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(57) ABSTRACT 

The present invention provides methods for modulating cell 
death in a eukaryotic cell, and methods for reducing DNA 
damage in a eukaryotic cell. The methods generally com 
prise modulating a biological activity of DNA-PK in a cell. 
The invention further provides methods of treating a con 
dition related to cell death in an individual. The invention 
further provides methods of identifying agents Which modu 
late a biological activity of DNA-PK, as Well as agents 
identi?ed by the methods. Methods of modulating an 
immune response using an identi?ed agent are also pro 
vided. 
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AGENTS THAT MODULATE DNA-PK ACTIVITY 
AND METHODS OF USE THEREOF 

CROSS-REFERENCE 

[0001] This application claims the bene?t of US. Provi 
sional Application serial No. 60/202,274, ?led May 5, 2000, 
and US. Provisional Application serial No. 60/262,321, 
?led Jan. 17, 2001, both of Which are incorporated by 
reference herein in their entirety. 

STATEMENT REGARDING FEDERALLY 
SPONSORED RESEARCH 

[0002] The United States Government may have certain 
rights in this application pursuant to National Institutes of 
Health Grant Nos. AI 40682, CA 56909, CA 31397, and 
CA78497. 

FIELD OF THE INVENTION 

[0003] This invention is in the ?eld of control of cellular 
signaling, and in particular the use of immunomodulatory 
polynucleotides to modulate cell death. 

BACKGROUND OF THE INVENTION 

[0004] The innate immune response to an invading patho 
gen involves the effective and rapid recognition of highly 
conserved and repeated foreign structures such as those 
found in polysaccharides, lectins, complexed lipids (e.g., 
LPS) and double stranded (ds) RNA. MedZhitov and Jan 
eWay (1997) Cell 91:295. Recently, bacterial genomic DNA, 
plasmids and immunostimulatory oligodeoxynucleotides 
containing CpG dinucleotides in a particular base context 
(ISS-ODN or CpG motifs) have been shoWn to activate 
innate immunity. Klinman et al. (1999) Immunity 11: 123. In 
contrast, mammalian DNA or methylated bacterial DNAs 
are inactive. ISS stimulate macrophages/monocytes to 
secrete IL-6 and IL-12, activate NK cells, induce B-cell 
proliferation and polyclonal IgM production and rescue B 
cells from apoptosis. Klinman et al. (1999) Immunity 11: 
123. Furthermore, When ISS is co-delivered With an antigen, 
it elicits cell-mediated immunity, Which mimics the host 
immune response against viral infection. Roman et al. 
(1997) Nature Med. 8:849. 

[0005] Ku protein Was originally discovered as an autoan 
tigen recogniZed by autoantibodies from the sera of certain 
patients With systemic auto immune diseases. Mimori et al. 
(1981) J. Clin. Invest. 68:611-620; and Mimori and Hardin 
(1986) J. Biol. Chem. 261:10375-10379; and revieWed in 
Reeves et al. (1992) Rhem. Dis. Clin. NorthAm. 18:391-414. 
Ku antigen is a heterodimeric protein consisting of tWo 
polypeptides of approximately 70 kDa and 80 kDa. Ku 
antigen Was subsequently shoWn to the regulatory compo 
nent of DNA-dependent protein kinase (DNA-PK). Dynan 
and Yoo (1998) Nucl. Acids Res. 26:1551-1559. 

[0006] Ku, Which binds to double-stranded DNA breaks 
(DSB), is believed to play a role in targeting the DNA-PK 
complex to DSB for repair. Speci?cally, When bound to 
DNA, Ku interacts With and activates the DNA-PK catalytic 
subunit (DNA-PKcs). DNA-PKcs is believed to interact 
With and phosphorylate several DNA-binding proteins in 
vitro, such as replication protein A and the tumor suppressor 
protein p53, respectively, as Well as other transcription 
factors. Anderson and Lees-Miller (1992) Crit. Reviews in 
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Euk. Gene Expression 2:283; and Anderson (1993) Trends 
Biochem. Sci. 18:433. DNA-PK is thought to play a role in 
controlling gene regulation and cell groWth. Ku has been 
reported to bind to various DNA sequences, including NRE1 
(negative regulatory element 1) sequences from a viral LTR 
comprising repeats of 5‘-GAAAG-3‘ (Gif?n et al. (1997) J. 
Biol. Chem. 272:5647-5658); an Alu core element compris 
ing the sequence 5‘-GGAGGGC-3‘ (Tsuchiya et al. (1998) J. 
Biochem. 123:120-127; and a mammalian DNA origin of 
replication (RuiZ et al. (1999) Mol. Biol. Cell 10:567-580). 

[0007] In addition to DSB repair, DNA-PK is also 
involved in V(D)J recombination, isotype sWitching, as Well 
as telomere length maintenance and silencing. Weaver et al. 
(1996) CRC Crit. Rev. Eukaryotic Gene Exp. 6:345-375; 
Chu (1997) J. Biol. Chem. 272:24097-24100; Casellas et al. 
(1998) EMBO J. 17:2404-2411; and Boulton and Jackson 
(1998) EMBO J. 17:1819-1828. DNA-PK also participates 
in the activation of NFKB by ioniniZing radiation. Basu et 
al. (1998) Biochem. Biophys. Res. Comm. 247:79-83. 

[0008] Apoptosis, or programmed cell death (PCD) is a 
type of cell death that is fundamentally distinct from degen 
erative death or necrosis. It is an active process of gene 
directed cellular self-destruction Which in some instances, 
serves a biologically meaningful homeostatic function. 

[0009] Apoptotic cell death is characteriZed primarily by 
internucleosomal DNA cleavage and chromatin condensa 
tion, and also by cellular shrinkage, cytoplasmic blebbing, 
and increased membrane permeability. Gerschenson et al. 
(1992) FASEB J. 6:2450-2455; and Cohen and Duke (1992) 
Ann. Rev. Immunol. 10:267-293. This can be contrasted to 
necrosis, Which is cell death occurring as the result of severe 
injurious changes in the environment of infected cells. 
Necrosis is characteriZed by the sWelling and rupturing of 
cells, the loss of membrane integrity, a random breakdoWn 
of DNA into fragments of variable siZe, and the phagocy 
tosis of cellular debris by macrophages. The release of 
lysosomal enZymes damages neighboring cells, thus, cells 
die in groups. This produces an in?ammatory response in 
tissue. Cell death by necrosis involves no direct RNA or 
protein synthesis. For a general revieW of apoptosis, see 
Tomei, L. D. and Cope, F. 0. Apoptosis: The Molecular Basis 
of Cell Death (1991) Cold Spring Harbor Press, N.Y.; 
Tomei, L. D. and Cope, F. O. Apoptosis II: The Molecular 
Basis of Apoptosis in Disease (1994) Cold Spring Harbor 
Press, NY; and Duvall and Wyllie (1986) Immun. Today 
7:115-119. 

[0010] Apoptosis can be activated by a number of intrinsic 
or extrinsic signals. These signals include the folloWing: 
mild physical signals, such as ioniZation radiation, ultravio 
let radiation, or hyperthermia; loW to medium doses of toxic 
compounds, such as aZides or hydrogen peroxides; chemo 
therapeutic drugs, such as etoposides and teniposides, cytok 
ines such as tumour necrosis factors and transforming 
groWth factors; infection With human immunode?ciency 
virus (HIV); and stimulation of T-cell receptors. Various 
pathological processes, such as hormone deprivation, 
groWth factor deprivation, thermal stress and metabolic 
stress, induce apoptosis. (Wyllie, A. H., in BoWen and 
Lockshin (eds.) Cell Death in Biology and Pathology (Chap 
man and Hall, 1981), at 9-34). 

[0011] Unregulated apoptosis can cause, or be associated 
With, disease. For example, unregulated apoptosis is 
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involved in diseases such as cancer, heart disease, neurode 
generative disorders, autoimmune disorders, and viral and 
bacterial infections. Cancer, for example, not only triggers 
cells to proliferate but also blocks apoptosis. Cancer is partly 
a failure of apoptosis in the sense that the signal(s) for the 
cells to kill themselves by apoptosis are blocked. 

[0012] In heart disease, damage caused by trauma (e.g, 
resulting in shock), and cardiac cells can be induced to 
undergo apoptosis. For example, cells deprived of oxygen 
after a heart attack release signals that induce apoptosis in 
cells in the heart. Apoptosis may also be involved in the 
destruction of neurons in people afflicted by strokes or 
neurodegenerative diseases such as AlZheimer’s disease, 
Parkinson’s disease, and amyotrophic lateral sclerosis 

There is also evidence suggesting that ischemia can 
kill neurons by inducing apoptosis. It has been shoWn that 
neurons that are resistant to apoptosis are also resistant to 
ischemic damage, thus, inhibition of apoptosis may be a 
therapeutic strategy for the treatment of neurodegenerative 
or cardiovascular disorders, e.g., stroke. 

[0013] Under normal physiological conditions, self-reac 
tive immune cells may be induced to undergo apoptosis, 
thereby removing such self-reactive cells. A failure of the 
immune system to induce apoptosis in a self-reactive 
immune cell can lead to autoimmune disease. For example, 
autoimmune diseases such as rheumatoid arthritis, diabetes, 
and multiple sclerosis, result When a small percentage of T 
cells attack the body’s oWn tissue. 

[0014] There is a need in the art for methods of modulating 
cell death resulting from genotoxic insults. The present 
invention addresses this need, and provides related advan 
tages as Well. 

SUMMARY OF THE INVENTION 

[0015] The present invention provides methods for reduc 
ing DNA damage, resulting from a genotoxic insult, in a 
eukaryotic cell; and methods for modulating cell death in a 
eukaryotic cell. The methods generally comprise modulating 
a biological activity of DNA-PK in a cell. In some embodi 
ments, the methods comprise contacting a eukaryotic cell 
With an immunomodulatory nucleic acid molecule that binds 
speci?cally to Ku protein, either alone or as part of the 
DNA-PK complex. These methods are useful for treating 
any disorder resulting from a genotoxic insult to a cell, e.g., 
necrosis, apoptosis, and disorders arising from necrosis and 
apoptosis. These methods are useful in modulating cell death 
in an individual, e.g., to treat various apoptosis-related and 
necrosis-related disorders. Accordingly, the invention fur 
ther provides methods of treating a condition related to cell 
death in an individual. In one particular embodiment, cell 
death triggered by hypoxic or anoxic conditions is reduced. 
Accordingly, the invention further provides methods for 
reducing DNA damage mediated by hypoxic or anoxic 
conditions. These methods ?nd use in treating a variety of 
conditions, including, e.g., ischemic heart disease. 

[0016] The invention further provides methods of identi 
fying agents Which modulate a biological activity of DNA 
PK. Agents modulate a biological activity of DNA-PK 
include DNA-PK antagonists and DNA-PK agonists. In 
some embodiments, agents are those Which speci?cally bind 
the Ku polypeptide portion of the DNA-PK complex. In 
some embodiments, the screening methods are cell-based 
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methods. In other embodiments, the screening methods are 
cell-free methods. In some of these embodiments, the meth 
ods involve an assay to determine Whether a candidate agent 
is capable of competing With a knoWn immunomodulatory 
polynucleotide for binding to Ku polypeptide. 

[0017] The invention further provides agents identi?ed by 
the screening methods of the invention, as Well as compo 
sitions comprising the agents. Agents identi?ed may 
enhance, inhibit, or mimic an activity of an immunomodu 
latory nucleic acid molecule. An identi?ed agent may be 
useful in modulating an immune response in an individual. 
Antagonists and agonists of DNA-PK ?nd use in a variety of 
methods, including methods of reducing DNA damage 
resulting from a genotoxic insult, methods of inducing 
apoptosis, and methods of inhibiting apoptosis. The inven 
tion further provides methods of modulating an immune 
response, generally comprising administering an identi?ed 
agent to an individual. In some embodiments, methods of 
enhancing a Th1 response, and methods of reducing a Th2 
response are provided. 

[0018] These and other features of the invention Will 
become apparent to those persons skilled in the art upon 
reading the details of the invention as more fully described 
beloW. 

BRIEF DESCRIPTIONS OF THE DRAWINGS 

[0019] FIGS. 1A-D depict various aspects of character 
iZation of ISS-binding Ku antigen from mouse livers. FIG. 
1A depicts the results of RT-PCR analysis to detect the 
presence of IL-6, IL-12, and GAPDH transcripts in mouse 
livers treated With double-stranded ISS, single-stranded ISS, 
or mutant ISS. FIG. 1B depicts the results shoWing identi 
?cation of ISS-binding protein as Ku. FIGS. 1C and 1D 
depict results shoWing DNA binding speci?city of Ku anti 
gen for ds-ISS and ss-ISS, respectively. 

[0020] FIGS. 2A-C depict results Which shoW that Ku 
antigen is required for the induction of cytokines by ISS. 
BMDM from Wild-type, Ku70_/_ and Ku80_/_ mice Were 
treated With LPS, ISS, or mutant ISS for 24 hours, after 
Which IL-6 (FIG. 2A) or IL-12 (FIG. 2B) protein levels 
Were measured in culture supernatants. IL-6 and IL-12 
mRNA levels Were also measured by Northern blot analysis 
6.5 hours after treatment of BMDM With ISS, as shoWn in 
FIG. 2C. 

[0021] FIGS. 3A-D depict results that shoW that DNA 
PKcs is required for the induction of IL-6 and IL-12 by ISS. 
BMDM from Wild-type, or DNA-PKcs_/_ Were treated With 
ISS, mutant ISS, LPS, or Were left untreated, for 24 hours, 
after Which IL-6 (FIG. 3A) or IL-12 (FIG. 3B) protein 
levels Were measured in culture supernatants. IL-6 and IL-12 
mRNA levels Were also measured by Northern blot analysis 
6.5 hours after treatment of BMDM With ISS, as shoWn in 
FIG. 3C. FIG. 3D shoWs the results of in vivo analysis of 
the effect of ISS injected iv, into Wild-type or DNA 
PKcs_/_ mice on IL-6 and IL-12 expression in spleen and 
liver. 

[0022] FIGS. 4E-H are graphs depicting results that shoW 
that DNA-PKcs is required for the induction of IL-6 and 
IL-12 by ISS. FIGS. 4E and 4F shoW the effect of Wort 
mannin on IL-6 and IL-12 production, respectively. FIGS. 
4G and 4H shoW production of IL-6 and IL-12, respectively, 
in BMDM from ATM_/_ mice treated With 1SS, mutant ISS, 
LPS, or untreated. 
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[0023] FIGS. 5A-E depicts results that show involvement 
of IKK in NF-KB activation by 

[0024] FIGS. 6A-C depicts results that show the role of 
DNA-PKcs in activation of IKK by ISS. 

[0025] FIGS. 7A and B depict results showing that ISS 
activates DNA-PK in vitro and in vivo. 

[0026] FIGS. 8A and 8B depict results showing that 
DNA-PK activates IKKB through phosphorylation. 

[0027] FIG. 9 depicts result showing induction of HSP70 
by ISS. 

[0028] FIG. 10 depicts results showing that induction of 
inducible HSP70 by ISS is IFNot/B-dependent. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0029] The present invention is based on the following 
unexpected observations: (1) nucleic acid molecules previ 
ously identi?ed as modulating the immune response 
(“immunomodulatory nucleic acid molecule”) bind to Ku 
antigen, resulting in activation of DNA-PKcs; (2) immuno 
modulatory nucleic acid molecules activate the anti-apop 
totic PI3P-dependent kinase Akt; and (3) immunomodula 
tory nucleic acid molecules induce an anti-apoptotic 
response in eukaryotic cells. The present invention makes 
use of and extends these observations by providing methods 
of reducing DNA damage in a eukaryotic cell where the 
DNA damage is a result of a genotoxic insult; and methods 
of increasing or decreasing cell death in a eukaryotic cell. 
Such methods are useful for treating a variety of pathologi 
cal conditions relating to cell death (e.g., conditions relating 
to necrosis and conditions relating to apoptosis), or lack 
thereof. The invention further provides methods for identi 
fying agents that bind speci?cally to Ku antigen, and which 
therefore may be useful in methods to modulate an immune 
response, and in methods to modulate cell death. 

[0030] Without wishing to be bound by theory, it is 
believed that immunostimulatory nucleic acid molecules 
mimic the signal delivered by DNA damage and activate one 
or more components of the molecular machinery, e.g., 
DNA-PK, which are involved in repairing DNA damage 
(e.g., DSB). 
[0031] Before the present invention is further described, it 
is to be understood that this invention is not limited to 
particular embodiments described, as such may, of course, 
vary. It is also to be understood that the terminology used 
herein is for the purpose of describing particular embodi 
ments only, and is not intended to be limiting, since the 
scope of the present invention will be limited only by the 
appended claims. 

[0032] Where a range of values is provided, it is under 
stood that each intervening value, to the tenth of the unit of 
the lower limit unless the context clearly dictates otherwise, 
between the upper and lower limit of that range and any 
other stated or intervening value in that stated range is 
encompassed within the invention. The upper and lower 
limits of these smaller ranges may independently be 
included in the smaller ranges and are also encompassed 
within the invention, subject to any speci?cally excluded 
limit in the stated range. Where the stated range includes one 

Jul. 3, 2003 

or both of the limits, ranges excluding either both of those 
included limits are also included in the invention. 

[0033] Unless de?ned otherwise, all technical and scien 
ti?c terms used herein have the same meaning as commonly 
understood by one of ordinary skill in the art to which this 
invention belongs. Although any methods and materials 
similar or equivalent to those described herein can also be 
used in the practice or testing of the present invention, the 
preferred methods and materials are now described. All 
publications mentioned herein are incorporated herein by 
reference to disclose and describe the methods and/or mate 
rials in connection with which the publications are cited. 

[0034] It must be noted that as used herein and in the 
appended claims, the singular forms “a”, “and”, and “the” 
include plural referents unless the context clearly dictates 
otherwise. Thus, for example, reference to “an immuno 
modulatory nucleic acid molecule” includes a plurality of 
such nucleic acid molecules and reference to “the agent” 
includes reference to one or more agents and equivalents 
thereof known to those skilled in the art, and so forth. 

[0035] The publications discussed herein are provided 
solely for their disclosure prior to the ?ling date of the 
present application. Nothing herein is to be construed as an 
admission that the present invention is not entitled to ante 
date such publication by virtue of prior invention. Further, 
the dates of publication provided may be different from the 
actual publication dates which may need to be independently 
con?rmed. 

De?nitions 

[0036] The term “a biological activity of DNA-PK,” as 
used herein, refers to a biological activity of DNA-PK 
which, when modi?ed, affects the activity of DNA-PK in 
repairing DNA damage in a eukaryotic cell. A biological 
activity of DNA-PK encompasses a biological activity of 
either of its components, e.g., Ku antigen and DNA-PKcs, 
separately or in complex with one another. Biological activi 
ties of DNA-PK include, but are not limited to, binding to 
double-strand breaks in DNA; Ku binding to DNA-PKcs; 
binding of DNA-PK or its components to other factors, such 
as immunomodulatory nucleic acid molecules, polypeptides, 
etc., which modulate DNA-PK activity in repairing DNA 
damage; and phosphorylation of factors, such as polypep 
tides, by DNA-PKcs. 

[0037] The terms “Ku antigen,”“Ku polypeptide,” and 
“Ku protein,” used interchangeably herein, refer to the 
heterodimeric Ku protein (comprising the Ku70 and Ku80 
chains), the isolated Ku 70 chain, the isolated Ku 80 chain, 
and variants and fusion proteins of the foregoing. Ku antigen 
may be derived from any organism, including, but not 
limited to human, a murine, or other vertebrate. Ku antigen 
may be derived from a natural source, or may be completely 
or partially synthetic. The amino acid sequence of Ku 
antigen has been reported for mouse and human. These 
sequences may be found in the Swiss-Prot database under 
accession numbers P12956 and NP 001460 (human Ku 70); 
S25 149 (mouse Ku 70); and P13010 and A32626 (human 
Ku 80). Ku antigen may have a wild-type or a variant amino 
acid sequence. Variants include Ku antigen comprising one 
or more truncations, internal deletions, substitutions, addi 
tions, or other modi?cations such as glycosylations, phos 
phorylations, acylations, etc. Variants further include fusion 



US 2003/0125284 A1 

proteins comprising Ku antigen and a heterologous protein, 
including, but not limited to, an immunologically detectable 
protein, e.g., an epitope tag; a protein Which directly pro 
vides a detectable signal, e. g., a green ?uorescent protein; an 
enZyme Which, upon action on a substrate, can yield a 
detectable product, e.g., alkaline phosphatase. Preferably, a 
Ku antigen or Ku antigen variant is biologically active. As 
used herein, “biologically active Ku antigen” is a Ku antigen 
Which speci?cally binds an immunomodulatory nucleic acid 
molecule, and/or Which activates DNA-PKcs activity. 

[0038] The term “immunomodulatory,” as used herein in 
reference to a nucleic acid molecule, refers to the ability of 
a nucleic acid molecule to modulate an immune response in 
a vertebrate host. “Immunomodulatory” includes “immuno 
stimulatory” and “immunoinhibitory.” Whether an immu 
nomodulatory nucleic acid molecule is immunostimulatory 
or immunoinhibitory may be expressed in terms of the 
aspect of the immune response being modulated, e.g., rela 
tive enhancement, increase, or induction of a Th1 or a Th2 
cell-mediated immune response. Modulation of an immune 
response includes, but is not limited to, enhancing or 
increasing a Th1 response, and/or decreasing or inhibiting a 
Th2 response, and/or decreasing or inhibiting a Th1 
response. 

[0039] The terms “oligonucleotide,”“polynucleotide,” and 
“nucleic acid molecule”, used interchangeably herein, refer 
to a polymeric forms of nucleotides of any length, either 
ribonucleotides or deoXyribonucleotides. Thus, this term 
includes, but is not limited to, single-, double-, or multi 
stranded DNA or RNA, genomic DNA, cDNA, DNA-RNA 
hybrids, or a polymer comprising purine and pyrimidine 
bases or other natural, chemically or biochemically modi 
?ed, non-natural, or derivatiZed nucleotide bases. The back 
bone of the polynucleotide can comprise sugars and phos 
phate groups (as may typically be found in RNA or DNA), 
or modi?ed or substituted sugar or phosphate groups. Alter 
natively, the backbone of the polynucleotide can comprise a 
polymer of synthetic subunits such as phosphoramidites, 
and/or phosphorothioates, and thus can be an oligodeoXy 
nucleoside phosphoramidate or a miXed phosphoramidate 
phosphodiester oligomer. Peyrottes et al. (1996) Nucl. Acids 
Res. 24:1841-1848; Chaturvedi et al. (1996) Nucl. Acids 
Res. 24:2318-2323. The polynucleotide may comprise one 
or more L-nucleosides. A polynucleotide may comprise 
modi?ed nucleotides, such as methylated nucleotides and 
nucleotide analogs, uracyl, other sugars, and linking groups 
such as ?uororibose and thioate, and nucleotide branches. 
The sequence of nucleotides may be interrupted by non 
nucleotide components. A polynucleotide may be further 
modi?ed after polymeriZation, such as by conjugation With 
a labeling component. Other types of modi?cations included 
in this de?nition are caps, substitution of one or more of the 
naturally occurring nucleotides With an analog, and intro 
duction of means for attaching the polynucleotide to pro 
teins, metal ions, labeling components, other polynucle 
otides, or a solid support. 

[0040] The terms “polypeptide,”“peptide,” and “protein”, 
used interchangeably herein, refer to a polymeric form of 
amino acids of any length, Which can include coded and 
non-coded amino acids, chemically or biochemically modi 
?ed or derivatiZed amino acids, and polypeptides having 
modi?ed peptide backbones. The term includes polypeptide 
chains modi?ed or derivatiZed in any manner, including, but 
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not limited to, glycosylation, formylation, cycliZation, 
acetylation, phosphorylation, and the like. The term includes 
naturally-occurring peptides, synthetic peptides, and pep 
tides comprising one or more amino acid analogs. The term 
includes fusion proteins, including, but not limited to, fusion 
proteins With a heterologous amino acid sequence, fusions 
With heterologous and homologous leader sequences, With 
or Without N-terminal methionine residues; immunologi 
cally tagged proteins; and the like. 

[0041] As used herein the term “isolated” is meant to 
describe a polynucleotide, a polypeptide, an antibody, or a 
host cell that is in an environment different from that in 
Which the polynucleotide, the polypeptide, the antibody, or 
the host cell naturally occurs. As used herein, the term 
“substantially puri?ed” refers to a compound (e.g., either a 
polynucleotide or a polypeptide or an antibody) that is 
removed from its natural environment and is at least 60% 
free, preferably 75% free, and most preferably 90% free 
from other components With Which it is naturally associated. 

[0042] As used herein, the terms “treatment,”“treating,” 
and the like, refer to obtaining a desired pharmacologic 
and/or physiologic effect. The effect may be prophylactic in 
terms of completely or partially preventing a disease or 
symptom thereof and/or may be therapeutic in terms of a 
partial or complete cure for a disease and/or adverse affect 
attributable to the disease. “Treatment,” as used herein, 
covers any treatment of a disease in a mammal, particularly 
in a human, and includes: (a) preventing the disease from 
occurring in a subject Which may be predisposed to the 
disease but has not yet been diagnosed as having it; (b) 
inhibiting the disease, i.e., arresting its development; and (c) 
relieving the disease, i.e., causing regression of the disease. 

[0043] As used herein, the term “DNA damage” includes, 
but is not limited to, single-strand breaks, double-strand 
breaks, alkali-labile sites, oXidative damage, DNA cross 
linking, and incomplete eXcision repair sites. 

[0044] As used herein, the term “cell death” refers to cell 
death arising from any cause, and includes necrosis, apop 
tosis, and a combination of necrosis and apoptosis. 

[0045] As used herein, the terms “an cell death-related 
condition” and “a condition related to cell death,” and 
“condition caused by cell death,” are used interchangeably 
herein to refer to a condition (the term “condition” being 
used interchangeably herein With the terms “disease” and 
“disorder”) associated With abnormally high rates (e.g., 
higher than physiologically normal in the absence of the 
condition) of cell death. It is also a condition Which is 
amenable to treatment by inducing cell death, e.g., to reduce 
proliferation of an undesired cell. 

[0046] The terms “genotoXic factor,” and “genotoXic 
insult”, used interchangeably herein, refer to any of a variety 
of environmental insults that result in DNA damage in a 
eukaryotic cell, e.g., may adversely affect the structure 
and/or integrity of DNA in a eukaryotic cell, and Which thus 
may lead to cell death. GenotoXic factors include, but are not 
limited to, anoXia, hypoXia, ischemia, reperfusion injury, UV 
irradiation, gamma irradiation, DNA-damaging chemicals, 
and anti-cancer drugs that target DNA. 

[0047] “Ischemia” is de?ned as an insuf?cient supply of 
blood to a speci?c organ or tissue. A consequence of 
decreased blood supply is an inadequate supply of oXygen to 
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the organ or tissue (hypoxia). Prolonged hypoxia may result 
in injury to the affected organ or tissue. “Anoxia” refers to 
a virtually complete absence of oxygen in the organ or 
tissue, Which, if prolonged, may result in death of the organ 
or tissue. 

[0048] “Hypoxia” and “anoxia” refer to a reduction of 
oxygen supply to a tissue beloW physiological levels. A 
“hypoxic condition” refers to a condition under Which a 
particular organ or tissue receives an inadequate supply of 
oxygen. An “anoxic condition” refers to a condition under 
Which the supply of oxygen to a particular organ or tissue is 
cut off. 

[0049] “Reperfusion” refers to the resumption of blood 
flow in a tissue folloWing a period of ischemia. 

[0050] “Ischemic injury” refers to cellular and/or molecu 
lar damage to an organ or tissue as a result of a period of 
ischemia and/or ischemia folloWed by reperfusion. 

[0051] The terms “preventing,”“reducing,” and “inhibit 
ing” are used interchangeably herein. In the context of 
modulating cell death, these terms refer to a reduction in cell 
death or a prolongation in the survival time of the cell. They 
also are intended to include a diminution in the appearance 
or a delay in the appearance of morphological and/or bio 
chemical changes normally associated With apoptosis and/or 
necrosis. Thus a reduction in cell death leads to increased 
survival time and/or survival rate of a cell or population of 
cells Which, absent the use of a method to reduce cell death, 
Would normally be expected to die. 

[0052] The term “biological sample” encompasses a vari 
ety of sample types obtained from an organism and can be 
used in a diagnostic or monitoring assay. The term encom 
passes blood and other liquid samples of biological origin, 
solid tissue samples, such as a biopsy specimen or tissue 
cultures or cells derived therefrom and the progeny thereof. 
The term encompasses samples that have been manipulated 
in any Way after their procurement, such as by treatment 
With reagents, solubiliZation, or enrichment for certain com 
ponents. The term encompasses a clinical sample, and also 
includes cells in cell culture, cell supernatants, cell lysates, 
serum, plasma, biological ?uids, and tissue samples. 

[0053] The terms “cancer”, “neoplasm”, “tumor”, and 
“carcinoma”, are used interchangeably herein to refer to 
cells Which exhibit relatively autonomous groWth, such that 
they exhibit an aberrant groWth phenotype characteriZed by 
a signi?cant loss of control of cell proliferation. Cancerous 
cells can be benign or malignant. 

[0054] By “individual” or “host” or “subject” or “patient” 
is meant any mammalian subject for Whom diagnosis, treat 
ment, or therapy is desired, particularly humans. Other 
subjects may include cattle, dogs, cats, pigs, rabbits, rats, 
mice, horses, and so on. 

[0055] Methods of the Invention 

[0056] The present invention provides methods for modu 
lating cell death in a eukaryotic cell; and methods for 
reducing DNA damage due to a genotoxic insult in a 
eukaryotic cell. The methods generally comprise contacting 
the cell With an agent that modulates a biological activity of 
DNA-PK. In some embodiments, the methods provide for 
decreasing cell death in a eukaryotic cell by activating 
DNA-PKcs in the cell. In other embodiments, the methods 
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provide for increasing cell death in a eukaryotic cell by 
decreasing DNA-PKcs activity in the cell. The invention 
further provides methods of treating a cell death-related 
condition in an individual. 

[0057] In some embodiments, the methods comprise con 
tacting a cell With an immunomodulatory nucleic acid 
molecule. Immunomodulatory nucleic acid molecules suit 
able for use in these methods are described in more detail 
beloW. Immunomodulatory nucleic acid molecules can bind 
to Ku polypeptide and activate DNA-PKcs activity in a cell. 

[0058] In some embodiments, methods are provided for 
reducing DNA damage resulting from exposure to a geno 
toxic factor in a eukaryotic cell in response to a genotoxic 
factor. The methods generally comprise contacting the cell 
With an agent that modulates a biological activity of DNA 
PK, as described above. In these embodiments, an “effective 
amount” of an agent is an amount effective to decrease the 
DNA damage by at least about 10%, at least about 20%, at 
least about 25%, at least about 30%, at least about 40%, at 
least about 50%, at least about 60%, at least about 70%, at 
least about 80%, at least about 90%, or up to 100%, in the 
cell, When compared to DNAdamage in a cell exposed to the 
genotoxic factor but not contacted With the agent. 

[0059] The methods can be used in vitro (e.g., in a 
screening assay), in vivo (e.g., in therapeutic methods), or ex 
vivo (e.g., in therapeutic methods such as reducing cell death 
in an organ or tissue or cells to be transplanted). For in vivo 
use, a formulation comprising an effective amount of an 
agent that modulates a biological activity of DNA-PK in a 
eukaryotic cell is administered to an individual in need 
thereof. An “effective amount” of an agent that decreases a 
biological activity of DNA-PK activity in a eukaryotic cell 
is an amount is an amount effective to decrease the DNA-PK 
biological activity by at least about 10%, at least about 20%, 
at least about 25%, at least about 30%, at least about 40%, 
at least about 50%, at least about 60%, at least about 70%, 
at least about 80%, at least about 90%, or up to 100%, in the 
cell. An “effective amount” of an agent that increases a 
biological activity of DNA-PK in a eukaryotic cell is an 
amount is an amount effective to increase the biological 
activity of DNA-PK by at least about 10%, at least about 
25%, at least about 50%, at least about 75%, at least about 
100% (or tWo-fold), at least about 5-fold, at least about 
10-fold, at least about 25-fold, or at least about 50-fold or 
more, in the cell. 

[0060] Any biological activity of DNA-PK can be 
detected, including, but not limited to, (1) enZymatic activity 
of DNA-PK in phosphorylating a substrate polypeptide; (2) 
the level of cell death in a cell population as an indication of 
the level of DNA-PK activity; (3) measuring Ku binding to 
DNA-PKcs; (4) binding of an immunomodulatory nucleic 
acid molecule to Ku; (5) activity of a polypeptide in the 
pathWay of DNA-PK activition, e.g., Akt-1; and (6) binding 
of a polypeptide (e.g., replication protein A, “RPA”) to the 
DNA-PK complex. “Detecting,” as used herein, encom 
passes determining the presence or absence of a biological 
activity; determining a relative increase or decrease in a 
biological activity; and measuring quantitatively the level of 
a biological activity. Accordingly, “detecting” encompasses 
both quantitative and qualitative determinations. 

[0061] DNA-PK enZymatic activity can be detected using 
any method knoWn in the art. DNA-PK activity can be 
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measured in a reaction mixture comprising linear, double 
stranded DNA, a suitable polypeptide or peptide substrate, 
Mg2+ ions, ATP, and gamma-labeled ATP, e.g., [y32P] 
labeled ATP. Methods for measuring DNA-PK activity have 
been described in the art. See, e.g., Basu et al. (1998) 
Biochem. Biophys. Res. Comm. 247:79-83, the contents of 
Which is incorporated herein by reference for their teaching 
of assays for DNA-PK activity. In general, a polypeptide 
substrate for DNA-PK comprises a minimal target sequence 
for phosphorylation by DNA-PK consists of a serine or 
threonine residue adjacent to a glutamine (on either side) 
With no nearby basic amino acids. An example of a peptide 
substrate speci?c for DNA-PK has the folloWing amino acid 
sequence: Glu-Pro-Pro-Leu-Ser-Gln-Glu-Ala-Phe-Ala-Asp 
Leu-Trp-Lys-Lys. Kits for assaying DNA-PK activity are 
commercially available from, e.g., Promega. Reaction prod 
ucts are analyZed for incorporation of labeled phosphate into 
the peptide or polypeptide substrate, using standard tech 
niques. As one example, reaction products are spotted onto 
phosphocellulose paper; dried; Washed to remove unincor 
porated [y-32P]-ATP; dried; and spots cut out and counted in 
a scintillation counter. 

[0062] DNA damage can be detected using any knoWn 
method, including, but not limited to, a Comet assay (com 
mercially available from Trevigen, Inc.), Which is based on 
alkaline lysis of labile DNA at sites of damage; and immu 
nological assays using antibodies speci?c for aberrant DNA 
structures, e.g., 8-OHdG. 

[0063] Cell death can be measured using any knoWn 
method, and is generally measured using any of a variety of 
knoWn methods for measuring cell viability. Such assays are 
generally based on entry into the cell of a detectable com 
pound (or a compound that becomes detectable upon inter 
acting With, or being acted on by, an intracellular compo 
nent) that Would normally be excluded from a normal, living 
cell by its intact cell membrane. Such compounds include 
substrates for intracellular enZymes, including, but not lim 
ited to, a ?uorescent substrate for esterase; dyes that are 
excluded from living cell, including, but not limited to, 
trypan blue; and DNA-binding compounds, including, but 
not limited to, an ethidium compound such as ethidium 
bromide and ethidium homodimer, and propidium iodide. 

[0064] Apoptosis can be assayed using any knoWn 
method. Assays can be conducted on cell populations or an 
individual cell, and include morphological assays and bio 
chemical assays. A non-limiting example of a method of 
determining the level of apoptosis in a cell population is 
TUNEL (TdT-mediated dUTP nick-end labeling) labeling of 
the 3‘-OH free end of DNA fragments produced during 
apoptosis (Gavrieli et al. (1992) J. Cell Biol. 119:493). The 
TUNEL method consists of catalytically adding a nucle 
otide, Which has been conjugated to a chromogen system or 
a to a ?uorescent tag, to the 3‘-OH end of the 180-bp (base 
pair) oligomer DNA fragments in order to detect the frag 
ments. The presence of a DNA ladder of 180-bp oligomers 
is indicative of apoptosis. Procedures to detect cell death 
based on the TUNEL method are available commercially, 
e.g., from Boehringer Mannheim (Cell Death Kit) and 
Oncor (Apoptag Plus). Another marker that is currently 
available is annexin, sold under the trademark APO 
PTESTTM. This marker is used in the “Apoptosis Detection 
Kit,” Which is also commercially available, e.g., from R&D 
Systems. During apoptosis, a cell membrane’s phospholipid 
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asymmetry changes such that the phospholipids are exposed 
on the outer membrane. Annexins are a homologous group 
of proteins that bind phospholipids in the presence of 
calcium. A second reagent, propidium iodide (PI), is a DNA 
binding ?uorochrome. When a cell population is exposed to 
both reagents, apoptotic cells stain positive for annexin and 
negative for PI, necrotic cells stain positive for both, live 
cells stain negative for both. Other methods of testing for 
apoptosis are knoWn in the art and can be used, including, 
e.g., the method disclosed in US. Pat. No. 6,048,703. 

[0065] Binding of Ku polypeptide to DNA-PKcs can be 
detected by standard protein-protein interaction assays, e.g., 
immunological assays such as co-precipitation of DNA 
PKcs With an antibody to Ku polypeptide, and the like. 

[0066] In some embodiments, an immunomodulatory 
nucleic acid molecule activates a kinase activity of Akt-1. 
Akt-1 (also knoWn as PKB-ot and RAC-PK-(X) is a member 
of the AKT/PKB family of serine/threonine kinases and has 
been shoWn to be involved in a diverse set of signaling 
pathWays. Akt-1, like other members of the AKT/PKB 
family is located in the cytosol of unstimulated cells and 
translocates to the cell membrane folloWing stimulation. 
Akt-1 has been cloned and sequenced. Bellacosa et al. 
(1991) Science 254:274-277; Coffer and Woodgett (1991) 
Eur J. Biochem. 201:475-481; Jones et al. (1991) Cell 
Regul. 2: 1001-1009. Akt-1 is a phosphatidylinositol-3,4,5 
trisphosphosphate (PIP3)-dependent anti-apoptotic kinase, 
and plays a role in the prevention of “programmed cell 
death” or apoptosis. Phosphatidylinositol 3-kinase (PI3-K) 
phosphorylates Akt, Which phosphorylation serves to acti 
vate the anti-apoptotic activity of Akt. It has been demon 
strated that Akt-1 provides a survival signal to cells protect 
ing them from a number of agents including UV radiation, 
WithdraWal of IGF1 from neuronal cells, detachment from 
the extracellular matrix, stress and heat shock. Dudek et al. 
(1997) Science 275:661-665; and Alessi and Cohen (1998) 
Curr. Opin. Genet. Dev. 8:55-62. Assays for Akt-1 kinase 
activity are knoWn in the art and have been amply described, 
e.g., in the above-mentioned publications. In general, a 
substrate for Akt-1 and [y-32P]-ATP are provided in a 
reaction mixture, and phosphorylation of the substrate is 
monitored using conventional assays. 

[0067] Methods of detecting binding of DNA-PK to other 
polypeptidcs such as RPA are knoWn in the art, and any such 
method can be used in conjunction With the methods of the 
present invention. 

[0068] Immunomodulatory Nucleic Acid Molecules Suit 
able for Use in the Methods of the Invention 

[0069] The term “polynucleotide,” as used in the context 
of immunomodulatory nucleic acid molecules, is a poly 
nucleotide as de?ned above, and encompasses, inter alia, 
single- and double-stranded oligonucleotides (including 
deoxyribonucleotides, ribonucleotides, or both), modi?ed 
oligonucleotides, and oligonucleosides, alone or as part of a 
larger nucleic acid construct, or as part of a conjugate With 
a non-nucleic acid molecule such as a polypeptides. Thus 
immunomodufatory nucleic acid molecules may be, for 
example, single-stranded DNA (ssDNA), double-stranded 
DNA (dsDNA), single-stranded RNA (ssRNA) or double 
stranded RNA (dsRNA). Immunomodulatory nucleic acid 
molecules also encompasses crude, detoxi?ed bacterial 
(e.g., mycobacterial) RNA or DNA, as Well as enriched 






























