding protein 1 (Eifastni)
Si7a5 soltte carrier famity ?, momber 5 {Sk2a5)

Mpatd mannoside scetylgivcosaminyitransferase 3 {Mgatd)

SicSai? soluie carréer famidy 28, member 17 (Sk25:317)

Serpinfl serine {or cysteine) p insibitor, ber 3 {Serginfl})
2510838A11 Rk RIKEN <D¥NA 2510038411 gene (251003841 1Rik)

Sic6ad solute carriar fatnity 6, rasmber § (Sk835)

A5 activating transerption factor $ (AN5)

Spon2 spondin 2, extracetiutar matrix protein (Spon2)

Pigrl phosphoserine aminotransferass & (Paatl)

Asng auparsgine syrthetase (Asny)

Tofbi tremiforming growth factor, bets induced (T4}

Cers cysteirnyl-tRKA synthetase {Cars)

B8L025519 CDNA sequence BLO255ES (BC025519)

Loxtt fysvl cridasedike 1 (Loxii)

Heis hairy a8 enhancer of split S (Drosophila) (HesS)

M3 metailothionein 3 {Mt3)

Pasti gihosphosering anm ferase § {Puatl)

Aapd aguaparin 4 (AGpe)

Mmp2 matrix metalicaroteinase 2 (Mmp2}

Trin3 Tribties homoiog 3 (Triti3)

Sed stearoyi-Coenzyme A desaturase § {Sedt)

Stards SIAR -retated lipid tramsfer {START) domain containing 4 {Stsrd4}
Mnig2 methylensietrahydrofolate aehydrogensse {Mhrg2}

Sht serine hyoraxytteliy! transferase 2 {mitaehondriat) (Shint2)

Egrt earty growth response 1 {Egrl)

Hupri nutlear protesn | (Nupri)

Sic3az solule carrier Tamity 3, member 2 (Sk3a2)

Som21 SRY-box comaining gene 23 {SOx2L)

Aars alanyl-1RNA synthetase {Anrs)

Nars asparaginyi-tRNA synthstase (Hais)

218312 ng GRger protein 312 (21031

Fihfedry formyRetratydrofolate synthetase damain containing 1 (Finfsox1}
Rrarp Netch-teQuiates ankyrin repeat gratein (Nearp)

vegla wasCuize engorhetial growth aCtor A (VegTa)

Hmox1 heme cxygenase (decyding) § (Hmavl)

Ovod oviductat glycoprotein | {Ovgpl)

ALSS ASPACDGING SYRINELASE (ASNS)

Sietad solute carrier family 1, member 4 (Siciad)

0330038309Rik. RIKEN cDNA D3IB0ISI0Y cene {D330038103RIK}

Mt reetatiothionein § {M21)

Fost FBJ) oste05a1toma oncogene B (Fosd}

Daite DRA-gamage-raucitie transenpt 4 {Doitd)

Aard aAlanine and arginine £ich JOMaLn CONLAMNING protain (A3}

wvigk very low Serslty Hpaprotein recentor (Vigir) «0.149
Tars hreonyt-tRNA synihadase (Tars) <@, 146
Sv2b SYNAPAK vesicle glycopratein 2 b (5v20) 0.13%
Plag plasminogen activator, tissue (Pt} .06
Cyp2bhi gyvochrome P4S0, tamily 26b, polypeptide § {Cyp26ti) 0.007




PCT/US2008/009413

WO 2009/020601

111748

Bojowoy asejeydsoyd
S €9 £ £9 (1] zs L L2 GYSOPeIv supssoydsoyd-g- 1s3
Bojowoy asesaysuenouiue
9 1] LE 98 c ce } 114 X 0€022IMY aunasoydsoyd Jswdy
aseuaboipAyap
8 89 74 .8 L ot S 44 X 229v0r ajejojoiphyeselausiAyiaw PN
g
g8 0L} 0 29 L4 €9 b A4 GLLZp1 | Jopodsuel) pioe oulwe |esnau Lywv
waishs +A
el 1] 8l 0} 6 o I 8l X 681104V | ‘Jspodsuel; pioe oujwe duoled Ge/oIs
bojowoy
S 3 L L9 g v l L} X Z6E6ESIY asejoyufs YN} 1hueje 1s3
14 8s L L9 17 vC l 14 X o¥68en osejayjuis sulbesedse susy
wisijoqelaw pue ‘wodwy pioe oulwe ‘uone|suel j
1M 1M IMm | Apms
s |[IMJ9% | AS |#0% | AS |30% | QS | 9% | Syl jueguen ABojowoyponpoid
in wp in wj
Maed VRV

1T 3dNDIA




PCT/US2008/009413

WO 2009/020601

12748

0 172 A I8 0 14 6¢g LSBZZ LMY Bojowoy |ad/el daxd 1S3

14 L 9 .S ol €9 9€ v2986.LYY 8sejonpalopixo ‘il LOY3 Buipuad-{L 013
(gwsy)

(44 VA4 i L€ 6¢ 8 [AN £ee0La asepixo uabouniydiodoidod odn
Bojowoy asenpas

14’ Ly 14 61 I 134 21 0696€8lY 6g auo0Jydoko-HAVYN 1S3

UOIEIYIXO0IBP 10 XOPOY
bojcwoy

14 68 S €8 8 gs 114 £6E8V8IV asejeyiuAs YNYI-8ulons|os! 1S3
Bojowoy

L 68 A 0. € 14°] 014 ZVSTZIMY | eseleyjuds YNY} 1AS0IAL-AAS 183
._mtoﬁ__mcm.a pioe oujwe

8 Z8 €C o8 14" €9 11 60EPLX ‘uleyos Aaeay usbyue z4p Zeeols
, Bojouioy

Ll 89 € 0S 6 gs- e 680PP8IV asejayiuis yNHI-1Aong) 1s3
~ bBojouwioy

(9 vl ve 8% L 1414 ce 029618lY asejpyiufs YN ui-lAuoaiyy 183
, | Ssesdjsuenouie

€€ 99 Gl 1] L op A eybTrn uteya pasyoue.q Lieog ‘geeosw

€l 1904 € ]! 6L 1474 L€ 96969 aselayjuks YNyI-ueydoidAs SuM

vl 69 L zs 14 o 2 v/8SZLMY |  eselsyjuis yNYl-Auibesedse sieN
v Jojejnbai

0 ¥9 Sl 69 } oy Lz 9G98¢N | uoneniul uoyeisues onokieyna | Ldq3aydIe |-SYHd




PCT/US2008/009413

WO 2009/020601

13/48

4 cl L €l } 6 0 L 08518X Jojoe} ymoub exy-ulnsut ¢-d849l

Buyeubig

o] LS Si 12" 6 8¢ 14" (R4 c0cLi0av Z-unoejus 'z uabopiN LLLAT "ZPIN

ol Zs Zs 2ol 3 oy € LE 0LIgeEZ utsloid ujjsAw [esaydied ZidNd
£-UIN ‘evady

Ll 66 £ 8¢ € o [4 £e G.60.L04Y ‘Cluiw ‘uejord ewweb| Ly ewwegt L x
Bojoulioy

L b cl 0s 8 oy L 61 8166¢€81V B||1X 10308} uoyenbeoa 183
uiajoid Buipuiq

gyl | 20C 0ci 8e2 b g8l l Si ye89LX | 36| ‘unos| Bujpuig-episoloeeb ye-1'es(eb

0l 4 b 0L 14" € L L 109E8X auab pajejar uixejuad exyd

uiejold sueiquiswisuel) Jo pejeldag

9¢ S8 r4 LY cl g9 ] 1214 £22108v (ewwenda3ro) dg-1349 ewweoyg3/0

°] 6S 4 2s A (44 c e G18¢26X 8|n1 paited jo xoq oauioy 2xid
. _ ejeg ‘wajoid

Ll e} L 6¢ 4 le 4 *1 LOOLON Buipuiq Jeoueyua/ vydD eegdgd/o

uonduosues |

S 69 € 19 g G9 4 St ¥Z89GX aseuabixo sway LXOW9 ‘L-OH




PCT/US2008/009413

WO 2009/020601

14 /48

zL 9s €€ 2 8 69 Ly LOBSLA L-utejoad Buipuigq-uosui-oAw L-daInN
(reupuoysojiw)

oL gy € 29 €l 0. ap £ES6P8IV | ¥ 18uUUBYO Jenj|@oeUI 8pLIOJYD ollfe)

¥ 9s £ 2% 0 0s 1904 81zZesn aseyjuls usboob epsnw sh9
ioyoej} paauap

L £ | 62 £ 0z oL ¥9L9c0dy | -wnyeypda wawbid j-uidies | | juidieg ‘4a3d
Bojowoy

viL | GBI £ 2Z | 601 | $OI r4 G108€8IY eses}o.d [elipuoyoow uoT uon

sSnosue|jassin
_ uisjold

zL L 8 0. gl 0S L 9668LN | Buipuiq s01dedas sojoey Ymolb oLaIO
, L uisjold Aemuijied

8 12 rA W4 LL 16 op 2210014V BuieuBis ajqionpur | | NAA Ldsip

¥ 6L ZL 02 v £6 24 LZLIZLMY Aliwey susb Bojowioy sey Yy
Anwey

0l 8¢ 14 L€ £l v 6¢ LEEPBN Bleq49 1 ‘uusbejoidosiso qlLlsyul :©do
Bojowoy

ol 00l 1) 88 0 09 o¢ €LL298YY uisjoud Buipuig-419 ‘1S3 183

91 99 9 1574 6 82 oz 8265108Y ejeq Jojdadal |\ uiejsooup jwsQ

Z-uiejouid Buipuiq




PCT/US2008/009413

WO 2009/020601
15/48
FIGURE 12
wT KO
before MCAo
pO2 mmHg | 101.33+351| 101.33+2.08
pCO2 mmHg [ 35.33 1 0.58 33.67 £ 0.58
pH 7.44 £ 0.02 7.39£0.02
HCO - mmol/l | 22.61+1.28 21.84 £ 0.42
Glucose mg/dl 87.94+3.78 90.38+ 1.7
Lactate mmol/l 1.20+ 0.1 1.2+ 0.07
mABP 73.95+2.56 72951294
mT °c 36.01+0.19 3561104
after MCAo
pO2 mmHg | 97.67 £ 1.53 96.67 £ 0.58
pCO2 mmHg | 32.33+1.53 33.67+1.15
pH 7.3+ 0.02 7.38 £ 0.03
HCOs_ mmol/l | 20521066 20.86 £ 0.57
Glucose mg/dl 86.58 + 5.03 85.28 + 1.05
Lactate mmol/l 1.21 +0.05 1.19+ 0.05
mABP 67.38 + 2.71 66.31 +1.11
mT °c 35.49 £ 0.37 35.61 1+ 0.41
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