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ATM (Ataxia-telangiectasia mutated) and ATR (ATM and Rad-3 related) are
structurally homologous, functionally non-redundant large molecular weight
nuclear protein kinases that belong to the PIKK gene superfamily. ATM/ATR
have been implicated as critical regulators of cellular responses to genotoxic
stress including the coordination of cell cycle checkpoints, DNA repair, gene
expression and induction of apoptosis. Although ATM/ATR-dependent pathways

that regulate activation of cell cycle checkpoints are well understood, the

I S ame

identities of the relevant factors that mediate ATM/ATR-dependent changes in
gene expression and cell survival remain largely undetermined. We delineated a
novel stress-induced signal transduction pathway directly linking ATM to the
Ca?'/cAMP response element-binding protein, CREB, a transcription factor that
regulates cell growth, homeostasis, and survival. ATM phosphorylated CREB in

vitro and in vivo in response to ionizing radiation (IR) and oxidative stress. IR-

induced phosphorylation of CREB correlated with a decrease in CREB trans-
activation potential and reduced interaction between CREB and its transcriptional

co-activator, CBP. To establish the CREB target genes that may be regulated by




the ATM-CREB pathway, we performed a comparative gene expression
microarray analysis. This analysis identified homeobox transcription factor
HOXB13, as a potential downstream target repressed by the ATM-CREB
pathway. Given that HOXB13 is implicated as an anti-proliferative and pro-
apoptotic factor in cells, we propose that ATM-CREB pathway functions in pro-
survival capacity by altering the expression of HOXB13. Parallely, we studied
the role of ATR in replication stress-induced apoptosis in hydroxyurea (HU)-
hypersensitive ML-1 cells. HU is a competitive inhibitor of the enzyme
ribonucleotide reducatse that is required for DNA synthesis. Exposure of ML-1
cells to HU caused rapid cell death that correlated well with ATR-dependent
accumulation of transcription factor p53 and pro-apoptotic p53 target gene
PUMA. In addition, microtubule inhibitor nocodazole suppressed HU-induced p53
accumulation in ML-1 cells suggesting that a microtubule-dependent event is
also required for apoptosis in ML-1 cells. Our findings outline a HU-induced cell
death pathway and suggest that activation of the ATR is necessary, but not

sufficient, for stabilization of p53 in response to DNA replication stress.
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CHAPTER 1

INTRODUCTION




1.1. Ataxia telangiectasia (A-T)

Ataxia-telangectasia (A-T) is arare chromosmal instability syndrome

characterized by radiation sensitivity, cerebellar degeneration, cancer
susceptibility, and immunodeficiency (1). A-T is an autosomal recessive disease
that affects 1 in every 40,000 live births. A-T manifests in infants between the
ages of 1 and 2. Children affected by A-T have motor defects and are confined to
a wheel chair by the age of 10. In addition, A-T is also characterized by\
telangiectasias which cause swelling of blood vessels in eye that cause difficulty
in initiating voluntary eye movements. The clinical phenotype of this disease also

includes slurred speech, drooling, tremors and mild mental retardation. Since A-T

kids are immunodeficient they are susceptible to secondary infections especially

e

of the respiratory tract (reviewed in 36).

One of the hallmark features of cells derived from A-T patients (A-T cells) is
hypersensitivity to ionizing radiation (IR) and other agents that induce DNA
double strand breaks (DSBs) (1). The radiation sensitivity of A-T cells is a
consequence of defects in cell cycle checkpoint control and subtle defects in
DNA repair (3). A-T cells are characteristically defective in the G1/S and G2/M i

cell cycle checkpoints and display radioresistant DNA synthesis (RDS), which

represents the failure to transiently downregulate DNA replication in response to

DNA damage (3). A-T cells also display a slightly elevated fraction of residual

DNA damage that is indicative of a DNA repair defect (3). Cytogenetic analysis
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revealed that A-T cells have increased frequency of spontaneous breaks and

rearrangements in the chromosomes (3). Combined defects in cell cycle
checkpoint activation and DNA repair is believed to contribute to the acquisition
of genetic instability and the 100-fold enhanced risk of cancer observed in this
disease. Far less is known regarding the mechanism of cerebellar degeneration
in A-T. A-T is caused by inactivating mutations in a single gene product called

ATM (Ataxia-telangiectasia mutated) (2).
1.2. ATM Protein Kinase

The ATM gene encodes a large molecular mass nuclear protein kinase that
belongs to phosphoinositide 3-kinase (PI3K)-related kinase (PIKK) gene
superfamily (2) (Fig.1.1). Members of the PIKK family share a highly conserved
C-terminal kinase domain that is structurally similar to PI3K (2). The kinase
domain of the PIKK’s are flanked by two loosely conserved domains termed FAT
(FRAP/ATM/TRRAP) and FATC ( FAT C-terminal), which are generally

expressed in pairs and have presumed functions in kinase activation (38). The N-
terminus of the PIKK’s have multiple helical HEAT domains which are thought to

play a role in scaffolding these kinases into macromolecular signaling complexes

(37). Other members of the PIKK family include the ATM homolog ATR (ATM
and Rad3-related), DNA repair protein kinase DNAPK, mammalian target of
rapamycin mTOR and ATX, a kinase involved in nonsense-mediated mRNA

decay (39).
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Within this large superfamily of kinases, ATM, ATR and their orthologs in

other species form a subgroup of kinases that participate in DNA damage
response pathways (3). ATM and ATR are Ser/T hr-GIn directed kinases (40) that
phosphorylate a panel of overlapping, as well as distinct substrates involved in
cell cycle checkpoint activation, apoptosis regulation, gene expression and DNA
repair (3). Even though ATM and ATR have similar substrate specificities (58),
they participate in functionally non-redundant pathways. This is exemplified by
the fact that ATM is a non-essential gene (4) and ATR is an essential gene (41)
in mammalian cells and mice. Another major distinguishing factor between ATM
and ATR is the nature of the stimuli they respond to. While ATM is activated
primarily by agents that induce DSBs, ATR responds to stimuli that induce
replication stress (Hydroxyurea) and bulky DNA lesions (ultraviolet radiation).
Mutation of the ATR gene was identified in individuals with Seckel Syndrome, a

rare autosomal recessive disorder characterized by dwarfism, microcephaly and

mental retardation (42).

1.2.a. Mechanisms of ATM Activation

The mechanism of ATM activation was recently elucidated (43). In the resting
state, ATM is held inactive in cells as dimers or higher order multimers with the
kinase domain of one ATM molecule bound to the FAT domain of the other ATM
molecule. DNA damage induced by irradiation induces rapid intermolecular

autophosphorylation of Ser-1981 that contributes to dimer dissociation and a
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subsequent increase in ATM catalytic activity. The release of active ATM

monomers allows for downstream response pathways to be initiated by
increasing accessibility of ATM to its substrates. In addition, Ser-1981 can also
be phosphorylated in response to agents that alter chromatin structure including
a histone deacetylase inhibitor TSA, chloroquine and hypotonic conditions.
Based on these data it has been suggested that DSB induced changes in

chromatin structure contribute to ATM activation.

A role for the evolutionarily conserved MRN complex (Mre11/ Rad50 / Nbs1) in
ATM activation has been recently demonstrated (44,45,48). This trimeric
complex is heavily implicated in maintaining genomic stability and possesses
DNA binding activity (Nbs1) as well as nuclease (Mre11) and ATPase (Rad50)
activity and can also function as an adaptor to recruit proteins to sites of DNA
damage. These functions of the MRN complex have been previously shown to be
important in the initial processing of DSBs. In addition, the MRN complex has
documented roles in DSB repair through both the homologous recombination and
non-homologous end joining pathways. The loss of function mutations of MRN
complex in mice result in embryonic lethality, emphasizing the role for this

complex in organismal viability.

Recent in vitro studies have shown that MRN complex acts as a double strand
sensor that recruits ATM to broken DNA ends which results in increase in ATM

kinase activity (44). In addition, in vitro data also suggest that addition of MRN to




6
ATM increased the phosphorylation of its downstream substrates many fold

(45). ATM has been shown to be in a complex with MR or NBS1 alone, and the
physical composition of the complexes contributes to different affinities towards
downstream substrates (46). Consistent with these findings, ATM activation as
well as downstream substrate phosphorylation is severely compromised in cells
lacking functional Mre11 and NBS1, and this defect can be reversed by
reconstituting the cells with functional MRN complex. In this regard, the MRN
complex is required for both upstream activation and downstream signaling
functions of ATM. The current model posits that the MRN complex contributes to
cellular responses to DSBs by integrating DNA repair with the activation of

checkpoint signaling by inducing a conformational change in ATM that increases

its affinity for its downstream substrates.

Consistent with the roles of the MRN complex in ATM activation, hypomorphic
mutations in MRN complex results in genome instability syndromes that are also
characterized by radiation hypersensitivity and increased cancer susceptibility.
For example, missense mutations as well as C-terminal truncations of Mre11
cause AT-LD (A-T Like Disease), a late onset variant of A-T (47). Hypomorphic

mutations in NBS1 result in NBS (Nijmegen Breakage Syndrome), which is

characterized by microencephaly, mental retardation, and cancer predisposition,
but lacks a strong cerebellar degeneration phenotype (49). A variant of this

disease is also caused by Rad50 mutations. Given the role for MRN complex in

ATM function, it is no surprise that cells derived from AT-LD and NBS patients
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display impaired ATM activation and phosphorylation of its downstream

substrates following radiation (46).

While ATM is activated in an MRN-dependent manner under low doses, the MRN
complex is dispensable for ATM activation at high doses of radiation. In addition,
while MRN complex is required for ATM activation in response to IR, it is
expendable for replication stress dependent activation of ATM suggesting the
possibility for additional mechanisms of ATM activation. Recent data suggest that\
Tip60 histone acetyl transferase forms a constitutive stable complex with the
FATC domain of ATM and induces rapid acetylation of ATM in response to DNA
damage (52). DNA damage induces an increase in Tip60 HAT activity
independent of ATM catalytic activity. Suppression of Tip60 protein levels by

RNA interference blocks IR-induced ATM activation and targeting to nuclear foci

as well as downstream phosphorylation of substrates p53 and CHK2.

Recent evidence divulged a role for the members of the Phosphoprotein
Phosphatases (PP) family including PP2A and PP5 in ATM activation. PP5 has
been shown to associate with ATM in a damage-inducible manner (55).
Expression of catalytically inactive form of PP5 results in attenuation of ATM
activation and signaling functions (51). In contrast, PP2A and ATM associate
constitutively in undamaged cells, and IR induces dissociation of PP2A and ATM
(53). Cumulatively, these reports present a strong case for a role for protein

phosphatases in activation of ATM.
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ATR has been implicated in cellular responses to hypoxia, stalled replication

forks induced by DNA replication inhibitors like hydroxyurea (HU) as well as

agents that introduce bulky DNA lesions such as UV and alkylating agents (32).
The mechanism by which ATR is activated in response to stress stimuli remains
unresolved. Several groups have failed to detect an increase in ATR kinase
activity after treatment with genotoxic agents such as UV and IR. However,
immunostaining analysis revealed that ATR responded to DNA damage by
undergoing a dramatic change in intranuclear localization (54,55). While ATR
presents a diffused nuclear staining at resting conditions, it localizes to distinct
nuclear foci in response to replication stress. It is at these foci that ATR is
thought to gain access to its downstream substrates. ATR interacting protein
(ATRIP) and single strand DNA binding protein Replication protein A (RPA) have

been shown to play important roles in ATR localization and function (54,55).

Some proteins involved in ATM activation have been recently implicated in ATR
activation. PP5 has also been shown to form a stress-inducible complex with
ATR and is proposed to play a role in modulating the activity of ATR towards its
substrates (50). Recent data demonstrate a role for the MRN complex on the
ATR-mediated phosphorylation of SMC1 (Structural Maintanence of
Chromosomes 1), in response to replication stress (59). However, there is
evidence that some ATR-dependent responses do not require the MRN complex.

A recent report from the Jackson lab argues for a role for ATM in IR-dependent

activation of ATR (56). According to their model, IR-induced ATM activation and
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nuclease activity of Mre11 are required for processing of DSBs to generate

RPA-coated ssDNA, which is required for recruitment of ATR to nuclear foci and

activation of its downstream substrate Checkpoint Kinase 1 (CHK1).

1.2.b. Genome Surveillance functions of the ATM/ATR Kinases: Roles in
regulation of Cell Cycle, Apoptosis and Gene Transcription

Upon activation, ATM and ATR kinases orchestrate DNA damage responses via ;
phosphorylation of diverse array of signaling molecules including DNA repair
factors (MRN, Breast Cancer Susceptibility genes BRCA1 and BRCA?2),
transcription factors (Tumor suppressor p53, Nuclear Factor Kappa B (NF oB),
cAMP Response Element Binding protein (CREB), Activating Transcription
Factor 2 (ATF2)), cell cycle regulators (CHK1, CHK2, Proliferating Cell Nuclear
Antigen (PCNA), RPA), and proteins involved in determining cellular fate (p53,
NFaB) (reviewed in 32). ATM/ATR-dependent phosphorylation events have been
shown to either regulate localization of the protein to sites of DNA damage,
modify conformation of target substrate, generate protein-protein interaction
motifs and/or modulate stability. The regulation of such a wide array of substrates
allows for ATM and ATR to participate in many cellular processes including cell
cycle checkpoint activation, DNA repair, gene transcription and apoptosis

(reviewed in 3, 32, 57) (Table 1.1).
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Key mediators of ATM and ATR checkpoint functions are the checkpoint

effector kinases, CHK1 and CHK2. In response to various stress stimuli,
ATM/ATR phosphorylates CHK2 and CHK1 respectively, which in turn
phosphorylates and inactivates its downstream substrate CDC25 phosphatase
(60,62,63). Inactivation of CDC25 phosphatase contributes to inactivation of
cyclin-dependent kinases, which in turn results in cell cycle arrest at G1/S and
G2/M boundaries (60,62). This mechanism of checkpoint activation is rather
rapid and delays G1/S or G2/M transition only for a few hours. Additional

programs are activated for sustaining the arrest of cells in these cell cycle

boundaries.

Additional ways in which ATM and ATR activate G1/S and G2/M checkpoint is by
modulating p53 function through direct and indirect mechanisms (reviewed in
64). ATM/ATR phopshorylates p53 at Ser-15 and promotes p53 accumulation
(31). The ubiquitin ligase MDM2 that functions as a negative regulator of p53 is
also targeted by ATM/ATR. Phosphorylation of MDM2 by ATM/ATR prevents the
interaction of MDM2 with p53 and results in p53 accumulation in cells (65). In
addition, ATM/ATR-dependent activation of CHK2/CHK1 targets p53 at Thr-18
and Ser-20 respectively, which prevents interaction of MDM2 with p53 (64). The
modifications on p53 and MDM2 contribute to stabilization of p53 levels in cells
and results in an increase in its transcriptional activity. The net result of induction
of p53 is the activation of p53 target genes including p21/CIP1/WAF1 (cyclin-

dependent kinase inhibitor) that is required for both the G1/S and G2/M
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checkpoint activation (61). ATM/ATR-dependent phosphorylation of the RFC

(Replication Factor C)-related protein Rad17 at Ser-635 and Ser-645 has been

shown to be important in activation of G2/M checkpoint (30). In addition, p53-
dependent induction of 14-3-3 sigma gene, which mediates the nuclear exclusion
of cyclinB-CDC2 complexes also prevents initiation of mitotic events (64). The
ATM/ATR-dependent regulation of p53 tumor suppressor constitutes the major
pathway for cell cycle checkpoint activation. It is interesting to note that the

deregulation of p53 is very common in human cancers.

ATM also phosphorylates NBS1 on Ser-343 and other residues which have been
shown to be necessary for S-phase checkpoint activation and survival after IR
exposure (66). In addition, phosphorylation of NBS1 at Ser-343 is also required
for ATM-mediated phosphorylation of substrates such as Chk2, SMC1 and
FEanconi Anemia D 2 (FANCD2) in vivo. ATM/ATR-mediated phosphorylation of
BRCA1 at several residues contributes to activation of S-phase DNA damage
checkpoint (67). While the function of these modifications are not fully
understood, it is proposed that they aid in nucleating ATM signaling complexes at
sites of DNA damage. Thus the coordinated phosphorylation of several proteins

is required for the proper activation of the various cell cycle checkpoints.

Several proteins have been implicated in facilitating the interactions of ATM and
ATR with their substrates through the assembly of multiprotein complexes at the

sites of DNA damage. These include MDC1 (Mediator of DNA damage

.
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Checkpoint 1), 53BP1 (p53 Binding Protein 1) as well as BRCT ( BRCA1 C-

Terminal) domain containing proteins (68-69). Mammalian cells that lack
expression of these proteins show impaired cell cycle checkpoint mechanisms
and enhanced sensitivity to DNA damaging agents. ATR-mediated
phosphorylation of CHK1 has been shown to require Claspin, a protein that
selectively interacts with chromatin structures created by stalled replication forks
(70). Given that the ATM-CHK2 and ATR-CHK1 pathway share many
common effector proteins, it is striking that ATM and CHK2 are dispensable
for development, whereas ATR and CHK1 are essential genes. This supports

a role for ATR and CHK1 in cell cycle progression, possibly in DNA replication.

Upregulation of p53 in response to stress signals also provides a crucial link
between ATM/ATR and the p53-dependent apoptosis program (reviewed in 71).
IR-induced p53 accumulation results in activation of pro-apoptotic p53 target
genes including BAX, NOXA and PUMA. In addition a series of p53-inducible
genes (PIGs) are rapidly upregulated in response to DNA damage and promote
the execution of mitochondrial death pathways. ATM may also upregulate pro-
survival pathways through direct activation of transcription factor NFoB that has
been implicated to function as an anti-apoptotic factor (72). Since ATM activates
both pro-apoptotic and anti-apoptotic pathways in response to IR, the ultimate
fate of the DNA-damaged cell will depend on the relative balance of ATM-
regulated death and survival pathways. Thus whether ATM activation promotes

or inhibits apoptosis is cell-context dependent. For instance, while retinas from
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ATM-/- mice undergo apoptosis in response to IR, neurons from these mice

are resistant to killing by same stimuli (6). Given that ATM regulates the function
of several tumor suppressors, it comes as no surprise that ATM deficiency is

associated with increased cancer predisposition.

1.2.c. ATM and Neurodegeneration

Far less is known about the neuronal functions of ATM and the mechanisms by\
which ATM-deficiency causes cerebellar degeneration are largely unexplored.
Brains from A-T patients display no gross abnormality at birth, but undergo
neurodegeneration during the course of life (73). This suggests that ATM may be
required for differentiation of neural progenitor cells in the adult brain. ATM-/-
mice display many characteristic features of human A-T including radiation
sensitivity, but fail to show a strong neurodegenerative phenotype (4-5). Purkinje
and granule neurons, which are most severely affected in human A-T, are not
grossly abnormal in ATM " mice. However, brains from ATM™ mice display subtle
developmental defects and are abnormally resistant to IR-induced apoptosis (6-
7). It has been proposed that neurodegeneration in human A-T is due to the
developmental escape of genomically-damaged neurons, which are destined to
degenerate. A second hypothesis posits that neurodegeneration occurs as the
result of increased oxidative stress. In support of this hypothesis, brains from
ATM-/- mice, especially cerebellum, display markers of increased oxidative

stress, including elevated levels of nitrotyrosine, Manganese Superoxide
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Dismutase (MnSOD) and Heme Oxgenase 1 (HO-1) (8-9). Elevated levels of

Reactive Oxygen Species (ROS), including hydrogen peroxide (H 20,) and
superoxide anion (O7) are demonstrable in ATM™ mice (10,11,13). It has been
suggested that neurodegeneration in A-T is a consequence of oxidative damage
associated with the loss of ATM (9,12). Consistent with a role in mediating
responses to oxidative stress, the catalytic activity of ATM is upregulated in
response to H,0, (14). Identification of ATM-dependent signaling pathways that
regulate neuron homeostasis or survival is imperative for understanding the\
neurodegenerative process in A-T. Given that CREB (Cyclic AMP response
element binding protein) is a critical mediator of neuronal survival and
mediates gene expression in response to DNA damage and oxidative

stress, we hypothesized that the neuronal functions of ATM may be, in

part, mediated through its regulation of CREB function.

1.3. Cyclic AMP Response Element Binding protein (CREB)

CREB is a 341 amino acid (~43kD) protein that belongs to the bZip superfamily
of transcription factors (reviewed in 17). The transcription functions of CREB are
carried out through binding of a CREB dimer to an 8-bp (TGACGTCA)
palindrome called the Cyclic AMP Responsive Element (CRE) in the promoters

of target genes. CREB can also bind DNA to a 5 bp (TGACG) sequence called
half-CRE with lower affinity. The domain structure of CREB (Fig 1.2) reveals a

centrally located 60 amino acid region called the Kinase Inducible Domain (KID)
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flanked by two glutamine rich domains Q1 and Q2. At the C-terminal end of

the protein is the basic region and leucine zipper required for dimerization and
DNA binding respectively (reviewed in 17). The CREB gene is alternatively
spliced to produce N-terminally or C-terminally truncated polypeptides with
distinct activator and repressor properties (21). Other members of the CREB
family include Activating transcription factor 1-3 (ATF1-3) and cAMP response
element modulator (CREM) (16). CREB is ubiquitously expressed and lies at the

intersection of a multitude of signaling pathways that regulate homeostasis, ceII\
growth, differentiation and survival (16,20). CREB is also heavily implicated in

learning and memory (74). CREB-deficient mice are fully formed, but die at birth

due to respiratory distress secondary to pulmonary atelectasis (28-29).

CREB-dependent gene expression is induced in response to multiple stimuli
including cAMP, growth factors, hypoxia and Calcium (16). DNA-damaging
stimuli, including hydrogen peroxide (H202), UV light, and DNA alkylating agents
also modulate CREB-dependent transactivation (20). To date, well over 100
CREB-regulated genes have been identified (Table 1.2) including, but not limited
to, cell cycle regulators (Cyclin A, Cyclin D, PCNA and Cyclin Dependent Kinase
5 (CDK5)), DNA repair factors (DNA Polymerase beta, BRCA1), anti-apoptotic
genes (Bcl-2, Myeloid Cell Leukemia 1 (MCL1)), Inhibitors of Apoptotic Proteins
(IAPs), anti-oxidant enzymes (MnSOD, HO-1), neurotransmitters (Somatostatin
Receptor 2(SSTR2), Beta1 Adrenergic Receptor), Immunological regulators

(Interleukin 2 and 6 (IL-2, IL-6), T Cell receptor alpha) and transcription factors
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(c-Fos, JunD, ATF) (reviewed in 17). Genome wide search for CRE’s

revealed that approximately 10,000 genes contain a CRE in their promoter.
Global analysis of CREB occupancy of CRE’s using in vivo promoter microarray
showed that CREB occupied CRE of approximately 3000 genes, which accounts

for about 20% of all coding genes (75).

1.3.a. Mechanisms of CREB activation

CREB protein mediates basal and stimulus-inducible transcription of target genes
in variety of cell types. CREB transactivation domain is bipartite, with the
constitutive activity mediated primarily by C-terminal Activation Domain (CAD)
and the stimulus-inducible activity contributed by KID domain (76). However,
there is evidence for a concerted mechanism for CREB transactivation whereby
both the CAD and KID stimulate sequential steps in transcription initiation. CREB
stimulates basal transcription of CRE-containing genes through a CAD domain
that recruits Transcription Factor |l D (TFIID) via interaction with  TATA-binding-
protein-associated Factor (TAF) proteins (77). Mutations in the CREB-TAF
interaction domain have been shown to decrease basal CREB-mediated
transactivation. The canonical inducible CREB activation pathway (Fig 1.3)
involves cAMP-induced phosphorylation of CREB on Ser-133 by Protein Kinase
A (PKA) (18). The phosphorylation of Ser-133 promotes an interaction between
KID domain of CREB and the KIX domain of the transcriptional co-activator

CBP/p300 (CREB binding protein) (19,25), which further facilitates the interaction
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with the basal transcriptional machinery to mediate CREB-dependent gene

expression (22). The structure of KIX domain of CBP bound to Ser-133-
phosphorylated KID of CREB has been solved using NMR spectroscopy (34). In
the absence of phosphorylation at Ser-133, the KID conforms a highly disordered
structure. However, upon phopshorylation at Ser-133, the KID domain undergoes
a folding transition on binding KIX, forming two alpha helices that kink close to
the Ser-133 site. CREB activity is attenuated within a few hours after stimulation,

owing to the dephosphorylation of Ser-133 by the Serine/Threonine phosphatase

PP1 and PP2A (78).

Additional Ser-133 kinases phosphorylate CREB in response to growth and
stress stimuli. These include Mitogen Activated Protein Kinase (MAPK),

Calmodulin-Dependent Kinase |l and ]V (CaMKIl, CaMKIV), Protein Kinase B
(PKB), and Mitogen and Stress-activated Kinase 1 (MSK-1) (reviewed in 17). In

addition to Ser-133, CREB is also phosphorylated on several other Ser/Thr and
Tyr residues in the KID. This region, within KID, that encompasses all these
phopshorylation sites is referred as the Phopshorylation box (P-Box). For
instance, CaMK |l and IV phosphorylate Ser-142 that is shown to negatively
regulate CREB transactivation by altering CREB-CBP interaction (24).
Phosphorylation sites for Casein kinases | and Il, as well as glycogen synthase
kinase-3 have also been identified in the P-box (33). These additional
modifications may modulate CREB-CBP interactions and/or dictate the specificity

of CREB-dependent gene expression, perhaps by recruiting distinct
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transcriptional coactivators and corepressors. One provocative hypothesis

in the field is that phosphorylation of these additional residues by
stimulus-specific kinases regulate distinct programs of gene expression

under different conditions.

CREB can also be activated inducibly in a Ser-133 phosphorylation-independent
manner. The transcriptional co-activator TORC (Transcducer Of Begula't'ed\
CREB activity) binds to the bZIP DNA binding/ dimerization domain of CREB and
enhances CREB-mediated transactivation by facilitating the association of CREB
with TAF11130 component of TFIID transcriptional complex (79). In addition, the
tissue-specific co-activators ACT (Activator of CREM in Testis) and FHL ( Eour
and a Half Lim) are also implicated in facilitating CREB-mediated transactivation

through the KID domain in a Ser-133 independent manner (reviewed in 17).
CREB can also be post-translationally modified by ubiquitination and

SUMOylation, and these modifications have been shown to affect the stability of

CREB protein in response to hypoxia (80).

Considering that CREB can be induced in response to diverse stimuli, there is
ample interest in the field to determine the factors that contribute to signal
discrimination by CREB. The differential ability of CREB to recruit CBP in
response to stimuli has been shown to contribute to stimulus-dependent
differences in CREB transactivation (24). CREB binding to CRE is highly tissue-

specific suggesting that the repertoire of genes regulated by CREB is distinct in
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different cell types (81). There is evidence that suggests that the occupancy

of CREB on CRE sites may be regulated by DNA methylation and the ability of
flanking sequences to recruit co-factors (75). In vivo evidence from the Montminy
Lab shows that CREB only occupies unmethylated CREs (75). A recent
publication from the Goodman group also argues for the role of epigenetic
modification in CREB regulation (81). The ability of CREB to bind DNA and
mediate the expression of a particular target gene correlated with methylation of
histone H3 at Lysine 4 (81). Differential regulation of CREB target genes may
also depend on core promoter configuration (35). For instance, TATA-box
containing CREB target genes are induced by cAMP, whereas TATA-less
promoters are non-responsive to cAMP, even though CREB binds both

promoters with equal affinity.
1.3.b. CREB and Cancer

The positioning of CREB at the intersection of growth and DNA damage-induced
pathways suggests that dysregulation of CREB may contribute to neoplastic
growth and malignant transformation (82). Constitutive activation of the cAMP-
CREB pathway has been observed in endocrine tumors (83) and invasive
melanomas, whereas overexpression of a dominant-negative mutant of CREB
decreased the tumorigenicity of melanoma cells (84). Furthermore, CRE “decoy”
oligonucleotides that sequester CREB transcriptional complexes inhibit the

growth of cancer cells, but not normal cells, in vitro (85). Recent studies have
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shown that CREB is overexpressed in bone marrow of patients with Acute

Myeloid Leukemia (AML) (86). In addition, the elevated CREB expression levels

in these patients were associated with greater incidence of relapse and poor
clinical outcome. CREB dysfunction in AML is proposed to promote tumor
formation by improper regulation of cell cycle target genes that contributes to
aberrant cellular proliferation (87). Cells from transgenic mice overexpressing
CREB under a myeloid specific promoter exhibited properties of transformed
cells including growth-factor-independent cell proliferation. Although CREB acts
as a proto-oncogene, overexpression of CREB in mice was insufficient to induce
leukemogenesis, suggesting additional factors are required to promote tumor
formation in mice. CREB has also been implicated in genesis of lymphomas.
Interestingly, several CREB target genes such as Cyclin A and Cyclin D are

frequently overexpressed in cancers (88). The role of CREB as a proto-oncogene

is likely to be a rich area of study in the future.

1.3.c. Neuronal Functions of CREB

CREB is a critical regulator of responses to neuronal stimuli including
neurotrophins, neuronal growth factors and mitogens (reviewed in 15). CREB-
dependent gene expression in neurons is implicated in processes of learning,
memory, neuronal plasticity, circadian rhythm and neurogenesis (15). Several

pieces of evidence strongly support a role for CREB as a neuroprotectant (29).

CREB-mediated gene expression has been shown to be necessary for nerve
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growth factor-dependent survival of sympathetic and cerebellar granule

neurons (26). Genetic studies using CREB-deficient mice demonstrate a
requirement for CREB in survival of both dorsal root ganglia and sensory
neurons in vivo (28). CREB-deficient mice also display axonal growth defects
(28). Overexpression of a CREB Ser-133A mutant showed increased apoptosis
of sympathetic and cerebellar neurons that could be rescued by overexpression
of anti-apoptotic CREB target gene B-Cell Lymphoma 2 (BCL-2) (26). Based on

these results it is suggested that the pro-survival effects of CREB is mediated, in
part, through the transcription of its anti-apoptotic target gene BCL-2.
Overexpression of CREB Ser-133A transgene in pituitary is associated with
dwarfism (89). Collectively, these data suggest a role for CREB in cell
proliferation and cellular survival. The survival functions of CREB in neurons are
partially redundant with those carried out by CREM, which is upregulated in the
absence of CREB. The absence of CREB (29) and CREM in developing brain
results in generalized cell death, whereas postnatal disruption of transcription
mediated through CREB or CREM triggers selective and progressive
neurodegeneration due to increased apoptosis (27). Given that both the loss of
ATM and CREB results in neurodegenerative phenotype, and knowing that
CREB regulates neuronal survival and oxidative stress responses, we
hypothesized that neuronal functions of ATM may be mediated through

regulation of CREB function.
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We have delineated a novel DNA damage-induced signaling link between

ATM and CREB (detailed in Chapter 2) (90). We showed that ATM
phopshorylated CREB in vitro and in vivo in response to genotoxic stimuli. ATM-
mediated phosphorylation of CREB inhibited CREB transactivation by altering
CREB-CBP interaction. To gain insight into the transcriptional function of the
ATM-CREB pathway, we performed comparative gene expression array analysis.
Our preliminary findings suggest that homeobox gene HOXB13 is one

downstream CREB target gene regulated by the ATM-CREB pathway (detailed in

Chapter 3).

1.4. Homeobox Gene Superfamily

Homeobox genes, originally identified in Drosophila, encode transcription factors
that play important roles in development in vertebrates (reviewed in 103).
Members of the homeobox superfamily of genes contain a highly conserved C-
terminal 61-amino acid sequence known as homeodomain (HD) which is
required for recognition and binding to sequence specific DNA motifs (109). In
majority of the cases, HD can bind with high affinity to a short DNA sequence
containing the ATTA motif, however they can also bind to a TAAT core motif. To
date more than 200 vertebrate homeobox genes have been identified that are
divided into subfamilies — HOX, MSX, PAX, SIX and LIM - based on similarity of
HD and diversity in sequences that flank the HD which confers distinct functional

properties. For instance, a hexapeptide sequence close to the HD in HOX family
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supports interaction of HOX proteins with PBX homeoproteins. Post-

transcriptional and post-translational modifications, sub-cellular localization, and
binding to HD-containing co-factors are some ways in which the homeobox-
dependent gene expression is regulated (reviewed in 110).
Relatively few bona fide cellular targets have been identified for specific
homeobox genes in vivo. Among the genes identified are extracellular matrix
proteins, adhesion molecules, growth factors and cell cycle regulators (revievd'ed\
in 105,110). Since homeobox genes function in cellular proliferation and
differentiation, it comes as no surprise that deregulation of this family is
implicated in several cancers including kidney, prostrate, breast and colon (97). !
i However the mechanism by which homeobox gene alterations cause cancer is

not fully understood.
1.4.a. HOX Gene Superfamily

The largest subgroup of homeobox genes is the HOX genes that play crucial
roles in embryogenesis (reviewed in 112). So far 39 vertebrate HOX genes have
been identified which are organized into 4 chromosomal clusters — A, B, C and D
— which have arisen by duplication and divergence of a primordial HOX gene
(102). Each cluster has 9 to 11 members that are placed in 13 paralogous

groups based on homeobox sequence similarity. An association exists between

the arrangement of HOX genes in a cluster and their order of expression during

development. For instance, the expression of 3’ genes (groups 1-4) occurs early
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in development and is restricted to the anterior regions, while the expression

of 5’ genes (groups 9-13) is delayed and limited to the posterior. Consistent with
its major roles in development, it is no surprise that HOX genes are highly
conserved among different species. Cis-regulatory elements, autoregulation by
paralogues and cross regulation by neighboring genes are proposed to

contribute to regulation of HOX genes (reviewed in 101).

Loss of function analyses in mice has implicated the HOX genes in development
of axial-skeletal vertebrae, limb skeletal elements, neuronal structures and
internal organs such as lung (reviewed in 111). In keeping with the role for HOX
genes in limb and skeletal development, mutations in certain HOX family
members result in conditions such as synpolydactyly, hypodactyly and
brachydactyly. The involvement of HOX genes in lineage determination during
early hematopoiesis has been proposed (100). Misexpression of HOX genes that
occur as a result of chromosomal translocations, involving upstream regulators
such as MLL (Mixed Lineage Leukemia), has been implicated in leukemogenesis

(104).

HOX genes typically function in assigning cell fate, proliferation, differentiation
and patterning embryonic structures. The proliferative functions of HOX genes
are mediated through its effects on cell cycle machinery. Bromleigh et al.,
demonstrated that HOXA10 can directly bind to the p21 promoter and activate

p21 transcription which results in cell cycle arrest and differentiation (106). The
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cell cycle regulator geminin, which controls DNA replication, has been shown

to directly interact with the HD of HOX genes and inhibit its transcriptional
function (108). In addition, HOX11 functions are also implicated in activation of
G2/M checkpoint via its interaction with protein phosphatases PP1 and PP2A
(99).

Deregulation of HOX gene expression and function has been implicated in
oncogenesis (reviewed in 98). HOX genes that are normally only active during
embryogenesis are re-expressed in neoplastic cells. HOX gene re-expression
has been recently identified in SCLC @hall Cell Lung Cancer) and cancers of

kidney, brain and mammary glands and is associated with increased tumor i
vascularization and metastasis (113). In contrast, epigenetic silencing of certain i
HOX genes is also implicated in the genesis of tumors of renal and colorectal
origins (91). Since over expression and suppression of HOX genes have been

implicated in tumorigenesis, HOX genes are referred to as “tumor modulators”,

rather than tumor suppressors or oncogenes.
1.4.b. HOXB13: An anti-proliferative pro-apoptotic HOX gene
HOXB13, the most 5’ gene in the HOXB cluster and the last identified member of

the HOX family (96), is a non-essential gene in mice, probably owing to the

functional redundancy of other HOX isoforms (95). The mouse and human

homologs of HOXB13 share 100% amino acid identity in HD and ~91% identity in

the remainder of the gene. Mouse HOXB13 is generally expressed in the -
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posterior regions of the developing embryo, particularly in the caudal extent of

spinal cord, tail bud and urogenital sinus. Consistent with its expression pattern,
HOXB13 deficient mice display overgrowth of major structures derived from the
tail bud, including secondary neural tube (SNT), the caudal spinal ganglia and
caudal vertebrae (95). HOXB13 deficient mice are viable and fertile, and the only
distinguishing phenotypic characteristic is a long and thick tail. The overgrowth
phenotype observed in HOXB13 deficient animals is attributed to increased cell
proliferation and decreased apoptosis, emphasizing the role for HOXB13 as a\
pro-apoptotic and anti-proliferative factor (95). Although the mouse HOXB13
gene is only expressed in prostrate and colorectal tissues, expression of human

HOXB13 is also detected in kidney, muscle, brain, testis, uterus, placenta and

thymus.

HOXB13 is unique among HOX genes, in that, while most loss of function
mutations in HOX genes are associated with loss of various structures, HOXB13
deficiency causes overgrowth of neural elements (95). This finding emphasizes
the role of HOXB13 in growth repression and apoptotic induction that contribute
to the final stages of developmental patterning. This function of HOXB13 is
further exemplified when frozen sections of SNT from HOXB13-proficient and
deficient mice were compared by immunostaining with phospho Histone H3
(mitosis marker) and TUNEL (Terminal dUTP-Nick End Labeling) (apoptosis

marker). The SNTs from HOXB13-deficient mice displayed decreased staining

with mitosis marker and increased reactivity to apoptosis marker, further |
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suggesting that HOXB13 functions as an inhibitor of neuronal proliferation

and an activator of apoptosis in SNT (95). In contrast to several HOX mutants
demonstrating increased apoptosis in neural tissues, the hallmark of HOXB13
loss is decreased apoptosis. The anti-proliferative and pro-apoptotic functions of
HOXB13 have been observed in several other cell systems, including prostate
cancer cell lines (94), primary Renal Cell Carcinomas (RCC) and RCC lines (95),
murine caudal spinal cord and epidermal organotypic model system (95).
However, the mechanism by which HOXB13 mediates these functions is largely

unresolved.

Recent studies by Jung et al., provide one plausible mechanism for HOXB13
mediated growth suppression in prostate cancer cells (94). According to their
model, HOXB13 negatively regulates the T-Cell Factor 4 (TCF-4) mediated

expression of its target genes c-myc and Cyclin D1 that contributes to arrest of
cells in G1 phase of cell cycle (94). The growth suppressive effect of HOXB13
was accompanied by a change in cell morphology, wherein the cells adapt a
gigantic cobblestone-like appearance characteristic of cells in a terminally
differentiated state. A recent study by the same group also argues for the role of
the Androgen Receptor (AR) in mediating HOXB13 induced growth suppression

(93). In the context of prostate cancer cells, this group observed that HOXB13
physically interacts with AR and represses hormone-induced AR activity and
androgen mediated growth stimulatory signals. HOXB13 induced growth

suppression in these cells was relieved by overexpression of hormone-activated
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AR. Interestingly, prostate cancer cells that are AR-positive expressed high

levels of HOXB13, whereas the AR-negative cells showed diminished HOXB13
expression. A similar correlation between AR and HOXB13 was also observed in
tumor xenograft models. Intriguingly, a connection between other HOX13
paralogues and cell cycle progression has also been reported (105). HOXA13
and HOXC13 interact with a DNA replicator sequence within the human Laminin
B2 genes. A recent publication from the Maytin lab suggests that HOXB13 can
drive differentiation by inducing the enzyme transgluatminase, which is required\
to assemble differentiation- and cell death-associated structures in cells (92).

However the mechanism by which HOXB13 alters transglutaminase activity is ,

not fully understood.

Direct target genes of HOXB13 that may mediate its cellular functions have not
yet been identified. While most HOX proteins are presumed transcription factors
because of the presence of the DNA binding domain, several HOX proteins have
been shown to function as co-activators, repressors or co-factors that function in
assembling complexes on DNA. An interesting study by Shen et al,
demonstrates a role for HOX proteins in regulation of co-activator CBP/p300
(107). According to their model, HOX proteins, including HOX13 paralogues
binds CBP/p300 in vitro and in vivo through their homeodomains. This interaction
prevents HOX genes from binding to DNA and represses the transactivating

functions of HOX genes. Conversely, HOX-CBP interaction inhibits histone acetyl
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transferase activity of CBP and implicates HOX genes as repressors of

transcription.

1.4.c. HOXB13 and Cancer

The HOXB13 gene is methylated in 30% of primary Renal Cell Carcinomas
(RCC) and ~73% of human RCC cell lines (91). HOXB13 methylation results in
profound loss of its expression and correlates well with the tumor size, grade,
stage and invasive capacity. Conversely, re-expression of functional HOXB13 in
RCC cells inhibits colony formation and induces apoptosis through caspase 3
activation. It is therefore proposed that hypermethylation and subsequent '

inactivation of HOXB13 may contribute to RCC tumorigenesis and progression

(91). Interestingly, greater than 70% of all colorectal cancers also show loss of

HOXB13 expression. In addition, HOXB13 levels are either downregulated or

mislocalised in several skin cancers including melanoma, basal cell carcinoma

and squamous cell carcinoma (91). In humans loss of heterozygosity of the

17921 locus, which spans the HOXB cluster is linked to early events of prostate

carcinogenesis. Considering the growth suppressive effects of HOXB13, it is

conceivable that loss of HOXB13 will provide a survival advantage to the cancer

cells. Based on these observations, HOXB13 is proposed to be a candidate

tumor suppressor.
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1.6. Figures

Figure 1.1. PIKK Gene Superfamily. The domain structure of the various PIKK
family members is shown here. Within this large superfamily, ATM/ATR and their

orthologs form a subfamily of kinases implicated in DNA damage responses.
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Table 1.1. Substrates and Functions of ATM and ATR Kinases. Summary

of the various ATM and ATR substrates and their biological functions.




Substrates

Functions

p53, CHK1, CHK2, MDM2

G1/S Checkpoint Activation

CHK1, RPA, NBS1, SMC1,
Mre11, FANCD2, BRCA1

Intra S Checkpoint Activation

BLM, CHK2, BRCA1, Rad17

G2/M Checkpoint Activation

p53, CREB, NFaB,NEMO

Cell Fate Determination

CHK2, c-Abl, E2F1

DNA Repair

p53, NFoB, c-Jun, CREB

Gene Expression
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Figure 1.2. Cyclic AMP response Element Binding Protein (CREB). The

domain structure of CREB protein is shown here. A centrally located Kinase
Inducible Domain (KID) is flanked by two glutamine rich regions Q1 and Q2. The
C-terminal end of the protein contains the bZIP domain (basic region + Leucine
Zipper) which is required for DNA binding and dimerization. CAD - C-terminal

Activation Domain, NLS - Nuclear Localization Sequence.
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Figure 1.3. Mechanisms of CREB Activation. The canonical inducible

CREB activation pathway involves cAMP-induced phosphorylation of CREB on
Ser-133 by Protein Kinase A (PKA). The phosphorylation of Ser-133 promotes

the interaction between CREB and its transcriptional co-activator CBP/p300,
which further facilitates the interaction with the basal transcriptional machinery to
mediate CREB-dependent gene expression. In addition to PKA, several other
protein kinases, including Mitogen Activated Protein Kinase (MAPK), Calmodulin-
Dependent Kinase |l and |V (CaMKIl, CaMKIV), Protein Kinase B (PKB), and
Mitogen and Stress-activated Kinase 1 (MSK-1) phosphorylate the Ser-133 site

in vitro; and in vivo in response to a variety of cellular stimuli.
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Table 1.2. CREB-dependent Gene Expression. The table summarizes a

subset of CREB-dependent genes. Through the regulation of a large array of

genes, CREB participates in a variety of cellular functions.




Target Gene Functions
BCL-2, MCL-1, IAPs Cell Survival
PCNA, CDKS5, Cyclin A, Cyclin D1| Cell Cycle

SSRT2, beta1 AR, TH, VIP,
i NOS

Neurotransmission

DNA Pol beta, BRCA1

DNA repair

c-fos, JunD, NURRT1, ICER

Transcription

MnSOD, HO-1

Oxidative Stress Regulation

BDNF, FGF6, TNF alpha

Growth Factors

PPAR gamma, Insulin, Glucagon,
LDH, HMG CoA Synthase

Metabolism

IL-2, IL-6, TCR alpha

Immune Regulation
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2.1. Abstract

Ataxia-telangiectasia (A-T) is a syndrome of cancer susceptibility, immune
dysfunction, and neurodegeneration that is caused by mutations in the ataxia-
telangiectasia-mutated (ATM) gene. ATM has been implicated as a critical
regulator of cellular responses to DNA damage including the activation of cell
cycle checkpoints and induction of apoptosis. Although defective cell cycle
checkpoint regulation and associated genomic instability presumptively
contribute to cancer susceptibility in A-T, the mechanism of neurodegeneration in
A-T is not well understood. In addition, although ATM is required for the induction
of the p53 transcriptional program in response to DNA damage, the identities of
the relevant transcription factors that mediate ATM-dependent changes in gene
expression remain largely undetermined. In this report we describe a signal
transduction pathway directly linking ATM to the Ca?'/cAMP response element-
binding protein, CREB, a transcription factor that regulates cell growth,
homeostasis, and survival. ATM phosphorylated CREB in vitro and in vivo in
response to ionizing radiation (IR) and H,O, on a stress-inducible domain. IR-
induced phosphorylation of CREB correlated with a decrease in CREB trans-
activation potential and reduced interaction between CREB and its transcriptional
co-activator, CBP. A CREB mutant containing alanine substitutions at ATM
phosphorylation sites displayed enhanced trans-activation potential, resistance to
inhibition by IR, and increased binding to CBP. We propose that ATM-mediated

phosphorylation of CREB in response to DNA damage modulates CREB-




dependent gene expression and that dysregulation of the ATM-CREB

pathway may contribute to neurodegeneration in A-T.
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2.2. Introduction

Ataxia-telangiectasia (A-T) is a recessive genetic syndrome characterized by
immune deficiency, cancer susceptibility, and cerebellar degeneration (1). A-T is
caused by mutations in ATM, which encodes a protein kinase belonging to the
phosphoinositide 3-kinase-related kinase gene superfamily (2). At the cellular
level, ATM-deficient cells grow poorly in culture, are genetically unstable and
display exquisite sensitivity to ionizing radiation (IR) ahd radiomimetic drugs (1).
A-T cells are also characteristically defective in the G+/S, intra-S, and G2/M cell
cycle checkpoints following B-irradiation (3), which is believed to contribute to
genomic instability and cancer susceptibility.

The checkpoint-signaling functions of ATM ‘a\réaghieved through the coordinated
phosphorylation of polypeptide substrates, inclugiﬁggsa BRCA1, NBS1, and
CHK2, which transmit signals to the DNA repair, ap;ptosis, and cell cycle
machinery (3). Far less is known regarding the mect{anism of cerebellar
degeneration in A-T. Purkinje and granule neurons, which are most severely
affected in human A-T, are not grossly abnormal in ATM™ mice (4, 5). However,
brains from ATM" mice display subtle developmental defects and are abnormally
resistant to IR-induced apoptosis (6,7). It has been proposed that
neurodegeneration in human A-T is due to the developmental escape of
genomically-damaged neurons, which are destined to degenerate (6). A second

hypothesis posits that neurodegeneration occurs as the result of increased

A
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oxidative stress (8, 9). In support of this hypothesis, brains from ATM" " mice

display markers of oxidative stress including increased levels of heme
oxygenase, thioredoxin, and reactive oxygen species (ROS) (10-14). The basis
for enhanced oxidative stress in the absence of ATM has not been determined,

but may be a consequence of persistent DNA damage (11).

Identification of ATM-dependent signaling pathways that regulate neuron
homeostasis or survival is imperative for understanding the neurodegenerative
process in A-T. One relatively well-characterized stress-response and neuron-
survival factor is the Ca®*/cyclic AMP fééponig element-binding protein, CREB.
CREB is a bZIP family transcription factor thé\t\plg\ys key roles in neuronal
development, function, and survival (15). CREB t;\émscriptional activity is
upregulated in response to a wide variety of cellular stimuli, including cAMP,
Ca?', hypoxia, UV light, and growth factors (16, 17). The canonical CREB
activation pathway involves stimulus-induced phosphorylation of CREB on Ser-
133 by protein kinase A (PKA) or other Ser-133 kinases (18). The
phosphorylation of Ser-133 promotes an interaction between the kinase-inducible
domain (KID) of CREB and the transcriptional co-activator CREB-binding protein
(CBP), which potentiates the expression of CREB target genes (19-22). CREB
activity is also subject to negative regulation. Phosphorylation of Ser-142 by
Calmodulin kinase Il (CaMKIIl) or CK2 inhibits CREB transcriptional activity and

destabilizes the interaction betweeﬁ the KID and CBP (23-25).
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CREB is a bona fide neuron survival factor. Overexpression of dominant-

negative CREB mutants causes death of cultured neurons and genetic disruption
of CREB in mice results in axonal growth defects and perinatal lethality (26-28).
Furthermore, conditional disruption of CREB and the CREB-related factor,
CREM, causes apoptosis of post-mitotic neurons (29). The anti-apoptosis
functions of CREB are attributable to CREB-dependent transcription of pro-

survival genes such as Bcl-2 and neuron growth factors (26, 30, 31).

Despite an extensive body of Iiteraturer %V&ﬁg@g CREB activation, little is
known regarding the regulation of CREB in responée\lo overt DNA-damaging
stimuli. Given that genetic inactivation of CREB and ;A\TM yield neuronal
phenotypes, we were intrigued by the possibility that ATM functions upstream of
CREB in a DNA damage-induced signaling pathway. We now present evidence
that ATM directly regulates CREB phosphorylation and trans-activation potential
in response to IR and oxidative stress through a novel, Ser-133 phosphorylation-
independent, mechanism. These findings have implications for understanding
how ATM modulates gene expression in response to stress stimuli and may

provide a link between CREB dysregulation and neurodegeneration in A-T.

2.3. Materials and Methods

Cell culture and antisera. K562 and HEK 293T cells were maintained in RPMI- f

1640 media and DMEM containing 10% FCS, respectively. G-361 osteosarcoma
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cells and L-40, and AT59 lymphoblasts were provided by Dr. Yosef Shiloh

(Tel Aviv University). C3ABR, AT1, and AT3 lymphoblasts were provided by Dr.
Martin Lavin (Queensland Institute of Medical Research). All lymphoblast
cultures were maintained in RPMI-10% FCS. For the generation of f-pS-121
antisera, rabbits were immunized with a KLH-conjugated CREB phosphopeptide
(CSVTDpSQKRR) derived from amino acids 117-125 of human CREB. The
resulting antiserum was affinity-purified as described previously (32). Other

antibodies used in this study include a-CREB (Cell Signaling), f-pS-133 (Upstate

Biotechnology), B-ATM (Ab-3, Calbiochem), and B-GST (Sigma).

Plasmid constructs. The CREB:pSPORT6 plasmid was obtained through the
IMAGE EST sequencing consortium (Invitrogen). GST-KIX was a gift of Dr. i
Jennifer Nyborg (Colorado State University) and was expressed and purified as ‘
described (33). FLAG-CBP was kindly provided by Dr. Pang Yao (Duke
University). HIS-CREB was generated by subcloning a full-length human CREB
cDNA into the Sall-Hindlll sites of pET 28a (Novagen). The HIS-CREB proteins
were purified by nickel chromatography as described by the manufacturer.
Transient transfection of HEK 293T cells was performed using calcium

phosphate DNA precipitation.

Protein analysis and kinase assays. ATM kinase assays were performed as

described (34). Extracts were immunoprecipitated with 1 mg of control IgG or -

ATM at 4° C for 1 h. The immunoprecipitates were washed and incubated with 1
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ug of HIS-CREB substrate per reaction. GST-KIX pull-down assays were

performed as described (33). Briefly, HEK 293T cell extracts were prepared
using lysis buffer (35) and 100 ug of extract was incubated with 20 ug of GST-
KIX immobilized on glutathione agarose beads in 1 ml of PBS containing 0.1%
NP-40 and protease inhibitors (5 ug/ml leupeptin, 10 ug/ml pepstatin, 5 ug/ml
aprotinin) at 4° C for 4 h. The beads were washed three times with PBS
containing 0.5% NP-40 and eluted by boiling in 2X SDS sample loading buffer. :
For CREB-CBP co-immunoprecipitations, HEK 293T cells were co-transfected
with FLAG-CBP (4 ng) and CREB (0.4 pg) expression plasmids. Twenty-four
hours later, cells were exposed to 20 Gy of IR or mock irradiated and harvested 1
h later in Co-IP buffer (50 mM Tris (pH, 7.5), 100 mM NaCl, 0.5% Tween-20,
0.2% NP-40) with protease inhibitors. Extracts were immunoprecipitated using
FLAG M2-agarose affinity gel (Sigma), washed in Co-IP buffer containing 200
mM NaCl, and analyzed by SDS-PAGE and immunoblotting with -CREB and p-

FLAG antibodies.

Luciferase Assays. Gal4-CREB luciferase assays were performed using the
PathDetect trans-Reporting System (Stratagene). The Gal4-CREB plasmid
(pFA2-CREB) expresses the amino-terminal 280 amino acids of CREB fused to
the Gal4 DNA binding domain. HEK 293T cells were co-transfected with 50 ng of
wild-type or mutant Gal4-CREB Aexpression vectors and 1 ug of GAL4-LUC.
Twenty-four hours later, the cells were exposed to IR (20 Gy) or mock irradiated.

Luciferase activity was measured 1 h later using a Pharmingen Moonlight
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luminometer. Presented results were normalized for B-galactosidase

expression and represent the averaged values of at least three independent

experiments.

2.4. Results

CREB is phosphorylated in response to ionizing radiation and H;0.. To
explore the potential relationship between ATM and CREB we initially tested
whether CREB was phosphorylated on Ser-133 after exposure to IR, an
archetypal ATM-activating stimulus (3). K562 cell extracts were prepared at
various times after exposure to 20 Gy of IR and subjected to immunoblot analysis
using an antibody specific for Ser-133-phosphorylated CREB (3-pS-133). CREB
from untreated cell extracts migrated as a major species of approximately 40 kDa
and a minor species of 42 kDa on SDS-PAGE gels (Figure 2.1.A). Following
exposure to IR, a greater fraction of CREB migrated as the slow-mobility form,
though the overall band intensities did not change. The induction of the
electrophoretic mobility shift was maximal by 30 min post IR and declined to
unstimulated levels by 24 h. The IR-induced electrophoretic mobility shift was
also revealed using a p-CREB antibody (Figure 2.1.A, bottom panel), was
detectable with IR doses as low as 2 Gy (Figure 2.6.A), and was fully reversed
upon phosphatase treatment of ‘the cell extracts, indicating that the observed
mobility shift was a consequence of phosphorylation (Figure 2.1.B). H,0, also

induced the time- and dose-dependent phosphorylation of CREB (Figure 2.1.C).

-
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Based on these results, we conclude that CREB is phosphorylated on a site

distinct from Ser-133 in K562 cells following IR or H2O; treatment.

We next examined the ATM dependence of IR-induced CREB phosphorylation.
In contrast to cell lines expressing wild-type ATM (L-40, C3ABR), the IR-induced
electrophoretic mobility shift of CREB was absent in the ATM-deficient cell lines
AT59 and AT3 (Figure 2.1.D). In AT59 cells, a fraction of CREB migrated as the
slow-mobility form in the absence of IR. However, the ébundance of this species\
did not increase after IR exposure, indicating that ATM is required for the
inducible component of CREB phosphorylation. The A-T cell lines also displayed
a complete defect in H2O,-induced CREB phosphorylation (Figure 2.6.B). Finally,
both IR and H,0,-induced CREB phosphorylation were inhibited by the ATM
inhibitor caffeine (Figure 2.6.C). These findings strongly suggest that functional
ATM is required for the phosphorylation of CREB in response to IR and oxidative

stress.

ATM phosphorylates CREB in vitro. CREB contains six Ser/Thr-GIn (SQ/TQ)
motifs that may serve as phospho-acceptor sites for ATM/ATR kinase family
members (Figure 2.2.A). Three of these residues (Thr-100, Ser-111, and Ser-
121) are located near the amino terminal boundary of the KID, which spans
amino acids 100-160 of CREB (21). To determine whether CREB is
phosphorylated by ATM in vitro, we used a histidine-tagged CREB (HIS-CREB)

fusion protein substrate in ATM kinase assays. HIS-CREB was phosphorylated
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upon incubation with §-ATM immunoprecipitates (IPs), but not IPs prepared

using control IgG (Figure 2.2.B). Experiments using ectopically expressed, HA-
tagged wild-type and kinase-inactive ATM revealed that a functional ATM kinase
domain was essential for in vitro phosphorylation of CREB (Figure 2.7.).
Individual Ala substitutions at Thr-100, Ser-111, or Ser-121 inhibited ATM-
catalyzed phosphate incorporation, and the mutation of Ser-111 had a
particularly strong inhibitory effect, reducing HIS-CREB phosphorylation by
approximately 70% (Figure 2.2.B). Mutation of Thr-100, Ser-111, and Ser-121 in
combination reduced HIS-CREB phosphorylation to near background levels,
whereas mutation of Thr-186, Thr-215, and Thr-256 individually (not shown) or in
combination (Figure 2,2.B) had little effect. We conclude that ATM
phosphorylates CREB on Thr-100, Ser-111, and Ser-121, and that Ser-111

represents the major in vitro phosphorylation site.

CREB is phosphorylated on Ser-111 and Ser-121 in intact cells. To initially
examine whether CREB is phosphorylated on one or more ATM phosphorylation
sites in vivo, we transfected HEK 293T cells with plasmids encoding wild-type
CREB (CREB"") or CREB containing individual or combination Ala substitutions
at Thr-100, Ser-111, or Ser-121, and then examined the H»O-induced
electrophoretic mobility shift of the overexpressed proteins. The majority of
overexpressed CREB"" migrated as the hyper-phosphorylated form on SDS-
PAGE gels and exposure to H;O, caused a further increase in the

phosphorylated fraction (Figure 2.2.C). Ala substitutions at Thr-100 (CREB'**)
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and Ser-121 (CREB'?'") partially suppressed the basal level of hyper-

phosphorylated CREB, but had no effect on the H,O.-induced mobility shift
(Figure2.2.C). In contrast, a Ser-111 Ala mutation abolished the H20,-induced
mobility shift and this effect was recapitulated using a CREB®** mutant containing
Ala substitutions at all three phosphorylation sites. These findings suggest that
CREB is phosphorylated on Thr-100, Ser-111, and Ser-121 in vivo, and that

phosphorylation of Ser-111 is required for the H202-induced mobility shift.

ATM phosphorylation sites antagonize CREB-CBP complex formation. The
three ATM phosphorylation sites in CREB lie within the KID, which binds to CBP
through a 94 amino acid region termed the KIX domain, in a Ser-133
phosphorylation-dependent manner (25). To determine whether the ATM sites
modulate CREB-CBP interactions, we employed a GST-KIX “pull-down” assay
that measures the binding of soluble CREB proteins to GST-KIX immobilized on
glutathione-agarose beads (25). HEK 293T cells were transfected with CREB",
CREB®* or CREB'*** expression plasmids and exposed to IR or mock irradiated.
Cell extracts were then incubated with GST-KIX-beads and the bound proteins
analyzed by SDS-PAGE and immunoblotting with -CREB. The GST-KIX pull-
down assay revealed that CREB"" bound to GST-KIX, whereas CREB'®*
containing an Ala substitution at Ser-133 showed reduced affinity (Figure 2.3.A).
In contrast, the KIX-binding capacity of CREB** was elevated 4-5-fold relative to
CREB" (Figure 2.3.A and data not shown). The CREB"" and CREB** proteins

exhibited comparable reactivity with the p-pS-133 antibody, suggesting that
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differential binding to GST-KIX was not a consequence of differences in Ser-

133 phosphorylation (data not shown).

The effects of IR on the CREB-KIX interaction were also examined. IR exposure
inhibited the interaction between CREB"" and GST-KIX, but had no effect on the
binding of the CREB*! mutant (Figure 2.3.A). During these experiments we noted
that, in comparison to CREB"", the binding of CREB'*** to GST-KIX was more
strongly inhibited by IR (Figure 2.3.A). This finding suggested that ATM-mediated
phosphorylation of CREB'*** disrupted a low affinity CREB'***-KIX interaction.
Consistent with this possibility, the KIX-binding activity of a CREB**'33* mutant,
containing Ala substitutions at Ser-133 and all three ATM sites, was resistant to
IR (Figure2.3.B). IR also inhibited the interaction between endogenous CREB
and GST-KIX, and the observed inhibition was reversed by the ATM inhibitor,
wortmannin (Figure2.3.C). The combined findings imply that ATM
phosphorylation sites antagonize CREB-KIX interactions and that

phosphorylation of Ser-133 counteracts the inhibitory effects of these residues.

Further experiments were performed to confirm that ATM phosphorylation sites
modulate CREB-CBP interactions in intact cells. HEK 293T cells were co-
transfected with CREB"" or CREB®* and full-length FLAG-CBP expression
plasmids. Cells were exposed to 20 Gy of IR or mock irradiated and cell extracts
immunoprecipitated with a-FLAG. Immunoblot analysis using a-CREB revealed

that IR inhibited the co-immunoprecipitation of CREB"" with FLAG-CBP. In
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contrast, CREB®*! demonstrated enhanced co-immunoprecipitation with CBP

that was resistant to inhibition by IR (Figure 2.3.D). These results confirm the
GST-KIX binding data and suggest that ATM phosphorylation sites antagonize

CREB-CBP complex formation in vivo.

Effects of ATM phosphorylation site mutations on CREB trans-activation
potential. The CBP-binding results described above suggested that ATM
phosphorylation sites may impact CREB trans-activation potential. To test this \
possibility, we employed a reporter gene assay in which the DNA binding domain
of yeast Gal4 is fused to the amino-terminal 280 amino acids of CREB (see

Materials and Methods). HEK 293T cells were co-transfected with a luciferase

construct containing tandem GAL4 binding sites (GAL4-Luc) and plasmids

|
Ik
|

encoding Gal4-CREB"", Gal4-CREB®*, or Gal4-CREB'**". The transfected cells
were then exposed to IR or mock irradiated and luciferase assays performed 1 h
later. This assay revealed that the transcriptional activity of Gal4-CREB*! was
consistently two-fold higher than the activity of Gal4-CREB" in the absence of
stimulus (Figure 2.4.A). Exposure to IR inhibited the basal activity of Gal4-
CREB"", but only marginally affected the activity of Gal4-CREB*.. The inhibition
of Gal4-CREB"" was modest, ranging from 30-50% in multiple experiments. The
activating effects of ATM phosphorylation site mutations on CREB trans-
activation potential were also observed using a 5X-CRE-luciferase reporter and

full-length CREB constructs, and could be recapitulated by single amino acid

substitutions at Ser-111 or Ser-121 (Figure 2.4.B and 2.8.B). In addition, cellular ‘i
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exposure to the ATM inhibitors wortmannin (20 mM) or caffeine (5 mM) had a

slight enhancing effect on CREB trans-activation potential (Figure 2.8.A). These
data suggest that ATM-mediated phosphorylation antagonizes CREB trans-

activation potential.

Mutation of the three ATM phosphorylation sites activated CREB, whereas
mutation of the PKA site at Ser-133 inhibited CREB activity. Therefore, we tested
whether the CREB** mutation could rescue the activation defect of the CREB"‘“\
mutant. The trans-activation potential of Gal4-CREB*V'*** mutant containing Ala
substitutions at Thr-100, Ser-111, Ser-121, and Ser-133 was comparable to that
of Gal4-CREB'3*, indicating that Ala substitutions at ATM sites are insufficient to
activate Gal4-CREB independently of the Ser-133 phosphorylation site (Figure
2.8.B). In addition, IR pre-exposure did not attenuate forskolin-induced CREB
activation, suggesting that the canonical phospho-Ser-133-dependent activation
pathway is dominant to the ATM pathway in this assay (data not shown). In
summary, the combined data suggest that ATM phosphorylation sites negatively

regulate CREB trans-activation potential, and are congruent with the CBP-

binding results.

Ser-121 is a highly inducible ATM phosphorylation site. The above results
strongly suggested ATM phosphorylates CREB in response to DNA damage and

that the putative ATM phosphorylation sites at Thr-100, Ser-111, and Ser-121

negatively regulate CREB trans-activation potential and binding to CBP. To
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unequivocally prove that Thr-100, Ser-111, and Ser-121 are bona fide ATM

phosphorylation sites, we attempted to generate phospho-specific antibodies that
recognize each residue. We successfully generated an antibody that recognizes
phosphorylated Ser-121 (3-pS-121). p-pS-121 demonstrated robust and
phosphatase-sensitive reactivity with CREB following cellular exposure to H202
(Figure 2.5.A and 2.9.A). As a specificity control, we demonstrated that p-pS-121
recognized ectopically expressed CREB"", but not CREB'*" (Figure 2.9.B).
Phosphorylation of CREB on Ser-121 was defective in the ATM-deficient cell
lines AT59 and AT1, indicating that ATM is responsible for phosphorylation of
this site in vivo (Figure 2.5.A). As expected, IR strongly induced the
phosphorylation of Ser-121 (Figure 2.5.B). UV light, aphidicolin, and the hypoxia-
mimetic drug deferioxamine mesylate also induced Ser-121 phosphorylation, but
with delayed kinetics and lower magnitude in co'mparison to IR or H,O; (Figure
2.10. and data not shown). From these findings we conclude that the
phosphorylation of CREB on Ser-121 represents a general response to cellular

stress.

The phosphorylation of endogenous CREB on Ser-121 was highly inducible by
IR, yet a fraction of CREB was phosphorylated on Ser-111 in the absence of
DNA damage, as evidenced by the presence of the slow mobility form on SDS-
PAGE gels (Figure 2.1.A and 2.2.C). We therefore postulated that Ser-111
phosphorylation is required for phosphorylation of Ser-121. Consistent with this

possibility, a Ser-111 Ala substitution completely blocked the H;O-induced
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phosphorylation of Ser-121 (Figure 2.10.C). These data are consistent with a

model whereby the phosphorylation of Ser-111 primes the inducible

phosphorylation of Ser-121 in response to stress stimuli.

CREB has been-implicated as a positive regulator of neuron survival, whereas
ATM promotes apoptosis of neurons in response to DNA damage (7,15).
Therefore, the neuronal functions of ATM and CREB may be linked. As a fifst
step toward establishing this possibility, we tested whether CREB was\
phosphorylated on Ser-121 in cerebellar granule neurons (CGNs) isolated from
seven-day old mice. Exposure of CGNs to IR resulted in Ser-121 phosphorylation
that was maximal 1-2 post-IR and was suppressed by wortmannin (Figuer 2.5.C).

From this result we conclude that the ATM-CREB pathway is activated by DNA

damage in primary neurons.

2.5. Discussion

We have delineated an ATM-CREB signaling pathway linking the genome
surveillance apparatus to a key regulator of gene expression and cell survival
(Figure 2.11.). Our findings indicate that ATM regulates CREB via a non-
canonical, Ser-133 phosphorylation-independent mechanism involving the direct
phosphorylation of three closely-spaced amino acids (Thr-100, Ser-111, and Ser-
121) located with the KID of CREB. Given that the ATM phosphorylation sites are

clustered, and that phosphorylation of at least two of the sites (Ser-111 and Ser-
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121) is induced by a wide variety of stress stimuli, we collectively refer to Thr-

100/Ser-111/Ser-121 as a stress-inducible domain (SID). ATM is required for
both IR and HO-induced CREB phosphorylation. However, CREB was also
phosphorylated on Ser-121 in response to UV light, aphidicolin, and hypoxia,
which are stimuli that activate the ATM-related kinase, ATR (36). It is therefore
likely that ATM and ATR collectively regulate CREB phosphorylation in response
to stress stimuli. Our findings further suggest that the phosphorylation of Ser-111
is required for the DNA damage-inducible phosphorylation of Ser-121 (Figure\
2.10.C). Interestingly, Ser-111, which is e; preferred ATM phosphorylation site in
vitro, also conforms to a consensus CK2 site. CK2 displays high basal activity in
vivo and has previously been implicated as a CREB kinase (37, 38). It is

therefore conceivable that CK2 plays a role in priming the damage-inducible

phosphorylation of Ser-121.

Although the functional implications of the ATM-CREB pathway remain to be fully
elucidated, our findings suggest that one outcome of ATM-mediated CREB
phosphorylation is the inhibition of CBP binding. Combination or single ATM
phosphorylation site mutations enhanced the CBP-binding affinity of CREB 4-5
fold, whereas IR inhibited the binding of both endogenous CREB and transiently-
transfected CREB to CBP. Relative to endogenous CREB, the CBP-binding of
overexpressed CREB"" was generally less sensitive to IR. We suspect that the

difference is caused by the strong constitutive phosphorylation of transiently-

transfected CREB on Ser-111 (Figure 2.2.C), which may blunt the IR-inducible

s
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component of the response. The enhanced CBP-binding activity of CREB*

relative to CREB"T, even in the absence of IR, supports this hypothesis (Figure
2.3.A). Notably, the 4-5-fold increased CBP-binding capacity of CREB*
translated into an approximately two-fold enhancement of CREB trans-activation
potential. The modest activating effects of ATM phosphorylation site mutations
on CREB activity are reminiscent of findings that examined the impact of Ala
substitutions at the inhibitory CaMKIl phosphorylation site at Ser-142 (23, 24).
However, the non-linearity between the CBP binding and trans-activation
parameters suggests that the impact of the ATM phosphorylation sites on CREB

transcriptional functions may not be adequately modeled by generic CREB

reporter assays, but instead may be gene and promoter context dependent.

Precisely how ATM phosphorylation sites modulate the CREB-KIX interaction is
not known. The Ser-111 and Ser-121 phosphorylation sites lie within a-helix A of
the KID, which does not directly contact the KIX domain (39). We propose that
ATM-mediated phosphorylation induces a conformational change in the KID that
attenuates binding to KIX. Consistent with this possibility, an Ala substitution at
Ser-111 grossly altered CREB electrophoretic mobility (Figure 2.2.C), suggesting
that phosphorylation of this residue may impact CREB conformation. Our results
further suggest that the phospho-Ser-133-dependent binding of CREB to the KIX
domain is dominant over the inhibitory effects of the ATM phosphorylation sites.
Specifically, the CREB'®* mutant, which displays weak CBP-binding affinity,

unmasked a strong inhibitory effect of IR on the CREB-KIX interaction that was
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reversed when the ATM phosphorylation sites were mutated (Figure 2.3.B).

This finding suggests that the phosphorylation of CREB"" on Ser-133 opposes
the antagonistic effects of ATM phosphorylation sites on CREB-KIX complex

formation.

The broad implications of the ATM pathway for CREB-dependent gene
expression are presently unclear. It is conceivable that, by modulating CBP
binding affinity, ATM alters the repertoire of CREB-dependent gene expression.\
Given that the PKA pathway preferentially activates CRE-containing promoters
which possess a TATA box (40), it is possible that ATM principally affects the
expression of TATA-less CREB targets, which includé DNA repair factors and l
cell cycle regulators (40). Further studies are needed to comprehensively &
examine the impact of the ATM-CREB pathway on basal and stress-induced ‘
expression of CREB target genes. Finally, given that CREB is a neuron survival
factor, it is attractive to speculate that ATM-CREB pathway regulates neuron
homeostasis and/or apoptosis. Consistent with a neuronal function for the ATM-
CREB pathway, we found that ATM phosphorylated CREB in CGNs exposed to
IR (Figure 2.5.C). Future studies will be needed to determine the function of the

ATM-CREB pathway in neurons and to ascertain whether dysregulation of the

ATM-CREB pathway contributes to neuropathogenesis in A-T.
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2.7. Figure Legends

Figure 2.1. ATM-dependent phosphorylation of CREB in response to IR and
oxidative stress. (A) K562 cells were exposed to 20 Gy of IR and then
harvested at the indicated times. Cell extracts were analyzed by SDS-PAGE and
immunoblotting using an antibody specific for the Ser-133 phosphorylation site of
CREB (B-pS-133, top panel) or B-CREB (bottom panel). (B) IR-induced CREB
electrophoretic mobility shift is abolished by phosphatase treatment. Cell extracts
prepared from unirradiated or p-irradiated K562 cells were treated with lambda
phosphatase (PPase) or sham treated and then analyzed by immunoblotting with
a-CREB. (C) Phosphorylation of CREB in response to H,O,. K562 cells were
treated with increasing concentrations of H,O, for the indicated time. Cell
extracts were prepared and analyzed by immunoblotting with 3-CREB. (D)
Phosphorylation of CREB in ATM deficient lymphoblasts. Cells expressing wild-
type ATM (L-40, C3ABR) or mutant ATM (AT59, AT3) were left untreated or

exposed to 10 Gy of IR. One hour later, cell extracts were prepared and analyzed

by SDS-PAGE and immunoblotting with 3-CREB.
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Figure 2.2. ATM phosphorylates CREB in vitro. (A) Primary amino acid

sequence and schematic depiction of CREB. Locations of potential ATM
phosphorylation sites are highlighted in bold and denoted by asterisks. (B) ATM
kinase assay. Detergent extracts from G-361 cells were immunoprecipitated
using control rabbit IgG (-) or B-ATM antibodies (+). The immunoprecipitates
were incubated with either a wild-type HIS-CREB fusion protein substrate (WT)
or a HIS-CREB substrate containing the indicated single or combination Ala
substitutions. Kinase reactions were performed in the presence of g-2P-ATP and
the reaction products were analyzed by SDS-PAGE and autoradiography. (C)
Effects of ATM phosphorylation site mutations on CREB electrophoretic mobility.
HEK 293T cells were transfected with expression plasmids encoding wild-type
CREB (WT), CREB bearing single Ala substitutions at Thr-100, Ser-111, or Ser-
121, or a CREB®* mutant containing Ala substitutions at all three sites. Twenty-
four hours after transfection, the cells were treated with H20, or vehicle for 1 h.

Cell extracts were then immunoblotted with § -CREB.

.
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Figure 2.3. ATM phosphorylation sites antagonize CREB-CBP complex

formation. (A) Analysis of CREB-KIX interactions by GST-KIX pull-down assay.
HEK 293T cells were transfected with vector, CREB"", CREB*, or CREB"**
expression plasmids. Equal amounts of cell extracts from irradiated (20 Gy, 1 h)
or unirradiated cells were incubated with GST-KIX-agarose beads. Bound
proteins were eluted and analyzed by immunoblotting with B-CREB. Short and
long exposures of the film are shown. Expression levels of the transfected CREB
proteins are shown in the bottom panel. (B) IR-dependent inhibition of CREB"**-
KIX interactions requires intact ATM phosphorylation sites. HEK 293T cells were
transfected with CREB'3** or CREB*¥'33 containing Ala substitutions at Ser-133
and all three ATM phosphorylation sites. GST-KIX pull-down assays were then
performed as described in (A). (C) Effect of wortmannin (Wm) on CREB-KIX
interactions. HEK 293T cells were exposed to 20 mM Wm or vehicle for 30 min k‘
and then exposed to IR (20 Gy) or mock irradiated. After 1 h, cell extracts were
incubated with GST-KIX and the levels of bound CREB determined by
immunoblotting. (D) CREB** shows enhanced co-immunoprecipitation with full-
length CBP. HEK 293T cells were co-transfected with FLAG-CBP and either
CREB"Y" or CREB* expression vectors. Twenty-four hours later, cells were
exposed to IR or mock irradiated and cell extracts immunoprecipitated with p-
FLAG. Levels of the co-immunoprecipitated CREB proteins were determined by

blotting with B-CREB and expression levels of CREB and FLAG-CBP were

assessed by blotting with -CREB and B-FLAG, respectively.
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FIGURE 2.3.
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Figure 2.4. Alanine substitutions at ATM phosphorylation sites enhance

CREB transcriptional activity. (A) HEK 293T cells were co-transfected with
GAL4-Luc, and either Gal4-CREB", Gal4-CREB* or Gald4-CREB™.
Transfected cells were exposed to IR (20 Gy) or mock irradiated and harvested 1
h later for luciferase assays. The data were normalized for co-transfected p-Gal
expression and are plotted as relative luciferase activity. The data represent the
averaged results of at least three experiments (n=5 for Gal4-CREB"" and Gal4-
CREB®). (B) Transcriptional activity of full-length CREB toward a CRE-Luc\
promoter construct. HEK 293T cells were co-transfected with a 5X-CRE-Luc
reporter construct and expression plasmids encoding CREB"" or CREB™.

Transfected cells were exposed to IR or mock irradiated and processed for

luciferase assays as described in (A).
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Figure 2.5. Stress-induced phosphorylation of CREB on Ser-121. (A)

H;0,-induced phosphorylation of CREB on Ser-121 is ATM dependent. Cells
expressing wild-type ATM (K562, L-40) or ATM deficient cells (AT59, AT1BlI)
were left untreated or exposed to 200 mM H,0, and harvested 1 h later. Cell
extracts were analyzed by SDS-PAGE and immunoblotting with p-pS-121 (top
panel) and B-CREB (bottom panel). (B) Time course of IR-induced Ser-121
phosphorylation. HEK 293T cell extracts were prepared at the indicated t'i'fne\
points after irradiation with 10 Gy and analyzed by imrﬁunoblotﬂng with B-pS-121
and B-CREB. (C) ATM-mediated phosphorylation of CREB in cerebellar granule
neurons (CGNs). Mouse CGNs were exposed to 10 Gy of IR or mock irradiated.
Cell extracts were prepared at the indicated times and analyzed by

immunoblotting with B-pS-121 and B-CREB. Where indicated, the samples were

treated Wmn (20 uM) 15 min prior to irradiation.

.
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FIGURE 2.6. Analysis of stress-induced CREB phecsphorylation. (A)

; Dose-response of ionizing radiation (IR)-induced CREB phosphorylation. K562
‘ cells were exposed to the indicated doses of IR. Extracts were prepared 1 h later
and analyzed by blotting with B-CREB. (B) ATM dependence of H,O-induced
CREB phosphorylation. Cells expressing wild-type ATM (K562, L-40) or ATM
deficient cells (AT59, AT3) were left untreated or exposed to 200 m M H20; and
harvested 1 h later. Cell extracts were analyzed by SDS/PAGE and
immunoblotting with p -CREB. (C) Inhibition of IR- and H2O:-induced CREB
; phosphorylation by caffeine. K562 cells were cultured in the presence of 5 mM

caffeine or vehicle alone for 15 min before exposure to IR (20 Gy) or H202 (200

| uM). Cells were then harvested 1 h later and analyzed by SDS/PAGE and

immunoblotting with B-CREB.

T
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FIGURE 2.7. Recombinant ATM phosphorylates CREB in vitro. Human

embryonic kidney (HEK) 293T cells were transfected with control vector or
plasmids encoding hemagglutinin (HA)-tagged wild-type ATM (WT) or kinase-
inactive ATM (KI). ATM was immunoprecipitated by using p -HA antibody, and

kinase assays were carried out by using a HIS-CREB fusion protein substrate.
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FIGURE 2.8. Effects of ATM inhibitors and ATM phosphorylation site

mutations on CREB transactivation potential. (A) Enhancement of CREB
transactivation potential by vyortmannin and caffeine. Human embryonic kidney
(HEK) 293T cells were cotransfected with GAL4-Luc and either Gal4-CREB" or
Gal4-CREB®**. Transfected cells were exposed to ionizing radiation (IR) or mock
irradiated in the absence or presence of wortmannin (Wm, 20 u M) or caffeine (5
mM). Cells were harvested 1 h later and assayed for luciferase activity. The data
are normalized for B -Gal expression and reflect the averaged results of three\
experiments. (B) Single phosphorylation-site substitutions at Ser-111 or Ser-121

enhance CREB transactivation potential. HEK 293T cells were transfected with

Gal4-Luc and either Gal4-CREBWT, Gal4-CREB3A, Gal4-CREB'*, Gal4-
CREB*13A  Gal4-CREB'"™, or Gal4-CREB'*'". Reporter assays were
performed as described in A. The Gal4-CREB®*'33* mutant contains Ala
substitutions at Thr-100, Ser-111, Ser-121, and Ser-133. The activity of Gal4-
CREB™! containing a DNA binding domain mutation and Gal4-CREB""

cotransfected with a PKA expression plasmid were used as negative and positive

controls, respectively.
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FIGURE 2.9. Characterization of a CREB Ser-121 phospho-specific

antibody. (A) Human embryonic kidney (HEK) 293T cells were treated with H2O,
(200 m M) or vehicle and harvested 1 h later. Cell extracts were immunoblotted
using the phospho-specific B-pS121 antibody (Upper) and p -CREB (Lower).
Where indicated, extracts were treated with lambda PPase. (B) HEK 293T cells
; were transfected with empty vector or vectors encoding CREB"" or CREB""_‘A.
Cells were then treated with H.O, or vehicle and analyzed by immunoblottl‘hg\

with a B-pS121 (Upper) or B-CREB (Lower).
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FIGURE 2.10. Stress-induced phosphorylation of CREB on Ser-121.

Human embryonic kidney (HEK) 293T cells were exposed to UV light (50 Jim?,
A) or aphidicolin (APH, 5 m‘g/ml, B) and harvested at the indicated time points.
Immunoblot analysis was performed by using  -pS121 and p -CREB antibodies.
(C) Phosphorylation of CREB on Ser-111 is required for H,O.-induced
phosphorylation of Ser-121. HEK 293T cells were transfected with empty vector
or vectors encoding CREB"T or CREB'"'* containing an Ala substitution at Ser~

111. Cells were then treated with H2O. or vehicle and analyzed by

immunoblotting with B -pS121 (Upper) and p -CREB (Lower).
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FIGURE 2.11. A novel stress-induced ATM-CREB pathway. In response to

DNA damaging stimuli, ATM phosphorylates CREB at Thr100, Ser111 and
Ser121. ATM-mediated phosphorylation of CREB inhibits CREB transcriptional
activity by altering CREB-CBP interaction, or possibly by recruiting a co-

repressor.
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CHAPTER 3

Genotoxic stimuli-induced HOXB13 transcriptional repression

may be mediated by the ATM-CREB pathway
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3.1. Abstract

The cyclic AMP response element binding protein (CREB) is a bZip family
transcription factor that plays key roles in cell growth and survival. Previous work
from our lab showed that the tumor suppressor protein kinase ATM (Ataxia-
telangiectasia Mutated) phosphorylated CREB both in vitro and in vivo on a
Ser/Thr-cluster domain. ATM-mediated phosphorylation of CREB inhibited CREB
transcriptional activity by altering CREB'’s affinity for its transcriptional co-
activator CBP (CREB Binding Protein). To establish the CREB target genes that
may be regulated by the ATM-CREB pathway, we performed a comparative gene
expression microarray analysis. This analysis identified homeobox transcription
factor HOXB13, as a downstream target repressed by the ATM-CREB pathway.
HOXB13 mRNA is downregulated upon exposure to ionizing radiation (IR). Using
RNA interference (RNAi) we show that the IR-induced HOXB13 repression was
dependent on both ATM and CREB, suggesting that the DNA-damage
dependent regulation of HOXB13 may be mediated through the ATM-CREB
pathway. Given that HOXB13 is implicated as an anti-proliferative and pro-

apoptotic factor in cells, we propose that ATM-mediated phosphorylation of

CREB may promote cellular survival by repressing the functions of HOXB13.

|
4
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3.2. Introduction

We had previously shown that in response to genotoxic stress, ATM
phosphorylated CREB in vitro and in vivo on at least two serine residues
proximal to the KID (1). ATM-mediated phosphorylation of CREB inhibited CREB
transcriptional activity by altering CREB-CBP interaction (1). To establish the
CREB target genes that may be regulated by the ATM-CREB pathway, we
performed comparative gene expression microarray analysis. We identified
HOXB13, a member of homeobox gene superfamily, as one of the potential

targets regulated by the ATM-CREB pathway.

Homeobox genes encode transcription factors that play important roles in
development in vertebrates (2). Members of the homeobox superfamily of genes
contain a highly conserved C-terminal 61-amino acid sequence known as
HomeoDomain (HD) that is required for binding to sequence specific DNA motifs
(3). Relatively few bona fide cellular targets have been identified for specific
homeobox genes in vivo. Among the genes identified are extracellular matrix
proteins, adhesion molecules, growth factors and cell cycle regulators (4,5). To
date more than 200 vertebrate homeobox genes have been identified which are

divided into six subfamilies.

The largest subfamily of homeobox genes is the HOX genes that play crucial

roles in embryogenesis (6). So far 39 vertebrate HOX genes have been identified
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which are organized into 4 chromosomal clusters — A, B, C and D — which

have arisen by duplication and divergence of a primordial HOX gene (7). Each
cluster has 9 to 11 members that are placed in 13 paralogous groups based on
homeobox sequence similarity. An association exists between the arrangement
of HOX genes in a cluster and their order of expression during development. For
instance, the expression of 3’ genes (groups 1-4) occurs early in development
and is restricted to the anterior regions, while the expression of 5’ genes (groups

9-13) is delayed and limited to the posterior.

HOXB13, the most 5’ gene in the HOXB cluster and the last identified member of
the HOX family (8), is a non-essential gene, probably owing to the functional
redundancy of other HOX isoforms (9). The mouse and human homologs of
HOXB13 share 100% amino acid identity in HD and ~91% identity in the
remainder of the gene. HOXB13 deficient mice are viable and fertile, and the only
distinguishing phenotypic characteristic is a long and thick tail. The overgrowth
phenotype observed in HOXB13 deficient animals is attributed to increased cell
proliferation and decreased apoptosis, emphasizing the role for HOXB13 as an
anti-proliferative and pro-apoptotic factor (9). The direct target genes of HOXB13
that may mediate its cellular functions have not yet been identified. The function
of HOXB13 as a tumor suppressor is underscored by the fact that this gene is

often lost in a variety of cancers including those of renal, skin and prostrate (10).
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In this report we show that HOXB13 mRNA is downregulated upon exposure

to IR. Using RNA interference (RNAi) we show that the IR-induced HOXB13
repression is dependent on both ATM and CREB, suggesting that the DNA
damage-dependent regulation of HOXB13 may be mediated through the ATM-
CREB pathway. Given that HOXB13 is implicated as an anti-proliferative and
pro-apoptotic factor in cells, we propose that ATM-mediated phosphorylation of
CREB may promote cellular survival by repressing the functions of HOXB13.

A

3.3. Materials and Methods

Cell Culture and Antisera. HEK293T cells and CREB-deficient Mouse
Embryonic Fibroblasts (CREB-/- MEFs) were maintained in DMEM
supplemented with 10% Fetal Calf Serum (FCS). CEM T cells were grown in
RPMI-1640 media containing 10% FCS and 10mM HEPES. Antibody suppliers
included Genetex (k-ATM) and Upstate Cell Signaling Solutions (x-CREB and «-

Tubulin).

Transfections. 1x10° HEK293T cells were transiently transfected with 3ug
scrambled control siRNA (Scri) or siRNA targeted specifically towards ATM
(ATMi) or CREB (CREBI) using standard calcium phosphate precipitation
procedure. The ATMi and CREBI was provided as a SmartPool mixture of four
annealed oligonucleotides (Dharmacon). A significant reduction in protein levels

was apparent 48 hours post-siRNA transfection. For DNA transfections, 2-4ug of
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plasmid DNA was transfected into 293T cells and CREB-/- MEFs using

calcium phosphate precipitation procedure and Fugene 6 transfection reagent

(Roche) respectively.

Protein Analysis. Cell extracts were prepared using lysis buffer containing
25mM HEPES, 300mM NaCl, 0.5% NP-40 and protease inhibitors (5 ug/ml
leupeptin, 10 ug/ml pepstatin, 5 ug/ml aprotinin). 75ug of the extracts were bo'iled\
at 100°C for 10 minutes in 2X SDS sample loading buffer. The samples were
separated on 10% SDS-PAGE gels and transferred to Immobilon-P PVDF
membranes (Millipore). Membranes were blocked in Tris-buffered saline
containing 0.2% Tween-20 (TBS-T) and 5% dried milk and incubated with the
indicated primary antibodies diluted in blocking solution. After washing with TBS-
T, the membranes were incubated with HRP-conjugated sheep anti-mouse or

goat anti-rabbit secondary antibodies (Jackson) and developed using

Supersignal Chemiluminescent Substrate (Pierce).

RNA Isolation and Quantitative Real Time PCR (qRT-PCR). Total RNA was
isolated from HEK293T cells using the RNeasy Kit (Qiagen) according to
manufacturer’s instructions. Concentration of the isolated RNA was determined
using BECKMAN DU-50 UV spectrophotometer. 1ug of total RNA was reverse
transcribed to generate cDNA using iScript cDNA synthesis Kit (BioRad). The
resulting cDNAs were amplified using iScript SYBR green PCR Kit (BioRad).

Product accumulation was monitored by measuring SYBR green fluroscence in
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the MyiQ Single Color Real Time PCR Detection System (BioRad). The

cycling program is as follows : Step 1- 95°C for 3 min, Step 2 - 95°C for 0.30
min, 61°C for 0.30 min, 72°C for 0.30 min for 40 cycles, Step 3 - 95°C for 0.30
min and 55°C for 0.30 min. The PCR primers used in this study are as follows :
HOXB13 5 aaggatatcgaaggcttgctggga 3’, 3’ tagttgacagcaggcatcagegta 5° and
GAPDH 5’ aggttgtctcctgcgacttcaaca 3’, 3' ttgtcattgagagcaatgccagee 5. The
relative expression levels of each gene was determined from a standard curve
obtained from known dilutions of cDNA. All mRNA expression data were~
normalized to expression of the housekeeping gene GAPDH in the

corresponding sample. Duplicate samples from three experiments were utilized

to generate the bar graphs.

Microarray Analysis. Total RNA was isolated from HEK293T cells using
RNeasy Kit (Qiagen). Double stranded cDNA was generated and in vitro
transcribed using T7 polymerase and biotinylated CTP and UTP to produce
complementary RNA (cRNA). The biotinylated cRNA was purified using RNeasy
columns (Qiagen), fragmented, and hybridized to human U133A Plus 2.0 gene
chip arrays (Affymetrix, CA). After washing (using Affymetrix fluidics station), the
bound cRNA was labeled with phycoerythrin-conjugated streptavidin. The array
was scanned using a Affymetrix GeneArray Scanner 3000 which revealed the
positions and intensities of fluorescent signals. The resulting data was analyzed

using Affymetrix Gene Chip Operating Software v1.4 (GCOSv1.4.).
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3.4. Results

Expression of a CREB3A mutant inhibits clonogenic survival. Previous data
from our laboratory had shown that ATM phosphorylated CREB in vivo in
response to genotoxic stimuli (1). As a first step to gaining insight into the
function of this pathway, we sought to generate CREB-/- MEFs stably
reconstituted with either a zeocin resistant plasmid encoding FLAGCREB wild
type (FLAGCREB"") or a CREB mutant with alanine substitutions on all the ATM
phosphorylation sites (FLAGCREB®*). 1x10° CREB-/- MEFs were transiently
transfected with FLAGCREB" or FLAGCREB®* using Fugene 6 transfection
reagent. 24 hours later, the cells were trypsinized and counted using a
heamocytometer. The cells were serially diluted in zeocin containing media to a
concentration of 10000 cells / plate to 50 cells / plate. The cells were allowed to
grow for 7-10 days in selection media. Whereas the FLAGCREB"" transfected
cells formed several colonies after 10 days in culture, the FLAGCREB*
transfected cells failed to do so, suggesting that the ATM phosphorylation sites
on CREB may be required for clonogenic survival (data not shown). Similar
results were obtained upon infection of CREB-/- MEFs with CREB"" or CREB**
retroviruses (data not shown). Based on these data we propose that the ATM

phosphorylation sites on CREB may function in pro-survival capacity.

Gene expression microarray analysis reveals ATM and CREB-dependent

genes. We had previously shown that in response to genotoxic stimuli ATM
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phopshorylated CREB in at least two serine residues (Ser-111 and Ser-121)

in vivo (1). We hypothesized that this signal-specific phosphorylation event
imparted specificity for CREB-dependent gene expression i.e., ATM-CREB
pathway altered expression of a specific subset of CREB target genes. To
address this hypothesis, HEK293T cells were either transfected with scrambled
control siRNA (Scri) or siRNA targeted specifically towards ATM (ATMi) or CREB
(CREBI). Western Blotting analysis revealed efficient decrease in ATM and
CREB levels in ATMi and CREBI transfected samples respectively, as compared\
to control samples (data not shown). 48 hours later, the cells were either left
untreated or treated with 20Gy IR for 4 hours. To address our hypothesis‘we
employed two approaches — First, a focused approach using Real Time PCR to
compare basal and damage-induced mRNA levels of CREB target genes with
suspected functions in apoptosis, DNA repair, celll cycle regulation and oxidative
stress responses. The list of genes that we examined included cell cycle
regulators (PCNA, Cyclin D, Cyclin A, MCM3, RPA), Checkpoint Kinases
(CHK1,CHK2), Cell survival regulators (BCL-2, MCL-1), Antioxidant defense
enzymes (HO-1, MnSOD), and transcriptional regulators (c-fos and ICER).
However this approach was unsuccessful in identifying the downstream target of
this pathway. The second more unbiased approach utilized comparative gene
expression microarray analysis to more broadly examine the impact of ATM-
CREB pathway on global gene expression. This analysis identified approximately
70 genes including transcription factors, cell cycle regulators, extracellular matrix

proteins and DNA repair factors that were differentially regulated in response to
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IR in an ATM and CREB-dependent manner (Table 3.1.). We validated the

results from microarray analysis using Real Time PCR with gene specific primers
toward 9 of these genes. This subset included genes that were implicated in DNA
replication, transcription and cell cycle including HOXB13, HOXD8, PDGF alpha,
HEXIM1, E2F2, E2F7, BCL11A and CCT8 (Figure 3.1.). In this report we focus
on a homeobox gene HOXB13 as a potential downstream target gene of the

ATM-CREB pathway.

HOXB13 expression is downregulated in response to IR and H;0,. To
examine if HOXB13 expression was regulated in response to DNA damage, we
exposed HEK293T cells to varying doses of IR (0-20Gy) for 4 hours and
performed qRT-PCR analysis using primers specific for HOXB13 gene. HOXB13
mRNA levels from each sample was normalized to the amount of GAPDH from
the corresponding sample. As shown in Figure 3.2.A, the HOXB13 mRNA levels
decreased in response to IR treatment by approximately 50%. The decrease in
HOXB13 levels was apparent at doses as low as 2Gy of IR. We then sought to
examine the kinetics of the IR-dependent HOXB13 repression. HEK293T cells
were exposed to 20Gy IR for varying time points (0-6h) and qRT-PCR analysis
was performed. HOXB13 levels decreased in response to IR within 2 hours of
treatment and remained low through the entire length of the experiment (Figure
3.2.B). Similar decreases in HOXB13 expression levels was observed using
H,0; as stimulus (data not shown). Intriguingly, similar experiments performed

with CEMT cells showed a more pronounced, greater than 100-fold decrease in
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HOXB13 mRNA (Figure 3.4.). The IR-induced repression in CEMT cells was

apparent at doses as low as 1Gy of IR (Figure 3.3.A). Surprisingly, the effects on
HOXB13 mRNA are rapid, occurring within an hour of exposure to stress stimuli
(Figure 3.3.B). Collectively these data suggest that HOXB13 levels are

suppressed in response to genotoxic stimuli.

IR-induced suppression of HOXB13 is ATM and CREB-dependent. To
determine if the decrease in HOXB13 mRNA in response to DNA damage:
required ATM and CREB, HEK293T cells were transiently transfected with either
Scri or ATMi or CREBI. 48 hours later, the cells were either left untreated or
treated with 20Gy IR for 4 hours. qRT-PCR was performed with primers specific
for HOXB13. As shown in Figure 3.3., IR-induced repression of HOXB13 mRNA
by ~3 fold in Scri transfected cells. In the absence of any DNA damage,
transfection with ATMi or CREBI resulted in slight decrease in levels (~20-30%)
of HOXB13, suggesting that ATM and CREB are marginally required for the
basal expression of HOXB13. Interestingly, we consistently observed that in
response to IR treatment, both the ATMi and CREBi transfected cells failed to
repress HOXB13 mRNA. Based on these data we conclude that the IR-induced
repression of HOXB13 requires both ATM and CREB, suggesting that the DNA-
damage dependent-regulation of HOXB13 may be mediated through the ATM-
CREB pathway. Direct examination of the contribution of the ATM

phosphorylation sites to IR-induced HOXB13 repression cannot be addressed at
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the present time because of our inability to generate surviving CREB*

expressing clones in a CREB-/- background (data not shown).

3.5. Discussion

We had previously reported that in response to stress stimuli, ATM
phosphorylated CREB in vivo (1). We also showed that ATM-mediated
phosphorylation of CREB inhibited CREB transcriptional activity by altering
CREB-CBP interaction (1). To establish the CREB target genes that may be
regulated by the ATM-CREB pathway, we performed a comparative gene
expression microarray analysis. This analysis identified homeobox transcription
factor HOXB13, as a downstream target repressed by the ATM-CREB pathway.
In this report we show that HOXB13 mRNA is downregulated upon exposure to
IR. Using RNA interference we show that the IR-induced HOXB13 repression
was dependent on both ATM and CREB, suggesting that the DNA-damage
dependent regulation of HOXB13 may be mediated through the ATM-CREB
pathway. Given that HOXB13 is implicated as an anti-proliferative and pro-

apoptotic factor in cells, we propose that ATM-mediated phosphorylation of

CREB may promote cellular survival by repressing the functions of HOXB13.

In the absence of any DNA damage, reducing the levels of CREB in cells using
RNA interference resulted in only a slight decrease (~30%) in HOXB13

expression. This suggests that other transcription factors are required for basal




108
expression of HOXB13. Nevertheless, it is clear from our data that the IR-

induced repression of HOXB13 is mediated through both ATM and CREB. The
mechanism by which ATM-CREB pathway contributes to HOXB13 repression is ‘
presently unclear. One possibility is that ATM-mediated phosphorylation of CREB

recruits a co-repressor, which inhibits the expression of HOXB13. For instance,

ATM target sites on CREB may recruit a Histone Deacetylase (HDAC) that can

cause transcriptional repression. It has been previously shown that CREB can

bind to class | HDAC and this interaction required at least one of the two

glutamine rich regions (Q1 or Q2) in CREB (11). Another possibility is that upon

phosphorylation of ATM sites in CREB, the affinity of CREB to bind the HOXB13 i
promoter is decreased. Careful examination of HOXB13 promoter region reveals

a single half-CRE binding site for CREB. CREB has been shown to occupy half-

CRE sites with lower affinity. Our previous unpublished findings using }
electrophoretic mobility shift assays did not reveal a role for the ATM
phosphorylation sites in altering DNA binding activity of CREB. However these
experiments utilized a synthetic 3XCRE as probe, which may not recapitulate
CREB binding to chromatin. It is fully possible that the genotoxic stress-induced
changes in DNA binding activity of CREB may be promoter-context dependent.
In the future, chromatin immunoprecipitation assays will be performed to
determine if CREB directly binds to the HOXB13 promoter and if this binding is

altered by IR treatment.
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Previous studies have shown that overexpression of HOXB13 in cancer cells

results in decreased cell proliferation and increased apoptosis (12). Conversely,
a small interfering RNA targeted specifically towards HOXB13 in cells resulted in
increased proliferation and decreased apoptosis in prostrate cancer cells (12).
However, the HOXB13 target genes that mediate its functions in cell growth and
survival are currently unknown. Our previous studies revealed that a CREB*
mutant was more active than the CREB"" in gene reporter assays. Based 'on
these data, it is conceivable that the inability of CREB3A to form surviving
colonies may be a result of increased HOXB13 function in these cells. HOXB13
is implicated as a tumor suppressor in various cancers including renal, prostrate
and skin (13,14). Considering that HOXB13 contains a consensus ATM

phosphorylation site, it will be interesting to determine if HOXB13 function is also

directly regulated by ATM.

The magnitude of the effect of HOXB13 repression upon exposure to stress
stimuli varies in different cell lines. Whereas in HEK293T cells, IR induces
repression of HOXB13 by 2-fold (Figure 3.2.), in CEMT cells we observe greater
than a 100-fold repression (Figure 3.4.). The IR-induced decrease in HOXB13 in
CEMT cells occurs at very low doses of IR and within 1 hour of treatment (Figure
3.4.). HOXB13 contains a very long 3’ untranslated region that harbors several
motifs that may decrease its RNA stability. The magnitude of HOXB13 repression
may also be one way to explain differential sensitivities of these cells to IR. For

instance, HEK293T are more resistant to killing by IR than CEMT cells. It is also

R ——
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important to monitor changes in protein levels of HOXB13 in these cell lines in

response to genotoxic stimuli. We are unable to address this at the present time

due to the unavailability of a commercially available HOXB13 antibody.

In response to genotoxic stimuli, ATM activates transcription factors that are
implicated in both pro-apoptotic and anti-apoptotic endpoints. For example, in
response to DNA damage, ATM causes stabilization of p53 levels in cells
through direct phopshorylation at Ser-15 (15). Stress-induced p53 accumulation
results in activation of pro-apoptotic p53 target genes including BAX, NOXA and
PUMA (16). In addition a series of p53-inducible genes (PIGs) are rapidly

upregulated in response to DNA damage and promote the execution of

mitochondrial death pathways (16). In response to the same stimuli, ATM also

upregulates pro-survival pathways through direct activation of transcription factor

NF«B which has been implicated to function as an anti-apoptotic factor (17). Our

findings demonstrate yet another putative pro-survival pathway initiated by ATM

through the direct phopshorylation of CREB. We propose that the pro-survival

functions of the ATM-CREB pathway may be mediated through the repression of

HOXB13. Since cells activate both pro- and anti-apoptotic pathways in response

to IR, it is reasonable to suggest that the ultimate fate of the DNA-damaged cell

will depend on the relative balance of ATM-regulated death and survival

pathways.
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3.7. Figure Legends

Table 3.1. Gene Expression Analysis. HEK293T cells were either transfected
with scrambled control siRNA (Scri) or siRNA targeted specifically towards ATM
(ATMi) or CREB (CREBI). 48 hours later, the cells were either left untreated or
treated with 20Gy IR for 4 hours. Total RNA was isolated using RNeasy Kit.
Double stranded cDNA was generated and in vitro transcribed using T7\
polymerase and biotinylated CTP and UTP to produce cRNA. The biotinylated
cRNA was purified using RNeasy columns, fragmented, and hybridized to human
U133A Plus 2.0 gene chip arrays. The array was scanned using Affymetrix
GeneArray Scanner 3000 that revealed the positions and intensities of
fluorescent signals. The resulting data was analyzed using Affymetrix Gene Chip
Operating Software v1.4 (GCOSv1.4.). The genes that showed greater than 2

fold increase (Table 3.1.A) or decrease (Table 3.1.B) upon IR treatment in an

ATM and CREB-dependent manner are tabulated here.
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Table 3.1.a. Genes that were upregulated upon exposure to IR in an ATM

and CREB dependent manner -

Function Gene Name
DNA replication Checkpoint CTD1 --DNA replication factor
ATP hydrolysis ATAD 2 ATPase

N/A

Loosely resembles two proteins

nucleosome assembly

nucleosome assembly protein 1-like
2--NAPL2--

Ubiquitin assembly

F-box and leucine-rich repeat protein_
17--FBXL17

ER Golgi transport

coatomer protein complex, subunit
alpha(COPA)

N

Negative regulator of CDK

hexamethylene bis-acetamide
inducible 1--HEXIM1

DNA replication and cell cycle

MCMS5 minichromosome maintenance
deficient 5, cell division cycle 46

DNA replication and cell cycle

MCM4 minichromosome maintenance
deficient 4

protein binding

THUMP domain containing 3--
THUMPD3

post-replication repair

WD repeat domain 33(WDR33

Cell cycle/Proliferation/Signaling

E2F1

Steroid signaling

Homo sapiens steroid-5-alpha-
reductase (SRD5A2)

N/A

Loosely resembles two proteins

Steroid biosynthesis

Isopentenyl-diphosphate delta
isomerase 1(IDI1

Growth Inhibitor

inhibitor of growth family, member 3--
ING3

DNA repair and transcription

BTG family, member 2 (BTG2)

Cell cycle/Proliferation/Signaling

E2F transcription factor 2 (E2F2)

N/A

MSTPO23

Actin binding protein

ARP3

Anion transport

Solute carrier family 4, sodium
bicarbonate cotransporter

protein binding

Salvador homolog 1 (Drosophila)--
SAV1

Cell cycle/Proliferation/Signaling

E2F7
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Table 3.1.b. Genes repressed upon IR treatment in an ATM and CREB-

dependent manner —

Function

Gene Name

protein folding and cellular metabolism

Chaperonin containing TCP1, subunit 8
(theta) CCT8

Transcription factor

SATB family member 2 (SATB2)

DNA replication

MGCM3 minichromosome maintenance
deficient 3 associated protein antisense
(MCM3PAS)

N/A

chromosome 10 open reading frame 41

Electron Transport

cytochrome P450, family 2, subfamily
R, polypeptide 1-CYP2R1

N/A Transcribed Locus

Transcription factor Homeobox gene HOXD8

N/A MDS009- DTW containing domain
N/A N/A

N/A Mouse and Zebra Fish/ BAC clones

tRNA processing

dihydrouridine synthase 4-like (S.
cerevisiae)-DUS4L

Extracellular matrix protein

Multimerin 2 (MMRN2)

Extracellular matrix protein

Fibronectin type Ill domain containing
3A

Development

Plexin A2 (PLXNA2)- neuronal

Check hydrolethalus syndrome 1--HYLS1
Sugar Binding FLJ44186 protein

Cell cycle/Proliferation/Signaling

PDGF alpha

pyridine nucleotide biosynthesis

chromosome 9 open reading frame 95

Check

Aconitase

cell proliferation, hormone response

RAS-like, estrogen-regulated, growth
inhibitor- (RERG)

Transcribed locus, weakly similar to

N/A NP_114018.1 flotillin 2 (Rat)
N/A Loosely resembles several proteins
Metabolism Glyceronephosphate O-acyltransferase

Protein Glycosylation

ST6GALNAC3

Transcription

myeloid/lymphoid or mixed-lineage
leukemia translocated to, 10

Chromatin assembly and
disassembly

ARID4B

hypothetical protein

MGC45438

N/A

loosely resembles couple of proteins in
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C.Elegans
N/A FAM51A1

similar to KIAA1503 protein [Homo
N/A sapiens]

Cell adhesion

Integrin, alpha V (vitronectin receptor,
alpha polypeptide, antigen CD51)

mRNA splicing

LSM10, U7 small nuclear RNA
associated

Extracellular matrix protein

Heparan sulfate sulfotransferase
(HS3ST3A1)

Negative Regulator of cell cycle and
apoptosis

PHD finger protein 17 (PHF17) -
chromatin remodeling and prot-prot .
interactions

Transcription

hepatocyte nuclear factor 4, gamma-
HNF4G

N/A

Mostly BACs

Cell cycle and polarity

par-6 partitioning defective 6 homolog
beta (C. elegans)--PARD6B

Transcription

B-cell CLL/lymphoma 11A (zinc finger
protein)--BCL11A

Transcription, Apoptosis

death associated transcription factor 1
(DATF1)

Transcription

Zinc Finger protein 278

Transcription and Development

Homeobox gene HOX B13

N/A

Trichohyalin and coiled-coil domain
containing 18 (CCDC18)

Transcription

Zinc Finger protein 165

ATP hydrolysis

ATPase 6 in mitochondria

Electron Transport

cytochrome P450, family 26, subfamily
A, polypeptide 1--CYP26A1

Transcription

Zinc finger protein 99

Negative Regulator of cell cycle and
apoptosis

mutated in colorectal cancers--(MCC)

protein transport

Sorting nexin 12 (SNX12)

N/A

Homo sapiens gene for seven
transmembrane helix receptor

Ion transport

ATP synthase, H+ transporting,
mitochondrial FO complex, subunit s
(factor B)--ATP5S

cAMP hydrolysis

Phosphodiesterase 4A (PDE4A)

GPCR signaling

RHOU (Ras family small GTPase)
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FIGURE3.1. Validation of microarray analysis by Real Time PCR.

HEK293T cells were transfected with scrambled control siRNA (Scri), or an
siRNA targeted specifically towards ATM (ATMi) or CREB (CREBi). 48 hours
later, the cells were either left untreated or treated with 20Gy IR for 4 hours. Total
cellular RNA was isolated using RNeasy Kit. 1ug of total RNA was reverse
transcribed to generate cDNA using iScript cDNA synthesis Kit. The resulting
cDNAs were amplified using the iScript SYBR green PCR Kit and Quantitative
Real Time PCR with gene-specific primers was performed using MyiQ Single
Color Real Time PCR Detection System. All mRNA expression data was

normalized to expression of the housekeeping gene GAPDH in the

corresponding sample.
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FIGURE 3.1.
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FIGURE 3.1. (Contd.)
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FIGURE 3.2. HOXB13 mRNA is downregulated upon exposure to

genotoxic stress stimuli. HEK293T cells were either left untreated or treated
with (A) varying doses of IR for 4 h, or (B) 20Gy of IR for varying time points.
Total cellular RNA was isolated using RNeasy Kit. 1ug of total RNA was reverse
transcribed to generate cDNA using iScript cDNA synthesis Kit. The resulting
cDNAs were amplified using the iScript SYBR green PCR Kit and Quantitative
Real Time PCR was performed using the MyiQ Single Color Real Time PCR\
Detection System. Duplicate samples from three experiments were utilized to
generate the bar graphs. All mRNA expression data was normalized to

expression of the housekeeping gene GAPDH in the corresponding sample.
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FIGURE 3.3. IR-induced HOXB13 repression is ATM- and CREB-

dependent. HEK293T cells were transfected with scrambled control siRNA
(Scri), or an siRNA targeted specifically towards ATM (ATMi) or CREB (CREBi).
48 hours later, the cells were either left untreated or treated with 20Gy IR for 4
hours. Total cellular RNA was isolated using RNeasy Kit. 1ug of total RNA was
reverse transcribed to generate cDNA using iScript cDNA synthesis Kit. The
resulting cDNAs were amplified using the iScript SYBR green PCR Kit a"hd\
Quantitative Real Time PCR was performed using the MyiQ Single Color Real
Time PCR Detection System. Duplicate samples from three experiments were

utilized to generate the bar graphs. All MRNA expression data was normalized to

expression of the housekeeping gene GAPDH in the corresponding sample.
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FIGURE 3.4. IR-induced HOXB13 repression in CEM T cells. CEMT cells

were either left untreated or treated with (A) varying doses of IR for 4 h, or (B)
10Gy of IR for varying time points. Total cellular RNA was isolated using RNeasy
Kit. 1ug of total RNA was reverse transcribed to generate cDNA using iScript
cDNA synthesis Kit. The resulting cDNAs were amplified using the iScript SYBR
green PCR Kit and Quantitative Real Time PCR was performed using the MyiQ
Single Color Real Time PCR Detection System. All mRNA expression data vfi"as\

normalized to expression of the housekeeping gene GAPDH in the

corresponding sample.
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CHAPTER 4

ATR Activation Necessary but not Sufficient for p53 Induction

and Apoptosis in Hydroxyurea-Hypersensitive Myeloid Leukemia

Sujatha Kumar, Gerald E. Dodson, Anthony Trinh,

Joel R. Puchalski, and Randal S. Tibbetts

A version of this chapter was published in 2005 in Cell Cycle 4(11):1665-1672.
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4.1. ABSTRACT 128

Hydroxyurea (HU) is a competitive inhibitor of ribonucleotide reductase that is
used for the treatment of myeloproliferative disorders. HU inhibits DNA
replication and induces apoptosis in a cell type-dependent manner, yet the
relevant pathways that mediate apoptosis in response to this agent are not well
characterized. In this study, we employed the human myeloid leukemia 1 (ML-1)
cell line as a model to investigate the mechanisms of HU-induced apoptosis.*
Exposure of ML-1 cells to HU caused rapid cell death that was accompanied by
hallmark features of apoptosis, including membrane blebbing, phosphatidylserine
translocation, and caspase activation. HU-induced apoptosis required new
protein synthesis, was induced by HU exposures as short as 15 min, and
correlated with the accumulation of p53 and induction of the p53 target gene
PUMA. p53 induction in ML-1 cells was ATR dependent and downregulation of A
p53 through RNAI delayed HU-induced apoptosis. HU did not induce p53 or
induce apoptosis in Molt-3 leukemia cells, even though exposure to HU induced
a comparable level of DNA damage and robustly activated the ATR pathway.
The microtubule inhibitor nocodazole suppressed HU-induced p53 accumulation
in ML-1 cells suggesting that a microtubule-dependent event contributes to p53
induction and apoptosis in this cell line. Our findings outline an HU-induced cell
death pathway and suggest that activation of the ATR is necessary, but not

sufficient, for stabilization of p53 in response to DNA replication stress.
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The objective of the present study was to examine the role of ATM-related
Kinase ATR in regulating cellular survival after replication stress. The ATR
protein kinase is a key regulator of cellular responses to HydroxyUrea (HU) and
other forms of DNA replication stress. Known substrates for ATR and ATM
include tumor suppressors p53 and BRCA1, the downstream effector kinases
CHK1 and CHK2, and a host of other proteins that participate in DNA repair and
cell cycle checkpoint regulation (19). ATR has been implicated in the G./M
checkpoint (19-20). However, its most critical functions relate to its role as a
regulator of DNA replication. ATR is an essential gene in mice that is also
required for viability at the cellular level (20-22). ATR-deficient cells exhibit high
levels of spontaneous and replication stress-induced DSBs that lead to loss of
viability (20-24). ATR suppresses premature replication origin firing and enforces
the S-M checkpoint, which delays mitosis in the presence of unreplicated DNA
(25-29). These combined functions define ATR as a critical determinant of cell

survival following DNA replication stress.

The S-phase checkpoint functions of ATR are mediated, in part, through
phosphorylation and activation of its effector kinase, CHK1 (30-32). CHK1, in
turn, phosphorylates the CDC25A phosphatase leading to its ubiquitylation and
degradation (33). CHK1-mediated phosphorylation also negatively regulates the

CDC25C phosphatase by promoting its association with 14-3-3 proteins and




nuclear export (34-35). Downregulation of CDC25A and CDC25C leads to!30

inhibition of the CDK2 and CDK1 cyclin-dependent kinases, which mediate
progression through S phase and mitosis, respectively (36). Thus, CHK1 elicits
S-and G,/M phase arrests, in part, by inactivation of CDK2 and CDK1. CHK1 is
also implicated in the DNA damage-induced phosphorylation of p53 on Ser-20,
which relieves p53 repression by MDM2 (37). Defects in CHK1 partially
phenocopy ATR deficiency and are associated with premature mitosis,
premature origin firing, defective homologous recombination, and sensitivity to"
anti-metabolites (38-45). Finally, a recent study described reduced or
undetectable expression of CHK1 in a subset of aggressive leukemias

suggesting that downregulation of CHK1 may occur during leukemogenesis (46).

Hydroxyurea (HU) has been used for the treatment of chronic myelogenous
leukemia and other myeloproliferative disorders including polycythemia vera and
essential thrombocytosis for more than 30 years (1). HU is a competitive inhibitor
of ribonucleotide reductase (RNR), a tetrameric enzyme comprised of two
regulatory (M-1) and two catalytic (M-2) subunits that catalyzes the rate-limiting
step in the production of reduced deoxyribonucleoside triphosphates (dNTPs)
(2). HU belongs to the anti-metabolite class of drugs that block key steps in DNA
biosynthesis and are widely used to treat cancer. Clinically relevant examples
include the nucleoside analogues 5-fluorouracil, an inhibitor of thymidylate

synthase, and gemcitabine, which inhibits RNR and DNA polymerase alpha (3,4).

Although each of these agents inhibits DNA synthesis, they also have unique
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effects on DNA metabolism that contribute to their unique cytotoxicity profiles in

vitro and anti-cancer properties in vivo (5).

Despite its clinical utility and well-characterized biochemical mechanism of
action, the pathways through which HU exerts its cytotoxic effects in mammalian
cells are less well understood. The p53 tumor suppressor has been implicated
as a cell-type-dependent determinant of HU sensitivity. p53 expression was
associated with apoptosis in IL-3-dependent bone marrow cells and EBV
immortalized lymphoblasts, but other studies have failed to show a cause-and-
effect link between p53 status and HU sensitivity (6-9). Interestingly, an earlier
report showed that HU induced a transcriptionally inert form of p53 in human
RKO colon carcinoma cells, though this may have been a cell-type dependent
phenomenon (10,11). Stalled replication forks (RFs) arising secondary to dNTP
depletion are a likely source of pro-apoptosis signals in HU-treated cells. Stalled
RFs are recombination substrates that can be converted into cytotoxic DNA
double-strand breaks (DSBs) (12-14). Studies using bacterial systems have
shown that the homologous recombination (HR) pathway of DNA repair is
essential for suppression of DSBs and for the reactivation of stalled RFs
following exposure to replication inhibitors (15). HR is also important for the
maintenance and restart of stalled RFs in mammals; defects in proteins required
for HRR, including the RecA ortholog RAD51 are associated with accumulation

of spontaneous DSBs during DNA replication (16). Members of the RecQ
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helicase family of proteins, including BLM, are also important for recovery from
DNA replication stress, perhaps through the suppression of deleterious

recombination events (17).

In this report we have explored the cellular response to HU in a myeloid leukemia
cell line (ML-1) derived from a patient with acute myelogenous Ieukemia (47).
ML-1 cells express wild-type p53 and have been used as a model for studying
DNA damage-induced cell cycle checkpoint activation and for investigating the
anti-leukemic potential of nucleoside analogues (48-49). While screening a panel
of leukemia cell lines for sensitivity to HU, we made the discovery that ML-1 cells
are remarkably sensitive to this drug. Here, we characterize the HU sensitivity of
ML-1 cells and explore the mechanism of HU-induced apoptosis. Our study
provides evidence that an ATR-p53 pathway functions in a pro-death capacity in
response to HU and that activatibn of ATR is necessary, but not sufficient, for

p53 induction in response to DNA replication stress.

4.3. METHODS

Cell culture and antisera. All cell lines used in this study were maintained in
RPMI containing 10% FBS and 10 mM HEPES. ML-1 cells were obtained from
Dr. Scott Kaufmann (Mayo Clinic). HPB-ALL and Karpas 45 cell lines were

kindly provided by Dr. Shigeki Miyamoto (University of Wisconsin-Madison).
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Antibody suppliers included: Oncogene Research (x-RPA32), Santa Cruz
Biotechnology (k-CHK1 (G-4), x-p53 (DO-1)), Upstate Cell Signaling Solutions
(x-tubulin, x-PARP, K-PUMAj, and R&D Systems (xk-CHK1-pS317, x-p53-pS20).
The ATR antibody has been previously published (50). Zeocin (Invitrogen) was
used at a concentration of 0.5 ug/ml. Nocodazole (Sigma) was made as a 0.5
mg/ml stock in DMSO and added to a final concentration of 0.5 pg/ml 30-60 min

\

prior to HU addition.

Protein analysis. A number of ML-1 nuclear proteins, including ATR, CHK1,
RPA32, and p53 were resistant to extraction with our standard cell lysis buffer
containing 25 mM HEPES, 300 mM NaCl, and 0.5% NP-40. Therefore, all
extracts were prepared by boiling in SDS-PAGE sample loading buffer as
follows: the cells were washed once in PBS and resuspended to a density of 1 x
107 cells/ml in PBS. An equal volume of 4X sample loading buffer (100 mM Tris-
HCI pH 6.8, 8% SDS, 40% glycerol, 20% «-mercaptoethanol, 0.008%
bromophenol blue) was added and the samples were heated at 100°C for 10 min.
One hundred microliters of each sample were separated on 10% SDS-PAGE
gels and transferred to Immobilon-P PVDF membranes (Millipore). Membranes
were blocked in Tris-buffered saline containing 0.2% Tween-20 (TBS-T) and 5%
dried milk and incubated overnight at 4° C with the indicated primary antibodies

diluted in blocking solution. After washing with TBS-T, the blots were incubated

with HRP-conjugated sheep anti-mouse or goat anti-rabbit secondary antibodies
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(Jackson) and developed using SuperSignal chemilluminescent substrate

(Pierce).

Cell cycle analysis and apoptosis assays. For propidium iodide (PI) staining,
1 x 10° ML-1 cells were resuspended in 300 pl of PBS. The cells were fixed by
the addition of 700 ul of ice-cold 100% ethanol while vortexing. The fixed cells
were resuspended in PBS containing 20 ug/ml PI, 50 ug/ml RNAse A, and 0.2%
Tween-20 and analyzed by flow cytometry. The data were plotted using the
WinMDI shareware package (Stanford University). Annexin V staining was
performed using the ApoAlert system (Clontech) according to the manufacturer’s
conditions. The caspase inhibitor cocktail used in this study contained 50 uM
each of zZVAD-FMK, YVAD-FMK, and DEVD-FMK (Bachem Bioscience), which

were added 1 h prior to HU exposure.

Microscopy. For the phospho-H2AX analysis, ML-1 cells were treated with
buffer or 3 mM HU and collected 1 h or 4 h later. The cells were cytospun onto
glass slides and, fixed with 4% paraformaldehyde-PBS, and permeabilized in
PBS containing 0.2% Triton-X 100 (PBS-T) for 10 min. The cells were then
washed with PBS and blocked for 30 min in PBS containing 3% BSA and 2%
goat serum prior to immunostaining overnight at 4° C with 2 ug/ml of x-phospho-
H2AX antibody diluted in blocking solution. The cells were washed three times in

PBS-T and incubated for 1 h at room temperature with 0.4ug/ml FITC-conjugated

y
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goat anti-mouse IgG (Caltag). The cells were washed twice with PBS-T, once in
PBS, and mounted using SlowFade reagent (Invitrogen). A Carl Zeiss Axiovert

200 fluorescence microscope was used to visualize the samples.

RNA interference. Approximately 2 x 10° ML-1 cells were electroporated with
20 ul of 20 uM scrambled control siRNA or siRNA targeted to ATR or p53 (51).
The p53 siRNA was provided as a SmartPool mixture of four annealed®
oligonucleotides (Dharmacon). Electroporation was carried out with a single
325V, 10 ms pulse using an ECM 80 Electro Square Porator (BTX). The cells
were transferred to growth medium and allowed to recover for 48 h prior to drug

treatment and analysis.

4.4. RESULTS

ML-1 cells are highly sensitive to HU. ML-1 is a p53-positive human myeloid
leukemia cell line that has been used as a model to study apoptosis and cell
cycle checkpoint induction by genotoxic stress (52-53). To examine whether ML-
1 cells undergo apoptosis in response to HU, we exposed the cells to the drug for
2-8 h and then stained the cells with annexin V-FITC. Flow cytometric analysis
revealed that ML-1 cells underwent extensive apoptosis in response to HU.
Apoptosis was detectable by 4 h after treatment and was maximal by 6 h post-

HU exposure, when approximately 40% of the cells stained positive for annexin V
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(Figure 4.1.A). HU-induced apoptosis manifested as an accumulation of cells
exhibiting a hypodiploid DNA content and a corresponding decrease in the S
phase population, which is consistent with the mechanism of HU as an S-phase-
specific cytotoxic agent (Figure 4.1.B). Bright field and fluorescence microscopy
of HU-treated ML-1 cells revealed highly characteristic signs of apoptosis,
including membrane blebbing and nuclear fragmentation (Figure 4.1.C). The
DNA replication inhibitor aphidicolin also induced apoptosis in ML-1 cells with*

kinetics that were nearly indistinguishable from HU (data not shown).

We next compared the HU sensitivity of ML-1 to other leukemic cell lines. For
this analysis we employed p53-deficient (K562, Jurkat) and p53 wild-type (Molt-
3) cell lines. Each cell line was exposed to 3 mM HU for 6 h and apoptosis
induction measured by annexin V staining and flow cytometry. ML-1 cells were
more sensitive to HU than either of the p53-deficient cell lines, which failed to
undergo appreciable apoptosis during the 6 h time course of the experiment
(Figure 4.2.A). Although Molt-3 cells were susceptible to HU, they were
quantitatively less sensitive than ML-1 cells; the viability of ML-1 cells decreased

by 27% during the experiment, whereas the viability of Molt-3 cells decreased by

7%. Similar results were obtained when hypodiploid DNA content was used as a
parameter of HU-induced apoptosis. A 4 h treatment with HU induced
hypodiploid DNA in 32% of ML-1 cells, but only 4% of Molt-3 cells (Figure 4.2.B).

The virtual absence of apoptosis in the p53-deficient K562 and Jurkat cell lines
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following HU exposure is consistent with a key role for p53 in this process.
However, the fact that p53-wild-type ML-1 and Molt-3 cells exhibit differential
survival in response to HU indicates that p53 functional status is not the sole

determinant of sensitivity to this drug.

The HU sensitivity of ML-1 cells could reflect a general hypersensitivity of this cell
line to genotoxic stimuli. To test this hypothesis, we compared the apoptosis*
profiles of ML-1 and Molt-3 cells exposed to IR. In comparison to HU, 10 Gy of
IR was a relatively weak inducer of apoptosis in ML-1 cells. Whereas HU
induced apoptosis within 4 h, IR-induced apoptosis was not observed until 6-8 h
after exposure, at which time approximately 25% of the cells were annexin V-
positive (Figure 4.2.C and data not shown). The fraction of irradiated cells
undergoing apoptosis remained nearly constant over the next 8 h. IR was a
much stronger stimulus of apoptosis in Molt-3 cells. Molt-3 viability decreased
from 82% to 29% 8 h after exposure to 10 Gy of IR, and further declined to 2%
after 16 h (Figure 4.2.C). These results suggest that ML-1 cells are not generally
hypersensitive to genotoxic stress, but instead may harbor specific defects that

confer susceptibility to DNA replication inhibitors.

Characterization of HU-induced apoptosis in ML-1 cells. Given the rapidity of
HU-induced apoptosis, we were interested in determining the minimum length of

drug exposure required to induce cell death. Remarkably, exposure to HU for as
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little as 15 min was sufficient to increase the fraction of annexin V-positive cells
after 4 h (Figure 4.3.A). Increasing the HU exposure time to 1 h led to a
corresponding increase in the apoptotic;fraction, whereas longer exposures did
not further augment cell death. This result indicates that the commitment phase
of apoptosis in ML-1 cells occurs within 1 h of HU exposure and that ML-1 cells
are unable to recover from a transient DNA replication block.

To further characterize HU-induced apoptosis in ML-1 cells, we measured the*
caspase-mediated cleavage of poly(ADP-ribose) polymerase (PARP), which
serves as a reliable marker for genotoxin-induced apoptosis (54). Using
antibodies that recognize full-length PARP and its major caspase cleavage
product, we observed that the majority of PARP migrated as the full-length, non-
cleaved form in asynchronously growing ML-1 cells (Figure 4.3.B). Exposure to
HU resulted in PARP cleavage that was detectable at the 4 h time point. Both
PARP cleavage and cell blebbing were blocked by pan-specific caspase
inhibitors (Figure 4.3.C and data not shown), indicating that HU-induced caspase

activation is causal for apoptosis.

Insight into the mechanism of apoptosis can be gleaned from assessing the
requirement for de novo protein synthesis. To determine whether protein
synthesis was required for HU-induced apoptosis, ML-1 cells were preincubated
with the protein synthesis inhibitor cycloheximide (CHX, 5 ug/ml) for 30 min prior

to the addition of HU. Cells were then incubated for an additional 4 h and stained

s
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with annexin V-FITC and Pl. The percentage of annexin V-positive cells
increased from 2% to 9% following exposure to CHX alone, indicating that CHX
is mildly toxic to ML-1 cells (Figure 4.4.A). However, CHX clearly antagonized
HU-induced apoptosis. The annexin V-positive fraction declined from 29% in
cells treated with HU, to 11% in cells treated with CHX and HU, which is similar
to the level of apoptosis in cells treated with CHX alone. New protein synthe§is

\

is therefore required for HU-induced cell death in ML-1 cells.

HU-induced apoptosis correlates with p53 induction. The p53 tumor
suppressor plays a critical role in apoptosis induction by genotoxic stimuli by
facilitating the expression of pro-apoptosis genes including BAX, PUMA, NOXA,
and factors that promote oxidative cellular damage (55). We therefore sought to
determine whether induction of p53 correlated with apoptosis in HU-treated ML-1
cells. ML-1 or Molt-3 cells were mock treated or exposed to HU over a 4 h time
course and cell extracts analyzed by SDS-PAGE and immunoblotting with a a-
p53 antibody. Exposure of ML-1 cells to HU resulted in the induction of p53 that
was detectable within 2 h of drug treatment and was maximal by the 4 h time
point, at which time the cells demonstrated features of apoptosis (Figure 4.4.B).
The level of p53 induction by HU was slightly lower than the level obtained
following exposure to 10 Gy of IR. However, when one considers that the effects
of HU are restricted to the 30-40% of ML-1 cells in S phase, the relative

potencies of the two agents as inducers of p53 are comparable. In contrast, the
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induction of p53 in HU-treated Molt-3 cells was weak, even though p53 was
~ strongly induced by IR in this cell line (Figure 4.4.B). Thus, the induced levels of
p53 in ML-1 and Molt-3 cells correlate with the relative sensitivities of these cell
lines to HU. We also examined the expression of the p53-dependent target gene
PUMA following HU exposure. PUMA protein levels exhibited transient induction
1 h after exposure to HU, suggesting its enhanced expression may ‘precipvigate

A

apoptosis in ML-1 cells (Figure 4.4.C).

ATR-dependent induction of p53 is required for HU-induced apoptosis. The
degree of p53 induction in ML-1 and Molt-3 cells correlated with their relative
sensitivities to HU; ML-1 cells strongly induced p53 and were sensitive to HU,
whereas Molt-3 cells weakly induced p53 and were comparatively resistant to
HU. We therefore sought to directly test the importance of p53 for apoptosis
induction and to establish the upstream requirements for p53 induction. To test
whether p53 contributed to HU-induced apoptosis, we electroporated ML-1 cells
with control siRNA or p53-specific siRNA and then challenged the cells with HU
or vehicle 48 h later. Immunoblotting using k-p53 and k-PARP antibodies
demonstrated that the basal and HU-induced levels of p53 were efficiently
suppressed by the p53 siRNA (Figure 4.5.A). In contrast, the p53 siRNA did not
block the expression or HU-induced phosphorylation of the 32 kDa subunit of

replication protein A (RPA32). The suppression of p53 correlated with a dramatic




reduction in the amount of cleaved PARP at the 4 h time point, which strongly141

suggests that p53 is required for apoptosis induction.

The upregulation and activation of p53 in response to genotoxic stress is
promoted by ATM and ATR through direct and indirect mechanisms. ATM and
ATR directly phosphorylate p53 on Ser-15, which antagonizes interactions
between p53 and the E3 ubiquitin ligase HDM2 (18,56). ATM and ATR‘indire‘qtly
promote p53 activation through phosphorylation of the CHK2 and CHK1 kinases,’
respectively, which, in turn, phosphorylate p53 on Ser-20 (37,57). ATR has
previously been implicated in the regulation of p53 in response to IR, UV light,
and hypoxic cell stress (24, 50, 58-59). Given the importance of ATR as a
mediator of HU-induced responses, we used RNAI to test whether HU-induced
accumulation of p53 in ML-1 cells was ATR dependent. Electroporation of ML-1
cells with an ATR-specific small interfering RNA (siRNA), but not a control
siRNA, suppressed ATR expression and attenuated p53 induction by HU (Figure
4.5.B). In contrast, an ATM siRNA did not substantially inhibit the induction of
p53 in response to HU (data not shown). This result suggests that ATR

contributes to p53 induction in HU-treated ML-1 cells, most likely via direct

phosphorylation of Ser-15.

The phosphorylation of p53 on Ser-20 by the CHK1 and CHK2 protein kinases is
believed to contribute to p53 induction and activation in response to genotoxic

stress (37,60). The differential induction of p53 between ML-1 and Molt-3 cells

|
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could therefore reflect a difference in Ser-20 phosphorylation state. To explore
this possibility, we measured the HU-induced phosphorylation of p53 on Ser-20
in both ML-1 and Molt-3 cells. ML-1 cells exhibited p53 Ser-20 phosphorylation
within 1 h of HU treatment or 2 h after exposure to the radiomimetic drug zeocin,
which induces DSBs (Figure 4.5.C). In contrast, HU-induced Ser-20
phosphorylation was not detected in Molt-3 cells, even though zeocin strongly
induced both Ser-20 phosphorylation and p53 accumulation (Figure 4.5.C). To
test whether the absence of p53 Ser-20 phosphorylation in HU-treated Molt-3
cells was caused by defective activation of the ATR-CHK1 pathway, we
measured the ATR-dependent phosphorylation of CHK1 on Ser-317 following HU
exposure (31,51). HU-treatment induced CHK1 phosphorylation in Molt-3 and
ML-1 cells, indicating that the ATR-CHK1 pathway is activated in both cell lines.
Interestingly, the levels of Ser-317-phosphorylated CHK1, total CHK1, and ATR
were greatly reduced in ML cells relative to Molt-3 cells (Figure 4.5.D). The
expression level of both proteins in ML-1 cells was also clearly reduced when
compared to the ATR and CHK1 levels in a panel of human leukemic cell lines
(Figure 4.7.). The importance of the reduced levels of ATR and CHK1 in the
context of HU-hypersensitivity is uncertain. However the finding that CHK1 is
strongly phosphorylated on Ser-317 in Molt-3 cells suggests that failure to induce
p53 phosphorylation is not the result of a gross defect in the ATR-CHK1

pathway.
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Nocodazole antagonizes p53 induction and PARP cleavage in HU-treated
ML-1 cells. The above results demonstrated that differential of p53 between ML-
1 and Molt-3 cells are Iargely responsible for their different sensitivities to HU.
The findings also suggested that ATR activation per se was insufficient for p53
induction, and that a second signal is generated in ML-1 cells that potentiates
p53 accumulation following HU treatment. One plausible explanation for the
robust induction of p53 in response to HU was that stalled DNA replication forks*
in ML-1 cells are rapidly converted into cytotoxic DSBs, which strongly induce
p53 (48). If this hypothesis is correct, then one should be able to detect DSBs
prior to caspase activation and accumulation of apoptosis-related strand breaks.
To explore this possibility, we examined the ATM/ATR-dependent

phosphorylation of histone H2AX. The accumulation of phosphorylated histone

H2AX (designated k-H2AX) at foci of DNA damage provides an indirect measure §
of DSB formation in mammalian cells (61). In the absence of HU treatment, the k‘
nuclei of ML-1 cells demonstrated a weak and diffuse k-H2AX immunostaining ‘r
pattern, which was comparable to the pattern seen in untreated Molt-3 cells. |

Exposure to HU for 1 h induced similar levels of i-H2AX immunostaining in ML-1 F
|

and Molt-3 cells (Figure 4.6.A), suggesting comparable levels of DSBs between

the cell lines. However, at 4 h post-HU, approximately 50% of the k-H2AX-
positive ML-1 cells demonstrated an intense «wH2AX staining pattern that was not

observed in similarly treated Molt-3 cells (Figure 4.6.A, denoted by arrows).

These cells often exhibited an abnormal nuclear morphology suggestive of
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apoptosis. Caspase inhibitors inhibited HU-induced H2AX phosphorylation in
immunoblotting experiments (Figure 4.6.B), suggesting that the k-H2AX"9" cells
were actively undergoing a'poptosis. This result is consistent with previous
literature showing that apoptosis-dependent DSBs are potent inducers of H2AX
phosphorylation (62). However, the finding that ML-1 and Molt-3 cell lines display
comparable levels of k-H2AX at early time points after HU exposure provides
indirect evidence that these cell lines initially accumulate comparable levels of

DSBs in response to DNA replication stress.

Microtubule inhibitors have been shown to antagonize topoisomerase poison-
induced cell death and we wished to determine whether microtubules were
important for apoptosis initiated by HU (63). To test this possibility, we treated
ML-1 cells with the microtubule inhibitor nocodazole (NOC) 1 h prior to the
addition of HU and then measured PARP cleavage 4 h later. HU-induced PARP
cleavage was inhibited by NOC pre-exposure, though some cleavage was still
observed (Figure 4.6.C). In addition, the reduction in PARP cleavage observed
in HU- and NOC-treated cells was accompanied by a clear reduction in the level
of p53 induction. At the cellular level, ML-1 cells treated with HU and NOC
showed an approximately two-fold reduction in the hypodiploid fraction relative to
cells treated with HU alone (Figure 4.6.D). Whereas the S phase population was
essentially depleted in the HU-treated cells, ML-1 cells exhibiting S-phase DNA

content were still observed following exposure to NOC and HU. Importantly,
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NOC pretreatment did not reduce the fraction of ML-1 cells in S phase prior to
HU exposure, ruling out the possibility that the protective effects of NOC were
attributable to fewer HU-susceptible cells (data not shown). The finding that
NOC delays apoptosis implies that mitosis or another microtubule-dependent
process contributes to the initiation of apoptosis in ML-1 cells following HU

treatment.

4.5. DISCUSSION

In this report we have investigated the mechanism of apoptosis induction by HU
in ML-1 myeloid leukemia cells. We have shown that HU induces a remarkably
rapid program of apoptosis in this cell line; HU exposures as short as 15-30 min
are sufficient to induce cell death in approximately one third of S-phase cells,
whereas exposures greater than 1 h effectively depleted the entire S phase
population within 4-6 h. The inability of ML-1 cells to survive even relatively short
pulses of HU or the DNA polymerase a inhibitor aphidicolin, when combined with
the observation that these cells were relatively resistant to IR, implies that ML-1
harbors one or more defects in pathways that mediate resistance to DNA
replication stress. We have therefore sought out to map the apoptosis pathways
initiated following HU exposure, as well as to uncover potential defects

responsible for HU hypersensitivity.

"
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HU-induced a classical caspase-dependent apoptotic cell death in ML-1 cells
characterized by cytoplasmic membrane blebbing, nuclear fragmentation, and
caspase activation within 4 h. Given the rapidity of this response we were
surprised to find that new protein synthesis was required for apoptosis induction.
Nevertheless, the requirement for new protein synthesis is compatible with a role
for a p53-dependent transcriptional program in the initiation of apoptosis and
requirement for p53 in this process was directly established using RNAi (Figure®
4.5.A). Although the contribution of p53 to replication inhibitor-induced apoptosis
appears to be cell-type dependent, our findings are congruent with earlier work
showing that p53 expression is positively correlated with HU sensitivity (6-7).
Other studies have shown that p53 promotes apoptosis by trans-activating
promoters of pro-apoptosis regulators including the BH3 domain containing
proteins BAX, PUMA, and NOXA (55). Whereas the levels of BAX were
constitutively high in ML-1 cells, PUMA was induced following HU treatment,
suggesting that this p53 target gene contributes to apoptosis induction (Figure
4.4.C and data not shown). However, because 10 Gy of IR also strongly induced
p53 in ML-1 cells, but elicited a lower level of cell death, p53-independent

pathways must also contribute to apoptosis induction in this cell line.

The differential induction of p53 in ML-1 and Molt-3 cells appears to underlie their

distinct sensitivities to DNA replication inhibitors and understanding the basis for

this difference should illuminate the mechanism of HU-induced apoptosis. We

N
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showed that the HU-induced accumulation of p53 required ATR and correlated
with p53 phosphorylation on Ser-20, which is most likely carried out by the HU-
inducible, ATR effector kin‘ase, CHK1. Paradoxically, even though ATR is
generally viewed as a determinant of cellular resistance to DNA replication
stress, our results imply that ATR functions in a pro-apoptosis capacity following
HU exposure—at least in the context of the acute response to this drug in ML-1
cells. Transfection of ATR siRNA did not suppress HU-induced PARP cleavage;
however the efficacy of the electroporation-based ATR knock-down was
relatively poor in ML-1 cells (Figure 4.8.) and residual p53 induction, either ATR-
dependent or ATR-independent, was likely responsible for the observed cell
death. Notably, a pro-apoptosis function of ATR was recently established in

studies of HIV Vpr protein-induced apoptosis (64-65), suggesting that ATR is a

cell type- and stimulus-dependent regulator of apoptosis in mammalian cells.

The ATR-CHK1 pathway was activated within minutes of HU exposure in both
ML-1 and Molt-3 cells, however, the induction of p53, as well the phosphorylation
of p53 on Ser-20, was much more robust in the ML-1 cells. The failure to induce
p53 in HU-treated Molt-3 cells, despite robust CHK1 phosphorylation, implies that
activation of the ATR-CHK1 pathway is insufficient for p53 induction and that a
second signal generated in ML-1 cells promotes full activation of p53. Because
prolonged exposures to HU induces DSBs in cultured mammalian cells (12-13),

we initially hypothesized that ML-1 cells accumulate abnormally high levels of
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cytotoxic DSBs in response to HU. However, ML-1 and Molt-3 cells exhibited
qualitatively similar profiles of i-H2AX staining when exposed to HU for 1 h or
less, suggesting comparable‘ levels of DSBs prior to the induction of apoptosis
(Figure 4.6.A). Furthermore, HU-treated ML-1 cells did not exhibit
hyperactivation of ATM, which is another sensitive marker for DSB formation
(66). The available evidence therefore suggests that increased DSBs are not
responsible for p53 accumulation or the inductive phase of apoptosis in ML-1"*
] cells after brief exposures to HU. Although the source of the putative second
signal for p53 induction is presently unclear, the finding that NOC partially
suppressed p53 induction and PARP cleavage suggests a role for microtubules.
A potential explanation for the protective effect of NOC is that mitotic events
contribute to apoptosis induction. However, the CDK1-dependent
phosphorylation of histone H3 on Ser-10 was downregulated in HU-treated ML-1
cells, suggesting that this aspect of the S-M checkpoint is intact (S. Kumar and
R. Tibbetts, unpublished data). It is possible that ML-1 cells initiate lethal mitotic
events independent of CDK1 activation or that the protective effect of NOC is

unrelated to its effects on the mitotic spindle.

A recent study described reduced or undetectable expression of CHK1 in a

subset of aggressive leukemias (46), and we showed here that ML-1 cells

express low levels of ATR and CHK1. The significance of the reduced levels of

these factors to the HU sensitivity of this cell line is uncertain; ML-1 cells are
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refractory to stable transfection with ATR and CHK1 expression vectors and, for
now, the link between reduced ATR and CHK1 expression and HU sensitivity is
purely correlative. Nevertheless, given that CHK1 is haploinsufficient in mice
(41), the reduced levels of CHK1 and its upstream kinase in ML-1 cells might be
predicted to confer an HU sensitive phenotype. Although reduced, the levels of
ATR in ML-1 cells are apparently sufficient to support p53 indu‘ction and
subsequent apoptosis. Future experiments will be required to test whether
ectopic expression of ATR or CHK1 can confer HU resistance to ML-1 cells, or if

HU sensitivity in these cells is the result of additional defects in replication stress-

response pathways.
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4.7. Figure legends 136

Figure 4.1. ML-1 myeloid leukemia cells are hypersensitive to HU. (A,B) ML-
1 cells were either left untreated or treated with 3 mM HU for the indicated timeé.
(A) The cells were stained with annexin V-FITC and Pl and analyzed by flow
cytometry. The percentages of annexin-positive cells are displayed in each
panel. (B) The cells were fixed in ethanol, stained with Pl, and analyzed by f[ow
cytometry to measure DNA content. The percentage of cells exhibiting a sub-2N
DNA content is shown in each panel. (C) Apoptotic morphology of HU-treated
ML-1 cells. ML-1 cells were allowed to adhere for an hour to poly-lysine coated
glass bottom dishes. Subsequently, cells were either left untreated or treated with

3 mM HU for 4 h and then stained with Hoecsht 33342 to visualize cell nuclei.

Cells displaying an apoptotic, budded morphology are denoted by arrows.
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Figure 4.2. Differential sensitivities of ML-1 and Molt-3 cells to HU an
IR. (A) Exponentially growing K562, Jurkat, Molt-3, and ML-1 cells were either
left untreated or exposed to 3 mM HU for 6 h. The cells were stained with
annexin V-FITC and Pl and analyzed by flow cytometry. The percentage of
annexin V-positive, apoptotic cells is shown in each panel. (B) ML-1 and Molt-3
cells were either left untreated or HU-treated for 4 h. Cells were fixed with
ethanol, stained with Pl and analyzed by flow cytometry. The percentage of
apoptotic cells showing sub-2N DNA content is shown in each panel. (C)
Differential sensitivities of ML-1 and Molt-3 cells to IR. ML-1 or Molt-3 cells were
left untreated or exposed to IR (10 Gy) and harvested at the indicated times. The

cells were stained with annexin V-FITC and Pl and analyzed by flow cytometry.

Cell viability data is presented in each panel.
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Figure 4.3. Characterization of HU-induced apoptosis. (A) Induction of160

apoptosis by pulse exposures to HU. ML-1 cells were either left untreated or
treated with 3 mM HU for the indicated times. Cells were washed and left to
recover for 4 h. Cells were sdbsequently stained with annexin V-FITC and Pl and
analyzed by flow cytometry. The percentage of apoptotic cells is shown in each
panel. (B) Time course of PARP cleavage following exposure to HU. ML-1 cells
were either left untreated or treated with 3 mM HU for the indicated times. Cell
extracts were immunoblotted with a-PARP antibody. (C) HU-induced apoptosis is*
inhibited by caspase inhibitors. ML-1 cells were preincubated with a mixture of

caspase inhibitors (see Methods) prior to exposure to HU for 4 h. PARP

cleavage was measured by immunoblotting.
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Figure 4.4. Differential p53 induction correlates with the HU sensitivities |02

of ML-1 and Molt-3 cells. (A) HU-induced apoptosis required new protein
synthesis. ML-1 cells were preincubated with the protein synthesis inhibitor
cycloheximide (CHX, 5 p.g/nﬁl) for 30 min prior to the addition of HU or vehicle.
After 4 h, cells were co-stained with annexin V-FITC and Pl and analyzed by flow
cytometry. The percentages of apoptotic cells are shown in each panel. (B) Time
courses of p53 induction in response to HU or IR. ML-1 or Molt-3 cells were
either left untreated or exposed to HU (3 mM) or IR (10 Gy) for the indicated
times. Cell extracts were immunoblotted with k-p53 or k-tubulin antibodies. (C)
HU-induced accumulation of PUMA in ML-1 cells. ML-1 cells were exposed to 3
mM HU for the indicated lengths of time. Cell extracts were immunoblotted with

k-PUMA and k-PARP antibodies.
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Figure 4.5. ATR-dependent accumulation of p53 is required for optimal164

HU-induced apoptosis. (A) p53 is required for HU-induced PARP cleavage.
ML-1 cells were electroporated with either control siRNA or siRNA targeted to
p53. After 48 h, the cells were treated with HU or vehicle for the indicated times.
Cell extracts were then immunoblotted with x-p53, k-PARP and k-RPA32
antibodies. (B) HU-induced p53 accumulation is ATR-dependent. ML-1 cells
were electroporated with either control siRNA or ATR-specific siRNA. After 48 h,
the cells were either left untreated or HU-treated for the indicated times. Cell*
extracts were immunoblotted with k-ATR, k-p53 and k-tubulin antibodies. (C)
Differential phosphorylation of p53 on Ser-20 in response to HU. ML-1 and Molt-
3 cells were exposed to HU (3 mM) or zeocin (Zeo, 0.5 ug/ml) and harvested at
the indicated times after treatment. Cell extracts were immunoblotted with
antibodies specific for p53, Ser-20-phosphorylated p53 (p53-pS20), and RPA32
as a loading control. (D) Reduced expression of ATR and CHK1 in ML-1 cells.
-ML-1 and Molt-3 cells were either left untreated or treated with HU for the

indicated times. Cell extracts were immunoblotted with k-CHK1-pS317, k-CHK1,

k-ATR, and k-tubulin antibodies.
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Figure 4.6. Suppression of HU-induced apoptosis by nocodazole. (A)166

Comparison of histone H2AX phosphorylation between HU treated ML-1 and
Molt-3 cells. ML-1 or Molt-3 cells were left untreated or exposed to HU (3 mM)
for 1 hor 4 h. The cells were cytospun onto glass slides, stained with «-i-H2AX
antibody followed by a FITC-conjugated secondary antibody. The cells were
counterstained with DAPI to visualize nuclei. Digital images of representative
fields are shown (100X). The locations of two apoptotic ML-1 cells are marked
with arrows. (B) Suppression of H2AX phosphorylation by caspase inhibitors:
ML-1 cells were pretreated with a caspase inhibitor cocktail prior to HU exposure
for 4 h. Cell extracts were then prepared and analyzed by immunoblotting with
k-k-H2AX. (C) Nocodazole (NOC) inhibits HU-induced PARP cleavage and p53
induction. ML-1 cells were preincubated with NOC (0.5 ug/ml) for 1 h prior to
addition of HU or vehicle. Cells were harvested at the indicated times and
extracts analyzed by immunoblotting with k-PARP, «-p53, and «-tubulin
antibodies. (D) NOC inhibits hypodiploid DNA formation in response to HU. ML-
1 cells were cultured with or without NOC 1 h prior to addition of HU or vehicle for
an additional 4 h. Cells were fixed with ethanol, stained with Pl and analyzed by
flow cytometry. The percentage of apoptotic cells exhibiting sub-2N DNA content

is shown in each panel.
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Figure 4.7. Comparison of ATR and CHK1 levels between leukemia cell!68

lines. Cell extracts prepared from Molt-3, ML-1, HL60, K562, HPB-ALL and

Karpus 45 cells were immunoblotted with x-ATR, x-CHK1, and x-tubulin

antibodies.
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Figure 4.8. Effects of ATR siRNA transfection on HU-induced p53!7°

expression and PARP cleavage in ML-1 cells. ML-1 cells were electroporated
with scrambled (Scr i) or ATR ( ATR i)-specific siRNAs and then exposed to HU

or mock treated 48 h later. p53 induction and PARP cleavage were assessed

using the appropriate antibodies.
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Figure 4.8.
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CHAPTER 5

Discussion and Future Directions




In our first publication we provided evidence for a stress-induced signaling173
link between ATM and CREB (1). Our findings indicated that ATM regulated
CREB via a non-canonical, Ser-133 phosphorylation-independent mechanism
involving the direct phospﬁorylation of three closely-spaced amino acids (Thr-
100, Ser-111, and Ser-121) located within the KID of CREB. Our data also
suggested that the ATM sites are modified in a processive manner, i.e.,
phosphorylation of Ser-111 was required for the DNA damage-inducible
phosphorylation of Ser-121 (1). Given that the ATM phosphorylation sites are'
clustered, and that phosphorylation of at least two of the sites (Ser-111 and Ser-
121) is induced by a wide variety of stress stimuli, we collectively refer to Thr-
100/Ser-111/Ser-121 as a stress-inducible domain (SID) (1,2). What is the
biochemical function of SID domain ? One possibility is that the phosphorylation
of SID alters the phosphorylation of the transcriptionally active Ser-133 site on
CREB. Our preliminary findings did not support this idea, as both overexpression
of CREB" or a non-phosphorylatable CREB** mutant showed no effect on Ser-
133 phosphorylation as detected by immunoblotting. A second possibility is that
phosphorylation of SID modifies the affinity of CREB for DNA. Our previous
unpublished findings using electrophoretic mobility shift assays did not reveal a
role for the ATM phosphorylation sites in altering DNA binding activity of CREB.
However these experiments utilized a synthetic 3XCRE as probe, which may not
recapitulate CREB binding to chromatin. It is fully possible that the impact of the

ATM phosphorylation sites on CREB DNA binding may not be adequately

modeled by generic CRE probes, but instead may be gene and promoter




context-dependent. To fully address this hypothesis, promoter microarrz—ays174
need to be performed to determine if CREB occupancy is altered after exposure
to genotoxic stimuli and if this effect is dependent on the ATM phosphorylation
sites. A third possibility is ‘that ATM-mediated phosphorylation of CREB recruits
co-factors that modify CREB-dependent gene expression. This hypothesis can
be addressed in two ways. It is likely that phosphorylation of CREB recruits
proteins that are known to bind CREB including PP1 or HDAC1 (3). Both of these
proteins fit a model for a repressive function for the ATM-CREB pathway as PP1
is known to be a negative regulator of CREB function (4), and HDAC1 is a
transcriptional repressor. These possibilities can be easily addressed by using
standard immunoprecipitation techniques. To cast a wider net, we can also
perform comparative yeast two-hybrid analysis using a phosphomimetic CREB3E
mutant containing glutamic acid substitutions in all three ATM phosphorylation
sites and non-phosphorylatable CREB3A mutant. Previous studies in our lab
show that a CREB3D mutant with aspartic acid substitutions at the ATM
phosphorylation sites does not function as a phosphomimetic mutant. Such a
case has been previously reported in the literature. Whereas a CREBSer-133E
mutant functions as a phosphomimetic, a CREBSer-133D mutant does not 6):
The possibility that the phosphorylation of the ATM sites on CREB may cause a
structural change in the KID domain cannot be ruled out. This option can be

assessed by comparing the crystal structure of unphosphorylated and

phosphorylated forms of CREB.




We have previously shown that IR-induced phosphorylation of SID correlated!”?
with a decrease in CREB trans-activation potential using a synthetic CRE
promoter construct (1). We have also validated these results using promoter
constructs of known CREB target genes including CyclinA, Cyclin D and DNA
polymerase beta (S.Kumar & R.Tibbetts, unpublished). Our findings revealed that
ATM-mediated phosphorylation of CREB decreased CREB transcriptional activity

by reducing the interaction of CREB with its transcriptional co-activator, CBP.

The decrease in CREB-CBP interaction after exposure to genotoxic stimuli can’

be a result of at least two possible events. One possibility is that upon
phosphorylation of CREB by ATM, CREB interacts with other transcriptional co-
factors such as ACT or FHL, which are known transcriptional co-activators that
bind and mediate CREB-dependent gene expression in a Ser-133
phosphorylation-independent manner. Another possibility is that, in response to
stress stimuli, other transcription factors compete with CREB for binding CBP.
For instance, p53 levels are upregulated in cells after IR treatment and it is
possible that p53 and CREB compete for the same pool of CBP. Whatever the
biochemical function of these ATM target sites on CREB, it is clear from our initial
findings that there exists an ATM-CREB pathway linking genome surveillance
apparatus to a regulator of gene expression and cellular survival. As an obvious
next step, we sought to determine the gene(s) that may be regulated by this

pathway.

e SRR 2 S



A comprehensive scan of the human genome revealed 10,447 full CRE sites! 76

and more than 700,000 half-CRE sites, all of which mapped to promoter regions.
Global analysis of CREB occupancy (using ChIP on Chip) showed that greater
than 3000 promoters were‘bound by CREB, which accounts for approximately
20% of all protein coding genes (6). In HEK293T cells, CREB occupied the
promoters of approximately 5000 genes, of which interestingly, only 2% were
cAMP-responsive (6). So far, more than 100 well characterized CREB target
genes have been reported. Our gene chip array analysis revealed that the'
expression of over 7000 genes was altered (at least two fold) by decreasing
CREB levels in cells using RNA interference (S.Kumar & R.Tibbetts,
unpublished). Although CREB function stretches far and wide in regulation of
genes involved in neurotransmission, metabolism, cell cycle, DNA repair, growth
factors, transcription factors, cell survival and immune regulation, the
mechanisms by which CREB drives signal-specific expression of its target genes

is not fully understood.

Given that CREB can be activated in response to a variety of stimuli and mediate
the expression of several genes, it is not unreasonable to suggest that signal-
specific post-translational modifications on CREB impart some specificity for
CREB-dependent gene expression. These modifications may modulate the
affinity of CREB for a target promoter, or provide a docking site for binding
specific factors that can impact gene expression. In addition, it is also

conceivable that, modulating CREB-CBP binding affinity may alter the repertoire



of CREB target genes expressed. Recently, Montminy group proposed that177
CREB-dependent gene expression may be regulated at the level of the target
gene promoter (7). For instance, they showed that the PKA pathway

preferentially activated CRE-containing promoters which possess a TATA box

@).

We initially proposed that CREB target genes with documented functions in
regulation of cell cycle, oxidative stress responses and apoptosis - cellular
processes in which ATM has well established roles - may be logical candidate
genes for regulation by the ATM-CREB pathway. For instance, promoters of anti-
oxidant defense enzymes including MnSOD and HO-1, which are known to be
up-regulated in brains of ATM-/- mice (8), contained binding sites for CREB. This
prompted us to examine if these genes were regulated by IR treatment in an
ATM and CREB-dependent manner. Our preliminary findings revealed no role for
these enzymes, at least in cellular context we examined. The observation that
anti-apoptotic gene MCL-1 (Myeloid Cell Leukemia— 1) was regulated in

response to genotoxic stress stimuli (9), prompted us to examine if it was a
potential target for the ATM-CREB pathway. Though the expression of this gene
was entirely CREB-dependent, its regulation in response to stress stimuli did not
require ATM (data not shown). Interestingly, several members of the DNA
damage response pathways including ATM had binding sites for CREB in their
promoters. However, our preliminary findings suggested no role for ATM-CREB

pathway in the regulation of those genes. The list of genes that we examined



included cell cycle regulators (PCNA, Cyclin D, Cyclin A, MCM3, RPA),!78
Checkpoint Kinases (CHK1,CHK2), Cell survival regulators (BCL-2, MCL-1),
Antioxidant defense enzymes (HO-1, MnSOD), and transcriptional regulators (c-
fos and ICER). In summa&, our logical albeit biased approach failed to reveal a

CREB target gene that may be regulated by the ATM-CREB pathway.

To cast a broader net, we utilized gene chip array analysis to examine ATM.and
CREB-dependent changes in global gene expression in response to IR
treatment. We obtained several targets that showed differential expression upon
IR treatment in an ATM and CREB-dependent manner (Table 3.1.). One of
these, HOXB13 has been validated by Real Time PCR analysis (Figure 3.2.). In
the absence of any DNA damage, reducing the levels of CREB in cells using
RNA interference resulted in a slight decrease (~30%) in HOXB13 expression
(Figure 3.2.), suggesting that other transcription factors are required for basal
expression of HOXB13. However, it is clear from our data that the IR-induced
repression of HOXB13 is mediated through ATM and CREB, suggesting that
HOXB13 may be one downstream target regulated by the ATM-CREB pathway
(Figure 3.2.). The mechanism by which ATM-CREB pathway may contribute to
HOXB13 repression is presently unclear. One possibility is that ATM-mediated
phosphorylation of CREB recruits a co-repressor, which inhibits the expression of
HOXB13. For instance, ATM target sites on CREB may recruit a Histone
Deacetylase (HDAC) that can cause transcriptional repression. It has been

previously shown that CREB can bind to class | HDAC and this interaction




required at least one of the two glutamine rich regions (Q1 or Q2) in cres!?

(3). Another possibility is that upon phosphorylation of ATM sites in CREB, the
affinity of CREB to bind the HOXB13 promoter may be decreased. Careful
examination of HOXB13 pfomoter region reveals a single half-CRE binding site
for CREB. CREB has been shown to occupy half-CRE sites with lower affinity.
Our previous unpublished findings using electrophoretic mobility shift assays did
not reveal a role for the ATM phosphorylation sites in altering DNA binding
activity of CREB. However these experiments utilized a synthetic 3XCRE as
probe, which may not recapitulate CREB binding to chromatin. It is fully possible
that the impact of the ATM phosphorylation sites on CREB DNA binding may not
be adequately modeled by generic CRE probes, but instead may be gene and
promoter context-dependent. In the future, chromatin immunoprecipitation
assays will be performed to determine if CREB directly binds to the HOXB13

promoter and if this binding is altered by IR treatment.

The magnitude of the effect of HOXB13 repression upon exposure to stress
stimuli varies in different cell lines. Whereas in HEK293T cells, IR induces
repression if HOXB13 by 2-fold (Figure 3.2.), in CEMT cells we observe greater
than a 100-fold repression (Figure 3.3.). The IR-induced decrease in HOXB13
occurs at very low doses of IR and within 1 hour of treatment (Figure 3.3.).
HOXB13 contains a very long 3’ untranslated region that harbors several motifs

that may decrease its RNA stability. The magnitude of HOXB13 repression may

also be one way to explain differential sensitivities of these cells to IR. HEK293T




are more resistant to killing by IR than CEM T cells. It is also important 10130

monitor changes in protein levels of HOXB13 in response to genotoxic stimuli.
We are unable to address this at the present time due to the unavailability of a

commercially available HOXB13 antibody.

Previous studies have shown that overexpression of HOXB13 in cancer cells
results in decreased cell proliferation and increased apoptosis (10). Conversely,
a small interfering RNA targeted specifically towards HOXB13 in cells resulted in
increased proliferation and decreased apoptosis in prostrate cancer cells (10).
Given that CREB3A has shown increased transcriptional activity and increased
binding to CBP (1), we hypothesize that CREB** transfected cells may display
increased HOXB13 expression. We predict that our inability to generate CREB**
stable cell lines may be a result of decreased cell proliferation and increased
apoptosis resulting from increased HOXB13 expression. HOXB13 target genes
that mediate its functions in cell growth and survival are currently unknown.
Further studies to identify HOXB13 target genes using microarray analysis will
help understand HOXB13-mediated gene expression. In addition, a promoter
microarray to determine the occupancy of HOXB13 on its target genes can be
performed. HOXB13 is implicated as a tumor suppressor in various cancers
including renal, prostrate and skin (11). Considering that HOXB13 contains a
consensus ATM phosphorylation site, it will be interesting to determine if

HOXB13 can also be directly regulated by ATM.




In response to genotoxic stimuli, ATM activates transcription factors that are!8l

implicated in both pro-apoptotic and anti-apoptotic endpoints. For example, in
response to DNA damage, ATM causes p53 accumulation and activation of pro-
apoptotic p53 target geneé (12). Parallely, ATM also upregulates pro-survival
pathways through direct activation of transcription factor NFkB (13). Our findings
demonstrate yet another putative anti-apoptotic pathway initiated by ATM
through the direct phopshorylation of CREB (1). We propose that the pro-survival
functions of the ATM-CREB pathway may be mediated through the repression of
HOXB13. Since cells activate both pro- and anti-apoptotic pathways in response
to IR, it is reasonable to suggest that the ultimate fate of the DNA-damaged cell
will depend on the relative balance of ATM-regulated death and survival

pathways.

Finally, given that CREB is a neuron survival factor (14), it is attractive to
speculate that ATM-CREB pathway regulates neuron homeostasis and/or
apoptosis. It has been previously reported that the cerebellar granule neurons
(CGNs) and purkinje cells are most severely affected in A-T (15). As a first step,
we examined if ATM-CREB pathway was activated in primary mice CGNs in
response to genotoxic stimuli. Consistent with a neuronal function for the ATM-
CREB pathway, we found that ATM phosphorylated CREB in neurons exposed
to IR in a dose- and time-dependent manner (Figure 2.5. and data not shown)

(1). We also showed that IR-induced CREB phosphorylation was ATM-

dependent (Figure 2.5.) (1). The effects of the ATM-CREB pathway in neurons




can be more directly addressed by the generation of a gene targeted knock-in 82
mouse with alanine substitutions in ATM phosphorylation sites (mCREB3A). In
vitro CGN cultures of mCREB"" and mCREB* mice can be compared for their
ability to survive after expos‘ure to stress stimuli. Since it has been reported that
ATM is required for dendritogenesis (16), we can also compare the ability of the
mCREB" and mCREB® neurons to generate dendrites in culture. If the ATM-

CREB pathway contributes to pro-survival functions in neurons, we would expect

that the mCREB®* mouse present with an overt cerebellar phenotype. Therefore,

histologic examination of the brains of the mCREB"" and mCREB** mice should
also be performed. Our current working hypothesis (Figure 5.1.) is that in
response to DNA damage, the ATM-CREB pathway functions in pro-
survival capacity by repressing HOXB13 function and that deregulation of
the ATM-CREB-HOXB13 pathway may contribute to neuropathogenesis in

A-T.
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Figure 5.1. ATM-CREB-HOXB13 pathway may function in pro-survival 8
capacity. In response to genotoxic stimuli, ATM phosphorylates CREB in vivo.

ATM-mediated phosphorylation of CREB inhibits CREB transcriptional activity by

1 altering CREB-CBP interaction. One outcome of the ATM-CREB pathway may
‘ be the repression of HOXB13 expression. We propose that the deregulation of

‘ ATM-CREB-HOXB13 pathway contributes to neuropathogenesis in A-T.
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