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1. SUMMARY
Conserved from primitive metazoans to humans, protein kinase B (PKB or Akt) is a serine/threonine kinase with well-characterized functions in a number of essential cellular processes such as transcription, proliferation and survival. Its activity is regulated via phosphorylation of the conserved residues, Thr308 in the activation loop, and Ser473 in the hydrophobic motif. This results in a 10x and 1000x increase in PKB kinase activity, respectively. Clearly, deregulation of its activity can contribute to development of pathogenic states such as diabetes or cancer. Hence much recent PKB research has focused on the identification and characterization of the PKB hydrophobic motif Ser473 kinase. 

We investigated the specific contributions of three PI3-kinase-like family members (PIKKs) in PKB Ser473 phosphorylation. These included DNA-dependent protein kinase (DNA-PK), mammalian target of rapamycin complex 2 (mTORC2) and ataxia-telangiectasia-mutated (ATM), as work from our and other laboratories proposed these kinases as PKB regulators. Stable inducible RNAi system was employed to specifically deplete TRex293 cells of respective kinases. We found that in growing cells (cycling cells cultured in fully supplemented medium), the integrity of mTORC2 is necessary for PKB Ser473 phosphorylation. When cells were starved (cultured in serum-free medium), and subsequently mitogen stimulated, both mTOR and DNA-PK contributed to the activation of PKB, which was reflected by PKB downstream signaling. Finally, DNA-PK was required for -IR-induced PKB phosphorylation/activation. We found that ablation of ATM by RNAi has no effect on PKB activity in any of the conditions tested. We concluded that mTOR and DNA-PK have overlapping and distinct physiological roles in regulating PKB activity, these being determined by the incitement or challenge to the cells. 

Further, we investigated in more detail PKB activation following DNA damage. This required 3-phosphoinositide-dependent kinase 1 (PDK1) and DNA-dependent protein kinase (DNA-PK). Active PKB localized in the nucleus of -irradiated cells adjacent to DNA double-strand breaks, where it co-localized and interacted with DNA-PK. Levels of active PKB inversely correlated with DNA damage-induced apoptosis. Accordingly, a significant portion of p53- and DNA damage-regulated genes were misregulated in cells lacking PKB. Lastly, PKB knock-out mice showed impaired DNA damage-dependent induction of p21 and increased tissue apoptosis after single dose total body irradiation. 
Our findings place PKB downstream of DNA-PK in the DNA damage response signaling cascade, where it provides a pro-survival signal, in particular by affecting transcriptional p21 regulation. Furthermore, this function is apparently restricted to the PKB isoform.

Together, our results reveal a complex pattern of PKB regulation in response to various stimuli. This is achieved by PKB Ser473 phosphorylation being carried out by (at least) two different enzymes. Furthermore, this also possibly enables a context-dependent result of PKB activation, as we describe its specific roles in DNA damage signaling where active PKB promotes survival.
2. INTRODUCTION
2.1. Cellular Stress Signaling and the PI3-Kinase-Like Kinases (PIKKs)
The human genome encodes 518 protein kinases [104]. These enzymes participate in signal transduction pathways, having great influence on various cellular processes. All protein kinases catalyze a common reaction, the transfer of -phosphate of ATP to the hydroxyl group of serine, threonine or tyrosine, and they all contain a conserved catalytic domain that assumes a similar conformation upon activation. By contrast, crystal structures of inactive kinases have revealed a remarkable plasticity in the kinase domain that allows the adoption of distinct conformations in response to interactions with specific regulatory domains or proteins. Mostly, protein kinases are inactive in their basal state, and the gain of kinase activity must be regulated under multiple layers of control. The vast diversity in the regulatory mechanisms permits individual kinases to function downstream of specialized input signals. Active kinases are vital participants in signal transduction pathways that influence transcription, cell cycle progression, apoptosis (programmed cell death), differentiation, metabolism and cytoskeletal rearrangements and cell movement [15].
Cellular responses to nutrient availability and genomic stress use signal transduction pathways in order for the responsive elements to be rapidly and efficiently regulated. Inadequate nutrient accessibility, abnormal replication fork progression, or DNA breaks for example, will all result in activation of the phosphoinositide 3-kinase related kinases (PIKKs). Actions of these enzymes limit cellular damage and promote health and viability in the presence of stress. By phosphorylating numerous downstream targets, the PIKKs modulate DNA repair, cell cycle progression, translation and apoptosis. Members of the family, all very proximal in stress-related signaling pathways, include ataxia telangiectasia mutated (ATM), ATM and Rad3 related (ATR), DNA-dependent protein kinase (DNA-PK), target of rapamycin (TOR), suppressor with morphological effect on genitalia 1 (SMG1) and transformation/transcription domain-associated protein (TRRAP) (Figure 1) [1].
[image: image29.jpg]Figure S1. Bozulic et al.

A

100 | — -

2

S 80

& 60

Q

& 40

£

: 20

° 0 r% —
-+ - -+ 10uM NU7026
= -+ + DNA (10ug/mi)
PKBa DNA-PK

B

- + + + DNA-PK

- - + + DNA

- = = NU
- Serd73-P

- @» e = | GST-PKB*18480





Figure 1. Size and domain organization in the human members of the PIKK family. The number of residues is indicated for each protein. The family comprises six proteins, all of which (except for TRRAP) possess kinase activity. These proteins share three motifs: the FAT and FATC domains are of unknown functional significance. The PI3K domain harbors the catalytic site in the active kinases in the family. The amino-terminal region is comprised largely of a-helical repeat subunits known as HEAT repeats. Adapted from 
 ADDIN EN.CITE 
[136]
.
ATM, ATR, DNA-PK, SMG1 and TRRAP are involved in genome/transcriptome surveillance control, while TOR regulates cell growth. Common and distinct mechanisms exist to regulate the PIKK kinases to control responses to different stresses [8]. In contrast to many other kinase families, the major mode of regulation of PIKK kinases does not appear to be via direct modification of the kinases themselves. Rather, their activity is largely modulated by protein-protein interactions and by changes in their subcellular localization. Probably, these ways of regulation allow the cell to respond rapidly to different types of stress. Moreover, the myriad of mechanisms governing the activity of PIKKs just emphasizes the range of their activating signals. The amino-terminal part of the PIKKs, containing large numbers of huntingtin, elongation factor 3, A subunit of protein phosphatase 2A, and TOR1 (HEAT) repeats appears to be the site of critical protein-protein interactions that regulate the signal input to and the outflow from the individual PIKKs [118]. Complexes formed by these proteins are very dynamic in nature, however the presence of common structural elements in their amino-termini suggests that these kinases receive and relay signals through similar biochemical mechanisms. Particularly, a mechanism of substrate selection on the basis of induced proximity may be a common theme amongst the PIKK family members. The PIKKs bear a carboxy-terminal region homologous to the catalytic domains of PI3-kinases, and this is the structural motif that defines the common PIKK family. Despite the similarity to lipid kinases, the PIKK family members that possess active kinase domains phosphorylate proteins on Ser or Thr residues [74]. Of note, TRRAP contains the PI3K-homologous kinase domain, but no catalytic activity. Rather, these proteins act as scaffolds for transcriptional regulators (Figure 1) [8]. The consensus phosphorylation site for all PIKK family members (except the TORs) is Ser/Thr followed by Gln at the +1 position, while the preferred sequence motif for the TORs remains unclear. While this may mean that another mechanism could be responsible for substrate recognition for these kinases, it also highlights the main difference between TOR as the major growth associated PIKK, and the rest of the group that regulates genome stability [1]. 

A recent finding of a common regulator of the PIKK kinases may present a very exciting link between DNA checkpoint and nutritional response. The mammalian orthologue of yeast TEL2 gene, Tel2, is found to control the stability of all PIKK proteins. The six mammalian PIKKs share Tel2 as a partner and a regulator, and in the absence of Tel2 the steady state of all PIKKs is dramatically reduced. Tel2 binds to a site in the HEAT-repeat regions of PIKKs and prevents their degradation. It is therefore plausible that the universal Tel2-PIKK interaction reflects the divergence of the PIKKs from a common ancestor 
 ADDIN EN.CITE 
[85, 144]
. From this point of view, it is also very attractive to think that different stimuli, detected by different PIKKs, could converge and create a universal signal for the cell at the level of PKB. 
Nutrient Signaling

Cell size is determined by environmental stimuli, such as the presence of nutrients or growth factors. When cells have reached a defined size, however, their exposure to saturating amounts of any of these stimuli does not lead to further growth. Therefore, a genetic program must also be involved in regulating cell, tissue, and finally organismal size [80]. The target of rapamycin (TOR) signaling pathway emerges as central influence in the control of cell growth. TOR controls the growth of proliferating yeast, fly and mammalian cells in response to nutrients. In addition, it has recently been found it controls the growth of non-proliferating cells, such as muscle cells and neurons 
 ADDIN EN.CITE 
[132, 154]
. In mammalian systems, in response to nutrients mTOR activates translation initiation by regulating p70S6K and 4E-BP1 
 ADDIN EN.CITE 
[69, 146]
. TOR’s additional and less understood functions include phosphorylation of PKC, and regulation of actin cytoskeleton organization 
 ADDIN EN.CITE 
[81, 130]
. Control of mTOR itself in response to growth factors and amino acids has been somewhat controversial. While it is reported that PI3-kinase and its downstream effector protein kinase B regulate mTOR following growth factor stimulation 
 ADDIN EN.CITE 
[111, 114]
, genetic studies from Drosophila contradict this, placing PI3-kinase and mTOR in parallel pathways 
 ADDIN EN.CITE 
[112, 122]
. In addition, studies from both mammalian cells and D. melanogaster showed that the heterodimeric tuberus sclerosis complex (TSC, comprised of TSC1 and TSC2) interacts with mTOR and represses mTOR-dependent p70S6K activation. TSC2 is a substrate of PKB, whereby this phosphorylation event results in disruption of the TSC heterodimer, and relief of the mTOR-repressive effect of TSC 
 ADDIN EN.CITE 
[78, 103]
. 

The great complexity of mTOR regulation and signaling becomes evident with mTOR complexes thoroughly described in recent years. 
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Figure 2. The PKB – mTORC interplay. (A) Insulin and IGF activate respective receptors, which in turn activate the PI3-kinase through the IRS proteins. PKB is activated by binding to PIP3 at the plasma membrane, where it is phosphorylated on Thr308 by PDK1 and Ser473 by mTORC2. Activated PKB inhibits TSC!/2 and activates mTORC1, which in turn activates eIF4E and S6K. When active, mTORC1 elicits a negative feedback loop to inhibit PKB. Accordingly, mTORC2 action is placed upstream of PKB and mTORC1, and mTORC1 is placed both upstream and downstream of PKB. (B) Phosphorylation of PKB by mTORC2 is not required for PKB to inhibit TSC!/2 and activate mTORC1. Thus, mTORC2 cannot be placed upstream of mTORC1. Adapted from [14].
In mammalian cells, mTOR exists in at least two complexes of distinct structures, physiology and substrate specificities. Rapamycin-sensitive mTOR complex 1 (mTORC1) is defined by the presence of raptor (rapamycin-sensitive adaptor protein of mTOR). Activation of mTORC1 involves PI3-kinase-dependent activation of PKB, and TSC phosphorylation. 4E-BP1, p70S6K and PRAS40 are all substrates of mTORC1 
 ADDIN EN.CITE 
[54, 154]
. On the other hand rictor (rapamycin-insensitive companion of mTOR), mSin1 and protor mark mTOR complex 2 (mTORC2) 
 ADDIN EN.CITE 
[79, 116, 130]
. A key recent discovery showed that mTORC2 can drive the full activation of PKB following growth factor/hormone stimulation 
 ADDIN EN.CITE 
[131]
. Therefore, mTOR in one complex (mTORC2) acts as an activator of PKB, while in another (mTORC1) it receives stimulatory input from PKB (Figure 2).  Moreover mTORC1, once activated by PKB, elicits a negative feedback effect to inhibit PKB activity. This negative regulation of PKB by mTORC1 is attributed to the effect of S6K1 on IRS-1 downstream of IGF-1 and/or insulin receptors 
 ADDIN EN.CITE 
[67, 135]
. However, inhibition of PKB by mTORC1 has also been reported in the presence of other growth factors and not exclusively IGF-1 or insulin [68]. This argues that alternative mechanisms likely exist by which activated mTORC1 leads to inhibition of PKB. Irrespective of the precise mechanisms by which mTORC1 inhibits PKB, this negative feedback loop, together with the finding mTORC2 is an activator of PKB, places PKB under positive and negative regulation of mTOR (Figure 2). 
Genome Surveillance Signaling

The study of biological response to DNA damage comprises DNA repair, mutagenesis, damage tolerance, cell cycle control, programmed cell death (apoptosis) and many other cellular responses to genomic insult [66] (Figure 3). 
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Figure 3. Cellular responses to DNA damage. Different types of DNA damage cause different types of lesions, and these are handled by the cell in different ways. The outcome can be cellular survival and resumed normal life cycle of the cell, cell death or malignant transformation. The mechanism of choice between attempt at survival and programmed cell death is not yet fully understood. Adapted from [136].
This dense field is now discovering the complex signaling mechanisms to detect DNA damage and arrested DNA replication. While the process of evolution requires that genetic diversification is maintained continuously, it is also necessary to persistently ameliorate the most serious consequences of spontaneous and environmental DNA damage. If not properly repaired, the multiple types of constantly occurring DNA damage pose a serious threat to accurate transmission of genetic information. All different types of damage are recognized by various pathways commonly referred to as the DNA damage response (DDR) [126]. DDR orchestrates this network through the action of sensors, transducers and effectors and coordination of these processes with ongoing cellular physiology (Figure 4) [120]. Bulky DNA adducts or photoproducts of UV exposure are repaired by nucleotide excision repair (NER). XPA, XPB, XPC, XPD, XPE, XPF, XPG, CSA and CSB are 9 major proteins in the mammalian NER [37]. Double strand DNA breaks (DSBs), produced by ionizing irradiation and reactive oxygen species or arising as a consequence of replication fork stalling, are repaired by either homologous recombination (HR) or non-homologous end joining (NHEJ) 
 ADDIN EN.CITE 
[73, 82]
.  While RAD51, RAD52 and RAD54 act in HR repair, DNA-PK with its partners Ku70/Ku80 and DNA Ligase IV together with XRCC4 are crucial in recognition and NHEJ repair of DNA DSBs, respectively [26]. Although different types of DNA lesions are repaired/tolerated through actions of different sets of proteins, the DDR generally has common features shared by all these types of response (Figure 3). One major characteristic of the DNA damage response is slowing down or arrest of the cell cycle progression through checkpoint signaling [96]. Additional features involve transcriptional regulation of a variety of genes, posttranslational modification of DNA repair and other proteins, and changes in the chromatin structure surrounding the damaged DNA 
 ADDIN EN.CITE 
[32, 53]
. Altogether, these responses contribute to promoting survival in the face of DNA damage. Of the PIKKs, ATR, ATM and DNA-PK respond to genomic damage events. Recruitment of the DNA damage-associated PIKKs to the DNA lesions is the principal step in their activation [43]. Recruitment of ATR to single-strand DNA, as well as recruitment of ATM and DNA-PK to double-strand DNA is facilitated through binding to specific partner DNA damage sensor proteins in a conserved manner (ATRIP protein, Ku70/Ku80 heterodimer and MRN complex, respectively) 
 ADDIN EN.CITE 
[47]
.  Active PIKKs then relay and amplify the damage signal by phosphorylating effector proteins, modulating cell cycle progression, DNA repair and chromatin remodeling (Figure 4).
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Figure 4. Basic steps in a current model of the cellular response to DNA double-strand breaks. The damage sensors might sense the DNA lesions themselves or the changes in the chromatin surrounding the breaks. The activation of the transducers is mediated by post-translational modifications. 
Importantly, while ATR, ATM and DNA-PK are similarly recruited to the damaged DNA, there they have distinct residence sites (ssDNA, DSB-flanking chromatin and unprocessed DNA DSBs, respectively). This helps to explain their partially overlapping list of substrates, however limited capacity to fully substitute for each other 
 ADDIN EN.CITE 
[11]
.  
DNA-PK Structure, Activity and Functions

DNA double-strand breaks are the most threatening of all types of DNA damage. This is the principle lesion for ionizing irradiation (IR) and radio-mimetic chemicals; both being employed as anti-cancer therapies. DNA DSBs also occur during normal biological events, such as V(D)J recombination in developing B- and T-lymphocytes to provide the basis for antigen binding diversity of the immunoglobulin and T-cell receptor proteins [82]. Hence many cancers of lymphoid origin bear oncogenic chromosomal rearrangements that arise as a consequence of defective DSB repair of V(D)J recombination intermediates [121]. In vivo inactivation of genes for NHEJ proteins (DNA-PK, Ku70/Ku80, DNA Ligase IV, XRCC4) results in radiosensitivity associated with impaired DSB rejoining, but little or no hypersensitivity to agents not producing DNA double-strand breaks. The rejoining of V(D)J intermediates is severely impaired in these mutants, leading to severe combined immunodeficiency (SCID) 
 ADDIN EN.CITE 
[52, 143]
. 

In vertebrates, Ku70/Ku80 antigen complex serves as a DNA-targeting subunit for the DNA-PK catalytic subunit (DNA-PKcs), which together with Ku forms a holoenzyme referred to as DNA-PK. It has a high affinity for DNA, and its activity appears to be stimulated by its interaction with the DSBs. As a consequence, it is activated by double-strand DNA in vitro, and in vivo [139]. 
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Figure 5. DNA-PKcs/Ku70/Ku80 Complexes. (A) 3D structure of DNA-PKcs taken from 
 ADDIN EN.CITE 
[124]
 filtered at 30 Å. Coloring depicts the assignment of domains in the sequence of DNA-PKcs (top row) into the 3D structure, according to 
 ADDIN EN.CITE 
[124]
Rivera-Calzada et al., 2005 A. Rivera-Calzada, J.D. Maman, L. Spagnolo, L.H. Pearl and O. Llorca, Three-dimensional structure and regulation of the DNA-dependent protein kinase catalytic subunit (DNA-PKcs), Structure 13 (2005), pp. 243–255. Article | 
PDF (784 K)
 | View Record in Scopus | Cited By in Scopus (25){Rivera-Calzada, 2005 #117}{Rivera-Calzada, 2005 #117}{Rivera-Calzada, 2005 #117}. The scale bar represents 70 Å. (B) Side and top views of free DNA-PKcs (taken from 
 ADDIN EN.CITE 
[124]
) after filtration to 30 Å and coloring of domains. (C) Comparable views to those of free DNA-PKcs but of the DNA bound DNA-PKcs/Ku70/Ku80 complex. (D) Cartoon model of the NHEJ reaction and a model of the putative NHEJ synaptic complex. Adapted from [125].
The cryo-EM structure of DNA-PKcs shows the organization of the protein into a bulky and largely globular ‘‘head’’ structure connected to a flat tubular ‘‘arm’’ segment terminating in two projecting ‘‘claws’’ 
 ADDIN EN.CITE 
[124]
. The long and distinctive N-terminal region of DNA-PKcs, probably formed by an extended series of HEAT and related helical repeats 
 ADDIN EN.CITE 
[22]
, maps into the long curved tubular- shaped domains within the arm region (Figure 5, orange). The C terminus containing the conserved PI3K-related catalytic domain (residues 3649–4011 in DNA-PKcs), a weakly conserved ~500 residue helical repeat region immediately N-terminal of this (the FAT domain), and a narrow ~100 residue C-terminal extension at the end of the catalytic domain (FATC domain) [17] all locate in the head region (Figure 5, pink, green, and blue). Ser3205 autophosphorylation site lies in the head region at the central part of the FAT domain. The rest of the autophosphorylation sites namely, Thr2609, Ser2613, Thr2620, Ser2624, Thr2638 and Thr2647, are located as a cluster in the shoulder region. Based on docking of a PI3Kγ-based modeling, ATP binding site lies on the outer surface of head region of DNA-PKcs and would be accessible in the presence of bound DNA. The main autophosphorylation sites are predicted to lie within the shoulder region and would be inaccessible to ATP binding site in the same molecule and would require phosphorylation by a second DNA-PKcs molecule in trans 
 ADDIN EN.CITE 
[124, 125]
. The kinase activity of DNA-PKcs is strongly stimulated by DNA binding. Double strand DNA bind to the open cavity between head and the palm and DNA binding elicits a substantial change in the overall conformation so that the palm and the head are brought in intimate contact 
 ADDIN EN.CITE 
[140]
 (Figure 5). The FAT and the FATC domains, directly attached on the opposite ends of the kinase core, may together act as a sensor that couples conformational changes upon DNA binding to directly activate the catalytic center. In line with this prediction, a widely used mouse model with severe combined immunodeficiency (SCID) bears a nonsense mutation on Tyr4046 of the DNA-PKcs protein, which lead to loss of last 70 amino acids of the FATC domain and a drastic reduction in its kinase activity 
 ADDIN EN.CITE 
[6]
.

Primary recognition of free DNA ends is mediated by a preformed ring structure of the Ku proteins (Figure 6) that can sterically encircle the DNA without establishing sequence specific contacts [125]. DNA bound Ku direct the recruitment of DNA-PKcs via the C terminus of Ku80. Ku interacts with DNA-PKcs with contact points that expand from back of the head region to the tubular N terminal arm, making extensive interactions with several distinct regions of DNA-PKcs including HEAT repeats and their projecting claws and contacts the head close to the expected position of the kinase domain. Upon DNA binding, dimeric DNA-PKcs/Ku70/Ku80 holoenzyme interacts through DNA-PKcs N-terminal HEAT repeats and maintain the broken DNA ends in proximity while providing a platform for access of the various enzymes required for end processing and ligation (Figure 5). Activated DNA-PKcs phosphorylates itself and a variety of other proteins including other NHEJ components. Autophosphorylation negatively regulates DNA binding of DNA-PKcs, leading to its dissociation from DNA. DNA-PKcs phosphorylation/autophosphorylation facilitates NHEJ by destabilizing the DNA–DNA-PKcs complex, which, in turn, enables efficient ligation 
 ADDIN EN.CITE 
[152]
 (Figure 6).
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Figure 6. A model for the DNA-PKCS autophosphorylation process. After the onset of a DSB, the DNA ends are recognized by the Ku70/80 heterodimer, which attracts unphosphorylated DNA-PKCS. The dynamic exchange between DNA-bound and free DNA-PKCS takes place at a low rate as long as DNA-PKCS remains unphosphorylated. This protects the DNA ends from premature processing or ligation. After tethering of the broken DNA ends, DNA-PKCS autophosphorylation takes place. This effectively liberates the DNA ends, thereby enabling processing and ligation. Adapted from 
 ADDIN EN.CITE 
[152]
.
Despite the existence of Ku in all eukaryotes examined, DNA-PKcs has so far only been identified in vertebrates. One possible explanation for this is that its functions in higher eukaryotes are carried out in lower eukaryotes by the other PIKK family members. Alternatively, its functions may indeed be restricted to higher organisms. No people were identified with a mutation in DNA-PK or Ku, and although there are other possible explanations, this could suggest that deficiency in DNA-PKcs or Ku is not compatible with human life. Nonetheless, mice deficient in NHEJ proteins provide great tools to study all physiological roles for these proteins. DNA-PK−/− mice display growth retardation, hypersensitivity to ionizing radiation, and severe immunodeficiency. Due to defects in V(D)J recombination, the development of T and B cells is blocked at an early progenitor stage in DNAPKcs−/− mice. Moreover, DNA-PK−/− thymus has decreased cellularity and displays hypotrophy. Loss of DNA-PK has been associated with increased rates of lymphomas in the mouse. Particularly, DNA-PK−/− mice display an increased rate of T-cell lymphoma 
 ADDIN EN.CITE 
[58, 142]
. 
2.2. Protein kinase B (PKB)
PKB Isoforms and Structure

A crucial regulator of cellular proliferation and survival is protein kinase B. PKB is a serine/threonine protein kinase, belonging to the AGC family of kinases 
 ADDIN EN.CITE 
[21]
. It is a key effector of the evolutionary conserved PI3-kinase signaling module, transducing extracellular cues such as growth factor or death signals. Up to now, over 50 proteins have been identified as putative PKB substrates. These contribute to a variety of cellular responses, including growth, metabolism and survival [102]. The three PKB isoforms, PKB, PKB and PKB (Akt1, Akt2 and Akt3, respectively) share high amino acid sequence homology as well as domain structure: an amino terminal pleckstrin homology (PH) domain, a central kinase domain and a carboxyl terminal regulatory domain containing the hydrophobic motif (HM) [63] (Figure 7). 
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Figure 7. PKB isoforms, domain structure and major activating phosphorylation sites. All isoforms contain a pleckstrin homology (PH) domain, a catalytic domain and a C-terminal regulatory domain containing the hydrophobic motif. Phosphorylation of the activation loop and the hydrophobic motif (Thr308 and Ser473 in PKBα) are critical for kinase activation. As indicated, mouse and human genomes encode all three PKB genes (PKBα, PKBβ, PKBγ).
The crucial functions of the PH domain in PKB recognition by upstream kinases and membrane translocation were underscored by recently solved crystal structures of PKB kinase domain in inactive and active states 
 ADDIN EN.CITE 
[156, 157]
. Phosphorylation of both Thr308 in the activation loop and Ser473 in the hydrophobic motif is required for full activation of PKB. The crystal structures provided an explanation of how these two phosphorylation sites contribute to enzymatic activation of the kinase. The phosphorylation of Thr308 induces a catalytically active conformation of PKB and full activation is achieved by phosphorylation of Ser473, which leads to stabilization of the active conformation. This stabilization is due to the intramolecular interaction between the hydrophobic motif and its acceptor structure within the kinase domain, named the hydrophobic groove and phosphorylation of the hydrophobic motif residue leads to a disorder to order transition of the kinase domain (Figure 8). 
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Figure 8. Structure of activated PKB. The ribbon diagram shows an activated PKBβ ternary complex with GSK3-peptide (red) bound in the substrate-binding site and AMP-PNP (a hydrolysis-resistant ATP analogue) bound in the ATP-binding site. To obtain an active conformation, the hydrophobic motif of PKB was replaced with that of another AGC kinase, PRK2, and T309 in the activation segment (blue) was phosphorylated by PDK1. The hydrophobic motif of PRK2 contains an acidic residue (D474) in place of a phosphorylatable serine and binds constitutively to the N-lobe without needing phosphorylation. Adapted from 
 ADDIN EN.CITE 
[156]
.
Regulation of PKB Activity by Phosphorylation 

Canonically, PKB is activated following mitogen stimulation by a dual phosphorylation mechanism at the plasma membrane [49] (Figure 9). 
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Figure 9. Two-step PKB phosphorylation in response to mitogen stimulation. Following ligand binding and stimulation of receptors at the plasma membrane, PI3-kinase is activated and produces PIP3. PKB that is in the cytosol in an inactive state and inactive conformation, reportedly pre-complexed to PDK1, is recruited to the plasma membrane via interaction of its PH domain to phospholipids. Thr308 of PKB is then phosphorylated by PDK1 and Ser473 by mTORC2. Dually phosphorylated PKB is fully active, and translocates to the cytosol and the nucleus in order to phosphorylate and regulate its numerous downstream targets.

 PKB is recruited to the plasma membrane via the interaction of its PH domain with the lipid second messenger PtdIns-3, 4, 5-P3 (PIP3) produced by the PI3-kinase. Subsequently, phosphorylation of the Thr308 residue in the activation loop and the Ser473 residue in the hydrophobic motif, necessary for its full activation, occurs. Phosphoinositide-dependent kinase 1 (PDK1) phosphorylates Thr308 in the catalytic domain of PKB 
 ADDIN EN.CITE 
[5]
. Recently, PKB and PDK1 were found in a preactivation complex, which is maintained in an inactive state through a PKB intramolecular interaction [27]. Regulation of Ser473 phosphorylation appears to be more complex. Several candidates were proposed to be the kinase responsible for phosphorylation of PKB Ser473 residue including PKB itself [147], PDK1 [9], integrin-linked kinase-1 (ILK1) 
 ADDIN EN.CITE 
[119]
, mitogen activated protein kinase activated protein kinase 2 (MAPKAP-K2) 
 ADDIN EN.CITE 
[4]
, protein kinase C βII (PKCβII) 
 ADDIN EN.CITE 
[87]
, and the members of the PI3K–related protein kinase family including DNA dependent protein kinase (DNA-PK) 
 ADDIN EN.CITE 
[41, 50]
, Ataxia telangiectasia mutated (ATM) 
 ADDIN EN.CITE 
[153]
, and mTOR complex 2 (mTORC2) 
 ADDIN EN.CITE 
[131]
. However, recent studies indicate that Ser473 phosphorylation is regulated in a stimulus specific manner. Ser473 is phosphorylated by mTORC2 under conditions of growth and mitogen stimulation 
 ADDIN EN.CITE 
[138]
. In a situation of stress, as following DNA damage or presence of CpG DNA, we and others have established DNA-PK is the major PKB Ser473 kinase 
 ADDIN EN.CITE 
[16, 20, 41, 50]

. 
Physiological functions of PKB 
PKB substrates and functions
The minimal recognition motif of PKB was defined following the identification of a residue in glycogen synthase kinase-3 (GSK3) as the first direct target of PKB in cells 
 ADDIN EN.CITE 
[35]
. Important experiments with peptides containing variants of the GSK3 sequence aided to define the R-X-R-X-X-S/T sequence (where X represents any amino acid and B represents bulky hydrophobic residues) as the PKB motif sequence. Further, structural insights into the molecular mechanisms directing PKB substrate selectivity were obtained from a crystal structure of PKB bound to the GSK3 peptide substrate. More than a hundred nonredundant PKB substrates were identified to date, of which a quarter does not contain the consensus sequence [102]. Only a portion of those has been reported as PKB targets in several independent reports. Furthermore, most thoroughly studied and independently confirmed PKB phosphorylation sites are conserved in orthologs from all mammals, and several are conserved to invertebrate models such as Drosophila or C. elegans.  This is important, as conservation of an identified phosphorylation site may be indicative of the substrate relevance in the context of a defined PKB function. It is important to note however, that the diverse cellular roles of PKB do not go by one substrate-one function model. Rather, physiological responses governed by PKB appear to be mediated by several of its targets; also, some of PKB substrates control more than just one cellular function. Finally, cellular functions clearly may differ in a cell type- and stimulus-specific manner (Figure 10). 
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Figure 10. Cellular functions of ten PKB substrates. PKB-mediated phosphorylation of these proteins leads to their activation (arrows) or inhibition (blocking arrows). Regulation of these substrates by PKB contributes to regulation of various cellular processes shown (survival, growth, proliferation, glucose uptake, metabolism and angiogenesis). As illustrated, a high degree of functional versatility and overlap exists amongst PKB targets. Adapted from [102].
PKB can promote survival by blocking the functions of proapoptotic proteins. PKB directly phosphorylates and inhibits the Bcl2 homology domain 3 (BH3)-containing protein BAD. Phosphorylation by PKB creates a binding site for 14-3-3 proteins, which causes BAD release from its target proteins, the prosurvival Bcl-2 family members 
 ADDIN EN.CITE 
[36]
. Also, PKB phosphorylates the FOXO family of transcription factors, blocking FOXO-mediated transcription of target genes that promote apoptosis and metabolic processes 
 ADDIN EN.CITE 
[25]
. Another target of PKB that promotes survival by inhibiting BH3 containing proteins is Mdm2 (HDM2 in humans), an E3 ubiquitin ligase that triggers p53 degradation 
 ADDIN EN.CITE 
[51]
. Moreover, PKB phosphorylation results in inhibition of the kinase activity of GSK3 [55]. GSK3 has several targets that could suggest a proapoptotic role for this kinase, such as the prosurvival protein MCL1 that is inhibited when phosphorylated by GSK3 
 ADDIN EN.CITE 
[109]
. Finally, it is likely that PKB exerts some of its prosurvival functions by crosstalk to other pathways, or its effects on nutrient uptake or metabolism. 
GSK3 is a crucial PKB substrate in regulating metabolism, as its phosphorylation and inactivation by PKB results in stimulated glycogen synthesis. Again, PKB phosphorylation and inactivation of FOXO1 contributes to glucose homeostasis as FOXO1 promotes hepatic glucose production [2]. One of the best conserved functions of PKB is promoting growth. This is accomplished through activation of mTORC1, regulated by both nutrients and growth factor signaling. mTORC1 is a critical regulator of translation and ribosome biogenesis. It is regulated by PKB in an indirect way, through PKB phosphorylation of tuberous sclerosis complex 2 (TSC2, also known as tuberin), a known tumor suppressor and a negative regulator of mTORC1 
 ADDIN EN.CITE 
[57]
. Another substrate of PKB, PRAS40 (proline rich substrate of 40 kDa), is a major protein bound to 14-3-3 in response to insulin and can also bind mTORC1 and appears to negatively regulate mTORC1 signaling 
 ADDIN EN.CITE 
[91]
. 
PKB activation can also stimulate proliferation by affecting cell cycle regulation. p27 is a well described target of PKB, and its phosphorylation by PKB causes its cytosolic sequestration by 14-3-3 binding. Preventing p27 localization to the nucleus prevents its cell cycle inhibitory effects 
 ADDIN EN.CITE 
[95]
. PKB can also phosphorylate the cyclin-dependent kinase inhibitor p21, and this as with p27 results in its cytosolic localization. Interestingly PKB and PKB may have opposing roles in regulating p21 
 ADDIN EN.CITE 
[71]
. PKB could also inhibit p21 expression by phosphorylating and activating Mdm2, which will result in downregulation of p53-mediated p21 transcription. Most interestingly, this p21 regulation through abundance of p53 can be regulated through phosphorylation and inhibition of GSK3 by PKB, as inhibition of GSK-3 rescues p53 from degradation in an Mdm2 dependent manner 
 ADDIN EN.CITE 
[93]
. 
Genetic systems to elucidate PKB signaling 

Deleting PKB isoforms specifically in mouse, or generating transgenic mice expressing constitutively active PKB in specific organs (i.e. in prostate, mammary gland, heart, thymus and pancreas) made it clear that different biological processes are controlled by individual PKB isoforms. 
Table 1. Phenotypes of PKB mutant mice
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Two forms of PKBα have been commonly used for plasmid construction to generate mice with constitutively active PKB: a myristylated version (Myr-PKB) engineered by adding a Lck or Src myristylation signal sequence to the N-terminus of PKB, which leads to a hyperactivated form of the kinase; and a constitutively active variant of PKB in which the two regulatory sites of PKB are mutated to acidic residues to mimic the doubly phosphorylated form of the kinase (i.e. T308D /S473D in PKBα). The kinase-dead mutant of PKB has a mutation in the ATP-binding site (K179M) and acts in a dominant negative manner. Abbreviations: lck: lymphocyte-specific kinase; MMTV: mouse mammary tumor virus. References: 
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[3, 12, 13, 29-31, 33, 34, 44, 60, 75, 76, 83, 89, 100, 101, 106, 107, 110, 113, 115, 117, 123, 133, 134, 137, 150, 151, 158, 159]
. Adapted rom (Dummler, Physiological Roles of PKB Isoforms in Development, Growth and Glucose Metabolism, 2006.). 
Studies of mutant mice carrying a null mutation for each of the three PKB isoforms, PKB, PKB, and PKB, revealed differing phenotypes. Mice lacking PKB display a reduction in body weight of 20-30%, whereas an increase in PKB activity in specific organs or tissues increases cell number and cell size 
 ADDIN EN.CITE 
[13, 29, 31, 33, 101, 106, 137, 151, 159]
. Furthermore, PKB−/− mice show accumulation of early thymocyte subsets [48]. In addition, PKB was shown to be an important regulator in adipocyte differentiation 
 ADDIN EN.CITE 
[10]
. Importantly, growth retardation and hypersensitivity to DNA damage in PKB−/− mice is a phenotype shared with the DNA-PKcs knock-out 
 ADDIN EN.CITE 
[29, 51]
. PKB appears to be required for the maintenance of normal glucose homeostasis. PKB deficient mice display glucose intolerance, insulin resistance, dyslipidemia, and hyperglycemia, and in a substantial portion of PKB deficient mice this phenotype progresses to a severe form of diabetes that is accompanied by  cell failure 
 ADDIN EN.CITE 
[30, 60]
. PKB−/− mice have a reduced brain size due to a significant reduction in both cell size and cell number. A significant (~25%) reduction in PKB-/- mouse brain volumes with a proportionally smaller ventricular system suggests a crucial role for PKB in postnatal brain development 
 ADDIN EN.CITE 
[44, 150]
. Deletion of PKB and PKB isoforms revealed that a single functional allele of PKB is sufficient for mouse development and survival 
 ADDIN EN.CITE 
[42]
. 
It is very important that mice lacking single PKB isoforms display distinct phenotypes. These differences are however yet to be linked to substrates specific to individual PKB isoforms or to diverse signaling functions of these three proteins. Some isoform-specific substrates likely exist, but a part of the specificity of the signaling could also be due to abundance of PKB,  or  in a particular cell type or tissue, or even specific subcellular localization of the PKBs. 
2.4. SCOPE OF THE THESIS

At the start of my thesis work in 2004, DNA-PK was identified in our lab as an efficient PKB Ser473 kinase 
 ADDIN EN.CITE 
[50]
. This discovery was followed by somewhat conflicting reports of mTORC2 and ATM acting in the same role 
 ADDIN EN.CITE 
[131, 153]
. 

Several stimuli including growth factors/hormones, serum and ionizing radiation were shown to activate PKB in these studies, with variable dependency on the respective PIKKs. These results had several important implications, as the observations suggested a greater complexity in the regulation of PKB activity then previously thought. On one hand, the finding of multiple enzymes capable of activating PKB by phosphorylating its Ser473 challenged the existing hypothesis and search for a unique ‘PDK2’. On the other hand, the multiplicity of described experimental systems put forward a notion of cell type/tissue- and stimulus-specific PKB regulation by hydrophobic motif phosphorylation. 

Addressing this concept, my thesis was aimed firstly to determine the patterns of PKB activation following stress (nutrient starvation) and hormone stimulation in cell culture systems, whereby we considered DNA-PK, mTOR and ATM as likely PKB regulators.
Furthermore, to gain a better understanding of PKB regulation specifically by DNA-PK, we have studied the role(s) of PKB in the DNA double-strand break response. This entailed using a number of biochemical, pharmacological and genetic approaches, in both in vitro and in vivo studies. 
3. RESULTS AND DISCUSSION

3.1. DNA-PK AND mTOR DYNAMICALLY REGULATE PKB PHOSPHORYLATION AND ACTIVATION UNDER DIFFERENT 
CELLULAR CONDITIONS
3.1.1. Summary

Full activation of PKB requires its phosphorylation on two residues: Thr308 in the kinase domain and Ser473 in the hydrophobic motif. Phosphorylation on Ser473 stabilizes the active conformation state (see Chapter 2.2.2.), and therefore is the key step in the activation of PKB that needs to be tightly controlled. Phosphoinositide- dependent kinase 1 (PDK1) is well established as the kinase responsible for phosphorylation of PKB Thr308. We and others have reported DNA-PK, mTORC2 and ATM, all members of the PI3-kinase family of kinases, as PKB Ser473 kinases. 

In order to investigate the importance of these enzymes for PKB activation, we set up a stable inducible RNAi system targeting mTOR, DNA-PK or ATM in TRex293 cells. In addition, we determined a set of standard experimental conditions to describe the activation of PKB and individual contributions of DNA-PK, mTOR or ATM. While we found DNA-PK and mTOR2 to differentially regulate PKB under conditions of nutrient stress and stimulation, respectively; our results suggest ATM is dispensable for PKB activation by Ser473 phosphorylation under the conditions tested.
3.1.2. Results
Members of the PIKK family, ATM, mTOR and DNA-PK have all been reported to act as efficient PKB Ser473 kinases.  We examined growing cells, starved cells and hormone stimulated cells following starvation.  We found that ablation of ATM by RNAi has no effect on PKB activity in any of the conditions tested (Figure 11). 
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Figure 11. ATM is dispensable for PKB phosphorylation and activation. (A) T-Rex 293 cells stably expressing inducible shRNA against ATM (pTER.shATM) were treated with tetracycline at 2μg/mL /6 days to induce the expression of short hairpin and knock-down of ATM. At day 6 of knock-down, cells were lysed and lysates analyzed by Western blotting for PKB phosphorylation on Ser473 and Thr 308. (B) Following same tetracycline treatment as in (A), cells were starved on day 5 of knock-down for 16 hrs, lysed and lysates analyzed by Western blotting for PKB phosphorylation on Ser473 and Thr 308. (C) Following same tetracycline treatment as in (A), cells were starved for 16 hrs on day 5 of knock-down, and afterwards stimulated with 100nM insulin for 10 min.  Cells were lysed and lysates analyzed by Western blotting for PKB phosphorylation on Ser473 and Thr 308.

mTOR knockdown results in loss of PKB Ser473 phosphorylation and failure to phosphorylate downstream targets GSK3 and FKHRL1, suggesting that mTOR is the major Ser473 kinase in growing cells with little or no contribution from DNA-PK (Figure 12, upper panel). In contrast, when cells are starved both mTOR and DNA-PK contribute to the maintenance of minimally phosphorylated PKB (Figure 12, lower panel). 
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Figure 12. mTOR is the major PKB Ser473 kinase in growing cells. (A) T-Rex 293 cells stably expressing inducible shRNA against mTOR or DNA-PK (pTER.shmTOR and pTER.shDNA-PK, respectively) were treated with tetracycline at 2μg/mL /6 days to induce the expression of short hairpin and knock-down of the respective proteins. At day 6 of knock-down, cells were lysed and lysates analyzed by Western blotting for PKB phosphorylation on Ser473 and Thr 308, as well as phosphorylation of PKB substrates GSK3 and FKHRL1 (upper panel, growing cells). Following tetracycline treatment cells were starved on day 5 of knock-down for 16 hrs, lysed and lysates analyzed by Western blotting for PKB phosphorylation on Ser473 and Thr 308 (lower panel, starved cells). 

In experiments where cells were starved and subsequently stimulated with insulin, both mTOR and DNA-PK knock-down prevented PKB phosphorylation and activation, which was reflected by PKB downstream signaling (Figure 13, upper panel).
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Figure 13. Both mTOR and DNA-PK contribute to PKB activation following starvation. (A) T-Rex 293 cells stably expressing inducible shRNA against mTOR or DNA-PK (pTER.shmTOR and pTER.shDNA-PK, respectively) were treated with tetracycline at 2μg/mL /6 days to induce the expression of short hairpin and knock-down of the respective proteins. Following tetracycline treatment cells were starved on day 5 of knock-down for 16 hrs, and afterwards stimulated with 100nM insulin for 10 min.  Cells were lysed and lysates analyzed by Western blotting for PKB phosphorylation on Ser473 and Thr 308,  as well as phosphorylation of PKB substrates GSK3 and FKHRL1 (upper panel, insulin stimulated cells). For irradiation experiments, fllowing tetracycline treatment cells were starved on day 5 of knock-down for 16 hrs, and afterwards irradiated with 10 Gy -IR. Following recovery for 30 min, cells were lysed and lysates analyzed by Western blotting for PKB phosphorylation on Ser473 and Thr 308,  as well as phosphorylation of PKB substrates GSK3 and FKHRL1 (upper panel, insulin stimulated cells). 

Finally, using γ-irradiation, we found that DNA-PK is the major kinase responsible for PKB activation in response to DNA double-strand breaks. Interestingly, we observed very strong phosphorylation of GSK3, while no detectable phosphorylation of FKHRL1 occurs in this context (Figure 13, lower panel). We conclude that mTOR and DNA-PK have overlapping and distinct physiological roles in regulating PKB activity, these being determined by the incitement or challenge to the cells. This series of experiments revealed a manifold pattern of PKB regulation with phosphorylation of downstream targets, in reference to the upstream kinases as well as the imposed stimulus.

3.1.3. Discussion

Two members of the PIKK family were important for PKB Ser473 phosphorylation in cells. Our results confirmed the data by the Sabatini lab, to show that mTORC2 is necessary for successful PKB activation in the context of growth and proliferation (Figure 12). Nonetheless, we could definitely determine an important role for DNA-PK in activating PKB by Ser473 phosphorylation in conditions of nutrient stress as well (Figure 13). DNA-PKcs was previously isolated as a PKB Ser473 kinase activity 
 ADDIN EN.CITE 
[50]
. As in experiments presented here above, diminished PKB phosphorylation was found after DNA-PKcs knockdown, followed by 24 h starvation of cells and subsequent insulin stimulation (Figure 13). This pointed to a role for DNA-PKcs in rapid PKB activation/phosphorylation at the plasma membrane after nutrient deprivation. We did not observe such an effect of DNA-PKcs loss in our later experiments, when cells were not starved prior to stimulation (
 ADDIN EN.CITE 
[20]
, Chapter 3.2. of this Thesis). In terms of the classical insulin response we now consider, with all the new data since 2004, that DNA-PK does not play a role in insulin-promoted activation of PKB. Rather, the pathways operating under the two cell states tested (serum starved vs. serum sufficient) appear to be different, as cellular transition from quiescence to cycling may have effects on the activity of the mTORC2 complex. It is therefore yet unclear whether DNA-PKcs present in the lipid rafts 
 ADDIN EN.CITE 
[97]
 plays a role outside the DNA damage response in facilitating rapid PKB Ser473 phosphorylation following nutrient starvation. 
It is well established that PKB is activated at the plasma membrane after mitogen stimulation. It was therefore commonly assumed that, irrespective of the stimulus, initial activation of plasma-membrane-associated PKB would be followed by translocation of the activated kinase to other cellular locations, including nuclei. However, it is equally plausible that there exists a separate and resident nuclear pool of inactive PKB, able to somehow sense a stimulus. DNA damage could provide this stimulus so that nuclear-localized PKB, but possibly not plasma membrane-associated PKB, would be activated at sites of DSBs. 
We observed phosphorylation of PKB downstream target GSK3 but not FKHRL1 after DNA damage (Figure 13), when PKB activation was dependent on DNA-PK. Most interestingly, it was shown that mTORC2 is required for the hydrophobic motif phosphorylation of PKB and PKC, but not S6K1 
 ADDIN EN.CITE 
[61]
. Furthermore, PKB insulin signaling to FOXO3, but not to TSC2 or GSK3, requires mTORC2 components mLST8 and rictor 
 ADDIN EN.CITE 
[79]
. All these findings might suggest that regulation of PKB by different upstream kinases may affect its choice of substrates. More detailed knowledge of all the possible mechanisms of PKB hydrophobic motif phosphorylation/activation could therefore also be of great importance in dissecting the signaling pathways downstream of PKB. 
Finally, determining the contribution(s) of DNA-PK and mTORC2 in regulating PKB activity could potentially reveal an effective strategy in inhibiting PKB overactivation in pathologies. 
3.2. PKB ACTS DOWNSTREAM OF DNA-PK IN THE DNA DOUBLE-STRAND BREAK RESPONSE AND PROMOTES SURVIVAL
3.2.1. Summary

Protein kinase B (PKB/Akt) is a well established regulator of several essential cellular processes. Here, we report a route by which activated PKB promotes survival in response to DNA insults in vivo. PKB activation following DNA damage requires 3-phosphoinositide-dependent kinase 1 (PDK1) and DNA-dependent protein kinase (DNA-PK). Active PKB localizes in the nucleus of -irradiated cells adjacent to DNA double-strand breaks, where it co-localizes and interacts with DNA-PK. Levels of active PKB inversely correlate with DNA damage-induced apoptosis. A significant portion of p53- and DNA damage-regulated genes are misregulated in cells lacking PKB. PKB knock-out mice show impaired DNA damage-dependent induction of p21 and increased tissue apoptosis after single dose total body irradiation. Our findings place PKB downstream of DNA-PK in the DNA damage response signaling cascade, where it provides a pro-survival signal, in particular by affecting transcriptional p21 regulation. Furthermore, this function is apparently restricted to the PKB isoform.
3.2.2. Published manuscript
PKBalpha/Akt1 Acts Downstream of DNA-PK in the DNA Double-Strand Break Response and Promotes Survival

Mol Cell. 2008 Apr 25;30(2):203-13.
Lana Bozulic, Banu Surucu, Debby Hynx and Brian A. Hemmings
3.2.3. Supplementary figures
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Supplementary Figures



Figure S1. NU7026 inhibits the DNA-stimulated in vitro kinase activity of DNA-PKcs towards PKB, but not PKB itself
(A) Purified active PKB (Hemmings laboratory) was assayed with 30M of the specific substrate peptide R7Ftide (RPRAATF). Where indicated, NU7026 was added to the kinase reactions. Purified DNA-PK (Promega) was assayed with 0.1 mg/ml FSY peptide containing Ser473 (RRPHFPQFSYSASSTA), corresponding to the hydrophobic motif of PKB. Calf thymus DNA was added at 10mg/ml in the DNA-PK activation buffer to achieve optimal kinase activity. Where indicated, NU7026 was added to the kinase reactions. Data are represented as means ± SD of duplicate determinants. (B) Purified DNA-PK (Promega) was assayed with GST-PKB418-480 as substrate. Calf thymus DNA was added at 10g/ml in the DNA-PK activation buffer to achieve optimal kinase activity. Where indicated, NU7026 was added to the kinase reactions. Specific phosphorylation was monitored by Western blotting with the Ser473-P antibody. 
[image: image16.jpg]% apoptotic cells

Figure S2. Bozulic et al.

A B

PKBa PKBa PKBa
+/+ -/~ -/-R PKBa PKBa PKBa

- 4+ - + - + 5uMDox/30’ -/ -/-R

+/+
= @ ~ @ &= @9 | Serd73-P HA
PKBa
PKBp HA/
PKBy DNA
tubulin

@
O

o 50 ] wild type 24 hrs post-IR
£, %M PrrBa-- 1901 1 Wit type
53 30 | PKBa/R o %0
o B =p & = 80| Il PKBa -
- S 70 /-
23 10 o 10 [ PKBa-/-R
85 O S 50
s LIJ § gg
[y
oec -20 ©
€0 2 20
% c -30 10
-40 0-
< G1 S G2 - IR
F
24 hrs post-IR Wild-type PKBa-/- PKBB/-/-
100 -
g0 | L1 Wild type 3Gy rIR
80 | Il PKBc -/- Serd73-P
70 | [ PKBp/y /-
60 |
50
40 | merge
30 |
20
10
0 !





Figure S2. PKB Isoform is Important for Survival after DNA Damage

(A) Western blot analysis of PKB isoform protein expression levels and Ser473-P in  PKB+/+, PKB-/- and PKB-/-R MEFs treated with 5 M doxorubicin for 30 min. (B) Immunofluorescence staining for HA of re-introduced mouse wild-type HA-PKB in the PKB-/-R cells. Anti-HA staining is shown in green, DNA in blue. (C) Wild-type mouse embryonic fibroblasts (PKB+/+), mouse embryonic fibroblasts deficient in PKB (PKB-/-), or the mouse embryonic fibroblasts deficient in PKB where mouse wild-type HA-PKB was re-introduced stably by transfection (PKB-/-R) were treated with 10 Gy -IR. Cell cycle progression was monitored 8 h after irradiation. Summary panel of the FACScan experiment showing cell-cycle distribution of irradiated cells of the indicated genotypes relative to unirradiated control cells. (D) At 24 h after irradiation, apoptosis was measured by a FACS based DiIC1(5) assay. (E) Wild-type mouse embryonic fibroblasts (PKB+/+), mouse embryonic fibroblasts deficient in PKB (PKB-/-), or PKB and PKB (double knock-out, PKB/-/-), were treated with 10 Gy -IR and apoptosis measured 24 h after irradiation. In (D) and (E) data are represented as means ±SD of triplicate determinants. (F) Immunofluorescence staining of Ser473-P in mouse embryonic fibroblasts as in (E) 30 min after 3Gy -IR treatment (Ser473-P green, DNA in the merged images blue). 
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Figure S3. Perinuclear and Nuclear Localization of PDK1 after -IR

Immunofluorescence staining for PDK1 and H2AX (PDK1 red, H2AX green, DNA in the merged images blue, and co-localization of PDK1 and H2AX in yellow) (A); or PDK1 and Ser473-P of PKB (PDK1 red, Ser473-P green, DNA in the merged images blue, and co-localization of PDK1 and Ser473-P in yellow) (B) in HUVEC cells 30 min after 3 Gy -IR treatment or following 100 ng/ml IGF-1 treatment. The images are representative of the stainings observed in the experiments.
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Figure S4. -IR-Induced PKB Phosphorylation PIKK-deficient cells
(A) Wild-type mouse embryonic fibroblasts (wild type), mouse embryonic fibroblasts deficient in ATM (ATM-/-), or ATM and ATR (double knock-out,    ATM-/-; ATR-/-) were treated with 10 Gy -IR. Phosphorylation of both activating residues in PKB (Thr308 and Ser473) was measured at the indicated time points by Western blotting. The graph represents Ser473-P-PKB and Thr308-P-PKB levels in cells of all three genotypes at the indicated times normalized to internal PKB controls. (B) Wild-type mouse embryonic fibroblasts (ric+/+) and mouse embryonic fibroblasts deficient in rictor (ric-/-) were treated with 10 Gy -IR. Phosphorylation of both activating residues in PKB (Thr308 and Ser473) was measured at the indicated time points by Western blotting. The graph represents Ser473-P-PKB and Thr308-P-PKB levels in cells of both genotypes at the indicated times normalized to internal PKB controls.
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Figure S5. Loss of PKB Does Not Affect p53 and Myc mRNA Expression 
(A) Virtual Northern blots documenting regulation of p53 (left panel) and Myc (right panel). The plots show the regulation of these genes under the indicated conditions as deduced from the microarray experiment shown in Figure 4. 
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Figure S6. Attenuated p21 Response to -Irradiation in DNA-PK Deficient Mouse Embryonic Fibroblasts

(A) Mouse embryonic fibroblasts proficient (DNA-PK+/+) or deficient (DNA-PK-/-) in DNA-PK were treated with 10 Gy -IR. Whole cell lysates were analyzed for p21 protein levels at the indicated time points. (B) Mouse embryonic fibroblasts deficient in PKB were transiently transfected with untagged p21 (PKB-/-p21). At 12 h after transfection, wild-type mouse embryonic fibroblasts (PKB+/+), mouse embryonic fibroblasts deficient in PKB (PKB-/-), or mouse embryonic fibroblasts deficient in PKB p21 transfected (PKB-/-p21) were treated with 10 Gy -IR. At 4 h after irradiation whole cell lysates were analyzed by Western blotting for p21 protein levels (left panel); 36 h after irradiation apoptosis was measured by a FACS based DiIC1(5) assay (right panel). 
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Figure S7. Attenuated p21 Response to -Irradiation in Mice Deficient in PKB
Total RNA was isolated from the kidney (in the experiment shown in figure 5A) for realtime PCR analysis. (A) The panel presents p21 mRNA expression levels normalized to internal GADPH control. (B and C) Proteins were extracted from organs (in the experiment shown in figure 5A) and organ lysates analyzed by Western blotting. The graph (upper panel) presents quantified kidney p21 protein expression levels normalized to internal tubulin control. Lower panel shows Western blot measurement of p21 expression levels. (C) Western blots showing p53 and Myc expression levels. 
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Figure S8. Increased DNA Damage-Induced Apoptosis in Mice Deficient in PKB
Irradiation induced apoptosis (TUNEL assay) in the spleen (from the experiment shown in figure 5D) of PKB wild type (PKB+/+, left column) and knock-out (PKB-/-, right column) mice 8 h post-irradiation. The graph presents quantitation of the TUNEL assay with the ImageAccess software. Apoptotic cells were counted in three areas per slide at 20x magnification and expressed relative to the analyzed surface area. Data are represented as means ± SD of the triplicate determinants.
3.3. EXPLORING THE POSSIBILITES FOR THERAPEUTIC INTERVENTION: SPECIFIC INHIBITION OF PI3K IN THE DNA-DAMAGE RESPONSE 
 3.3.1. Introduction
The lipid kinase family of phosphoinositide 3-kinases (PI3Ks) has now been studied for more than two decades as modulators of a wide range of cellular processes. The PI3Ks regulate growth and metabolic control, mitogenic signaling, cell survival, vesicular trafficking, cytoskeletal rearrangements and cell migration 
 ADDIN EN.CITE 
[39, 45]
. 
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Figure 14. Classification of phosphatidylinositol 3-kinase (PI3K) family members. (A) There are three classes (I–III) of PI3K, which show distinct substrate preferences in vitro. In vivo, class I PI3Ks primarily generate phosphatidylinositol-3,4,5-trisphosphate (PIP3) from phosphatidylinositol-4,5-bisphosphate (PI-4,5-P2), whereas class III PI3Ks generate phosphatidylinositol-3-phosphate (PI-3-P) from phosphatidylinositol (PI). Class II PI3Ks preferentially generate PI-3-P and phosphatidylinositol-3,4-biphosphate (PI-3,4-P2) in vitro, and might generate PI-3-P, PI-3,4-P2 and possibly PIP3 in vivo. (B) The domain structures of the PI3K isoforms. Adapted from [45].
These enzymes phosphorylate the 3’-OH position of the inositol ring of phosphoinositides. The three-class family proteins are active following the activation of a large variety of cell-surface receptors and G protein-coupled receptors (Class I PI3Ks), chemokines, cytokines or  LPA stimulation (Class II PI3Ks),  and  in the processes of endocytosis and vesicular trafficking (Class III PI3K single member Vps34). Activation of the Class IA PI3Ks (PI3K Class I comprises Class IA: PI3K,  and , and Class IB: PI3K) leads to the production of PtdIns (3,4,5)P3  (PIP3) (Figure 14), which recruits adaptor and effector proteins containing a pleckstrin homology domain, such as PKB. The PI3K-PKB pathway has a positive effect on cell growth, survival and proliferation. Consequently, constitutive upregulation of PI3K signaling can have disastrous consequences for normal cellular physiology, and lead to uncontrolled proliferation, enhanced migration or aberrant control of cell death. These effects can result in formation of malignancy, as well as autoimmune disease or inflammatory disorder. 
 ADDIN EN.CITE 
[24, 28, 64, 70, 72, 84, 105]
. The activation of the pathway is therefore tightly controlled, by action of two phosphoinositide phosphatases: SH2 domain-containing inositol phosphatase SHIP, and PTEN, phosphatase and tensin homolog deleted in chromosome ten 
 ADDIN EN.CITE 
[90, 99]
. Aberrations of PI3K signaling are found in various tumors, and the most frequent ones are loss or attenuation of PTEN function and mutations in PI3K (PIK3CA gene), both leading to increased PtdIns(3,4,5)P3 levels 
 ADDIN EN.CITE 
[7, 128, 129]
. 
Initially, PI3Ks were drug targets for wortmannin and LY294002, which both target a broad range of PI3K-related kinases (all the PIKK kinases). Therefore there is great interest in developing potent, stable and specific (preferably isoform-specific) PI3K inhibitors, in order to probe all their physiological roles, as well as manage development of pathologies. 

3.3.2. Summary and preliminary results
We found a nuclear pool of active (Ser473-phosphorylated) PKB after DNA damage, organized into distinct foci. DNA-PK is predominantly nuclear. Moreover, we could detect perinuclear and nuclear PDK1 as well (
 ADDIN EN.CITE 
[20]
, Chapter 3.2. of this Thesis). It is therefore plausible all three proteins may be present in the nucleus at the time of DNA damage. This would provide a situation with their increased local concentration, which is a prerequisite and a stimulus for activation. 3’-phosphorylated phosphoinositides and class I PI3-kinase are present in the nucleus. In order to determine whether activation of PKB after DNA damage depends on the kinase activity of PI3K, i.e. production of phospholipids, we employed two novel small molecule inhibitors: a pan-class I PI3K inhibitor BKM120, and QAU421, a PI3K-specific inhibitor.  The use of these compounds (that do not target the members of the PIKK family of kinases) made it possible to distinguish the contribution of PI3K and in particular PI3K in the process of PKB phosphorylation after irradiation, without directly affecting the step of Ser473 phosphorylation. We found that indeed PKB activation after -IR depended on the activity of the PI3K. These data open a very exciting question of whether DNA damage-promoted and PI3K-dependent PKB phosphorylation could occur in the nucleus, much resembling the plasma membrane-associated PKB activation after growth factor/hormone stimulation. Moreover, these results provide new insights into possibilities of pharmacological targeting of the PI3K-PKB pathway in a novel context of DNA damage and survival. 
3.3.3. Results
Following growth factor/hormone stimulation PKB is activated at the plasma membrane, where it is recruited by the phospholipids produced mostly by the class IA PI3K. We hypothesized that after DNA damage, PKB could be activated in the nucleus rather than at the plasma membrane. To tackle this question, we first aimed to evaluate the importance of the PI3K activity for activation of PKB after irradiation. We pretreated HUVEC cells with a pan-class I PI3K inhibitor BKM120, and measured the phosphorylation of both activating residues in PKB following -IR treatment. Titration of the inhibitor showed a dose-dependent inhibition of PKB activation, as measured by a decrease in phosphorylation in both its Thr308 and Ser473 (Figure 15).
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Figure 15. PI3-kinase-dependent PKB phosphorylation after DNA damage. (A) HUVEC cells were treated with 3 Gy -IR following pretreatment with BKM120 (indicated concentrations, 60 min). Whole-cell lysates were analyzed for PKB phosphorylation on Ser473 and Thr308. The graph presents quantified Ser473-P levels normalized to internal PKB controls. 

This data argues that successful activation of PKB after -IR depends on PI3K activity and production of phosphoinositides. Further, when we pretreated HUVEC cells with a PI3K-specific inhibitor QAU421, PKB phosphorylation on Thr308 and Ser473 was impaired after irradiation as well (Figure 16). 
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Figure 16. PI3-kinase alpha-dependent PKB phosphorylation after DNA damage. (A) HUVEC cells were treated with 3 Gy -IR following pretreatment with QAU421 (indicated concentrations, 60 min). Whole-cell lysates were analyzed for PKB phosphorylation on Ser473 and Thr308. The graph presents quantified Ser473-P levels normalized to internal PKB controls.
QAU421 inhibited PKB activation after DNA damage with similar effectiveness as BKM120. These results imply that PI3K activity is a major contribution to producing the phospholipids necessary for PKB activation. These experiments show that kinase activity of class I PI3-kinases, and in particular PI3K, is crucial for regulating PKB activation after DNA damage. 
DNA-PK is crucial for DNA double-strand break response because of its role in the process of NHEJ. Therefore, inhibition or ablation of DNA-PK results in radiosensitivity. We found that PKB is important for cell survival after DNA damage. Cells deficient in PKB resemble the DNA-PK deficient radiosensitive phenotype. As PI3K kinase activity was important for PKB activation after irradiation, we tested the effect of both the pan-class I PI3K inhibitor BKM120 and the PI3K-specific inhibitor QAU421 on cell survival following irradiation in HUVEC cells employing Vicell™ cell viability assays. We found that pretreatment of cells with BKM120 doses of 0.003 M, 0.01 M and 0.03 M resulted in viability decreased to ~75 ~40 and ~15% of controls, respectively. Pretreatment with QAU421 at doses of 0.003 M, 0.01 M and 0.03 M resulted in viability decrease to ~80, ~40 and ~25 %, respectively (Figure 17). 
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Figure 17. Inhibition of the PI3-kinases leads to decreased viability after -irradiation. (A) HUVEC cells were treated with 10 Gy -IR following pretreatment with BKM120 (left panel) and QAU421 (right panel) (indicated concentrations, 60 min). 72 hrs after irradiation cell viability was assessed by cresyl violet assays. Data are represented as mean ± SD of duplicate experiments, where values from inhibitor treated samples were normalized to untreated controls.

Altogether, inhibition of the PI3-kinases resulted in reduced PKB phosphorylation and activation following irradiation, as well as impaired cell survival. Hence these data indicate an important role for class I PI3-kinases, and especially PI3K, upstream of PKB activation in the DNA damage response. While this process still needs to be explored in much greater detail, our results reveal a novel important part in the mechanism of PKB regulation in irradiated cells.
4. GENERAL DISCUSSION AND CONCLUSIONS
A key component for translating extracellular cues into biological responses downstream of the PI3-kinase is the Ser/Thr protein kinase PKB. PKB regulates a wide range of processes including motility, growth, proliferation and survival. Doubtlessly, PKB is a critical signaling molecule and extensive research is pointed towards understanding the modes of its regulation and action. Tremendous progress is being made in the clarification of its regulation by upstream kinases and phosphatases, identification of the modulators of its activation, and definition of its impact on physiological processes. In addition to genetic implications in physiology, the second argument in strong support of the relevance of the PKB signaling cascade arises from findings of its evolutionary conservation that extend to downstream components and their interdependence in the signaling pathway. Homologs of PKB kinases have been identified in all vertebrate and invertebrate species examined and include PKB-related kinases in Dictyostelium discoides, Caenorhabditis elegans and Drosophila melanogaster. 
Numerous findings from these organisms, by complementing experimental evidence in mammalian systems, underscore a pivotal and conserved function of PKB.
Regulation of PKB activity by phosphorylation is a critical process in cell physiology, as it is decisive in the event of induction of various pro-survival mechanisms. Research focused on discovering the upstream regulators of PKB was successful early on, in 1997, when PDK1 was identified as the PKB Thr308 kinase. The quest for the PKB Ser473 kinase, however, extends into present time, with several candidates for this job put forward. At the beginning of my thesis numerous proteins, including a pseudo-kinase ILK, were proposed Ser473 kinases. This also included PDK1, MAPKAP-K2, PKCII and PKB itself (see Chapter 2.2.2.). At this time as well, DNA-PK was identified in our lab as an efficient PKB Ser473 kinase and activator. Intrigued by this somewhat surprising finding, we aimed to determine the physiological conditions at which DNA-PK would regulate PKB. Another layer of complexity to this initial question was added by almost simultaneous reports that two other PIKKs, mTOR and ATM, could regulate PKB by hydrophobic motif phosphorylation as well. Our initial experiments approached this issue in a direct way, as we knocked-down DNA-PK, mTOR or ATM, and analyzed PKB response and signaling. While we could not determine any contribution of ATM to PKB activation in any of the conditions tested, we found stimulus-specific roles for DNA-PK and mTOR (Figure 18). 
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Figure 18. Schematic representation of PKB activation in growth factor and DNA damage signaling. In the classical growth factor stimulated pathway, PKB is recruited to the plasma membrane where it is phosphorylated by PDK1 and mTORC2 (on Thr308 and Ser473, respectively). The mechanism by which RTK activity can stimulate mTORC2 is not yet known. In cells exposed to DNA damaging agents (e.g. -IR, doxorubicin), we propose PDK1 could be phosphorylating PKB Thr308 in the nucleus. The Ser473 kinase is DNA-PK, activated by induction of DNA double-strand breaks.

The idea that PKB can be regulated by (at least) two upstream Ser473 kinases is exciting for several reasons. Already the fact that PKB needs to be phosphorylated at two residues in order to achieve full kinase activity argues that this is a way to keep its regulation under strict control. Having two different regulators/kinases for one site adds even more rigor to PKB activation control, as we and others found there can be very little to none compensation between DNA-PK and mTOR acting under their respective stimulus. No phosphorylation and activation of PKB Ser473 after DNA damage is detected in cells lacking DNA-PK. Also, there is no Ser473 phosphorylation in cells lacking mTORC2 following hormone stimulation. An interesting exception to this is a yet to be explained role for DNA-PK outside the DNA damage response, where it appears to be required for insulin-promoted phosphorylation of PKB following cell starvation. DNA-PK may be acting to rapidly ‘prime’ PKB activation in starved cells, where the activity of mTORC2 may somehow be impaired. 

Additionally, allowing for PKB to be activated by different upstream kinases with very proximal roles in different types of stress response also presents a benefit for the cell. In this way, an important regulator of survival and proliferation can be influenced following input from both the plasma membrane and the cell nucleus. We now know that unrelated inputs increase PKB activity with comparable dose and time courses. This brings about important questions: which PKB targets are phosphorylated in a respective situation? How would this be achieved mechanistically? It will be very interesting to investigate how stimulus specificity is conveyed to the specificity of PKB response. 
Finally, the novel concept of PKB regulation by different Ser473 kinases is of great importance in terms of therapeutic intervention design. Improved understanding of this signaling is necessary for efficient development as well as implementation of targeting strategies. For instance, feedback loops (e.g. IRS1; or possible feedback signaling responsible for PKB hyperactivation in the raptor/rictor double knock-out) 
 ADDIN EN.CITE 
[67, 135]
 must be comprehensively mapped to avoid unexpected effects. Furthermore, mathematical and bioinformatical modeling is being successfully integrated with experimental biology to analyze phosphoprotein systems and networks, including the PI3K-PKB network 
 ADDIN EN.CITE 
[98, 108, 127]
. It is hoped that these maps will allow determination of the pathway properties in a normal and pathological state, and indicate the key nodes whose inhibition will have maximal effects on the disease state, yet minimal toxicity. 
One other interesting concept comes from the knowledge that in Drosophila cells, where there is no DNA-PK, PKB is possibly regulated by mTORC2 only. DNA-PK is not present in insects, and one criticism of the hypothesis that DNA-PK acts as a PKB Ser473 kinase was this lack of evolutionary pathway conservation. Despite of the DNA-PK binding partner Ku being present in all eukaryotes examined, DNA-PK was so far only identified in vertebrates [82]. The exception to this would be a report describing a mosquito DNA-PK orthologue, the only non-vertebrate DNA-PK 
 ADDIN EN.CITE 
[40]
. Possibly the roles of DNA-PK in lower eukaryotes are carried out by other members of the PIKK family. Although the mechanism is not yet clear, in S. cerevisiae mutations in Mec1p (ATM in humans) leads to reduced NHEJ [38]. Also, evolutionarily conserved Ku dimer can modulate both ATM and ATR activity in the DSB response 
 ADDIN EN.CITE 
[148]
. Alternatively, DNA-PK functions may indeed be restricted to higher organisms. For instance, DNA-PK could aid to tackle more difficult DNA end structures than a Ku-based system alone. Indeed, NHEJ is inefficient in yeast unless the DNA ends are simple cohesive termini 
 ADDIN EN.CITE 
[18, 19]
. Bearing this in mind, it is plausible to think that the DNA-PK – PKB signaling cascade appeared later in evolution as a sophisticated response to DNA damage, representing integration of signal stemming from the damaged DNA with PKB pro-survival signaling. 
We found PKB is important for survival after DNA damage in cell culture and in vivo. This finding represents a novel route for PKB activation, as well as pro-survival signaling after DNA damage. Furthermore, we discovered that cells deficient in PKB, but not PKB/PKB-/- cells, phenocopy radiation-sensitive phenotype of cells lacking DNA-PK. Moreover, only PKB was crucial for upregulation of genes required for resistance to irradiation, including p21 
 ADDIN EN.CITE 
[20]
 (Figure 19). 
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Figure 19. Model for PKB activation and functions in the DNA double-strand break response. Following the induction of DNA DSBs, DNA-PK specifically activates PKB by hydrophobic motif Ser473 phosphorylation. PKB Thr308 is phosphorylated by PDK1. Activated PKB acts to enhance the DNA damage-induced transcription, and promote survival. Importantly, these functions appear to be restricted to the PKB isoform, in particular in regulating transcriptional induction of p21 after DNA damage. 

This lack of functional compensation amongst the PKB isoforms in the DNA damage response suggests that not all of the three proteins perform equally. This goes together with numerous findings from studies in different strains of PKB-deficient mice, in which the lack of specific isoforms yields a distinct phenotype. We concluded that DNA-PK initiates a prosurvival signal specifically through PKB isoform. As total levels of Ser473 phosphorylation were unaffected by loss of PKB, the specificity of the DNA-PK – PKB response is presumably achieved at a different level.  Possibly, the subcellular localization of the PKB isoforms could play a role here. Alternatively, context-dependent PKB isoform activation could be achieved through specific interacting proteins. Also, interacting proteins could help to determine the specificity of a particular PKB protein towards downstream targets. Such is the case with ProF, a PKB interactor transiently increased during adipocyte differentiation, at which point it specifically enhances phosphorylation of FOXO1 by PKB 
 ADDIN EN.CITE 
[56]
. Faced with a task of finding specificity in the common mode of activation for PKB isoforms, studies involving tissue-specific PKB isoform knock-out may be a promising starting point. 

Irrespective of the PKB isoforms, given the traditional view of PKB-mediated signaling that originates from the plasma membrane a question that immediately arises is where in the cell DNA-PK-mediated PKB phosphorylation occurs. In the future, it will be very important to investigate whether indeed different pools of PKB exist, which would be activated at different subcellular locations. It is possible that the two strikingly similar PKB regulatory pathways, with a specific stimulus activating a PIKK kinase which in turn, together with PDK1, phosphorylates PKB, simply occur at different places in the cell.  Importantly, while it is not known how mTOR is recruited to the plasma membrane after mitogen stimulation to phosphorylate PKB, it is also not yet clear whether DNA-PK recognizes the production of phospholipids, and could respond to this type of signal. Importantly, it has been reported that DNA-PK can be activated by IP6 [65]. Together with the questions of PI3K activity in the DNA damage response, this opens up an interesting and novel research direction. 

It will be very interesting to further asses the activity of the PI3-kinase in the DNA damage response. Our early results suggest that its activation, and in particular activation of PI3K, is important for PKB phosphorylation (Figures 15 and 16). In addition to expanding our knowledge on the mechanism of PKB regulation after irradiation, these data would also hold potential in drug development. One could think of inhibiting PKB phosphorylation after DNA damage in cancer, as it has already been described that inhibition of the components of the PI3K pathway can synergize with chemotherapy or radiation therapy in cancer 
 ADDIN EN.CITE 
[23, 62, 86, 92]
. Potential mechanism for this synergy could be increasing apoptosis in cancer cells. Nevertheless, most of these studies have been performed with relatively unspecific inhibitors (LY294002 or wortmannin) and could indicate inhibition of the PIKK kinases (DNA-PK). This is why big focus is turned to development of pan-PI3K and isoform-specific PI3K inhibitors. The new generation compounds have much improved pharmacological characteristics, and improved PI3K selectivity 
 ADDIN EN.CITE 
[59, 105, 155]
. 
It is plausible to think PKB could be activated in malignant cells after DNA damaging cancer therapies. Importantly, it was shown that targeting PKBenhances radiotoxicity by inhibiting DNA-PKcs-dependent DSB repair 
 ADDIN EN.CITE 
[149]
. Presumably therapies for cancer involving DNA damage should be used with caution, as they may hold the potential to activate a prosurvival kinase, PKB. Cell culture and animal models employing cancer cell lines show hyperactivation of PKB after irradiation/drug treatment 
 ADDIN EN.CITE 
[23, 77, 88, 94, 145]
. It would be very exciting to design in vivo experiments, in which an induced tumor would be treated with radiation or chemotherapy. Additionally, these studies could be performed in genetically modified mice, PKB knock-out being a prime candidate model. Dose and time response of PKB activation on one hand, and cell survival and proliferation in the PKB knock-out on the other could be analyzed. This sort of data could be of value in understanding PKB regulation, as well as its possible contribution to therapy resistance/secondary cancers in vivo. In the long term, such findings could be of use in designing future therapies. 
Most interestingly, our recent work shows crucial contribution of PKB to lymphomagenesis in DNA-PK-/- mice [141]. PKB is hyperactivated in the thymi of these animals, presumably as a consequence of increased activity of mTORC2. While these results indicate a delicate balance and interplay between PKB regulators in vivo, they also support a crucial role for PKB in tumorigenesis.  

Another exciting future direction could be the analysis of irradiation-induced cancer in the PKB knock-out model. We found PKB is important for transcriptional regulation of p21 after DNA damage. It has been reported that p21-/- mice develop significantly more metastatic tumors after -IR than p21 heterozygous (p21+/-) mice [46]. It would be interesting to compare the two models, and gain insight into PKB contribution to cancer development in the context of DNA damage. 
In sum, we described a novel DNA-PK dependent route for PKB activation, and a novel function for PKB in promoting survival in the DNA damage response. Our findings underscore the relevance of proper PKB regulation by upstream kinases, as well as essential contribution of PKB to normal physiology and development of pathologies. While these data certainly provide a significant piece in the puzzle of PKB regulation by “PDK2”, they also pose many interesting experiments and hypotheses to test before researchers in the field of PI3K-PKB signaling. 
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5. REVIEWS
Targeting the Kinome: 20 Years of Tyrosine Kinase Inhibitors in Basel. Meeting Report

Sci STKE. Feb 20;2007(374):pe8.
Lana Bozulic, Pier Jr Morin, Tony Hunter and Brian A. Hemmings
6. BIBLIOGRAPHY
1.
Abraham, R.T., PI 3-kinase related kinases: 'big' players in stress-induced signaling pathways. DNA Repair (Amst), 2004. 3(8-9): p. 883-7.

2.
Accili, D. and K.C. Arden, FoxOs at the crossroads of cellular metabolism, differentiation, and transformation. Cell, 2004. 117(4): p. 421-6.

3.
Ackler, S., et al., Delayed mammary gland involution in MMTV-AKT1 transgenic mice. Oncogene, 2002. 21(2): p. 198-206.

4.
Alessi, D.R., et al., Mechanism of activation of protein kinase B by insulin and IGF-1. Embo J, 1996. 15(23): p. 6541-51.

5.
Alessi, D.R., et al., Characterization of a 3-phosphoinositide-dependent protein kinase which phosphorylates and activates protein kinase Balpha. Curr Biol, 1997. 7(4): p. 261-9.

6.
Araki, R., et al., Nonsense mutation at Tyr-4046 in the DNA-dependent protein kinase catalytic subunit of severe combined immune deficiency mice. Proc Natl Acad Sci U S A, 1997. 94(6): p. 2438-43.

7.
Bader, A.G., et al., Oncogenic PI3K deregulates transcription and translation. Nat Rev Cancer, 2005. 5(12): p. 921-9.

8.
Bakkenist, C.J. and M.B. Kastan, Initiating cellular stress responses. Cell, 2004. 118(1): p. 9-17.

9.
Balendran, A., et al., Evidence that 3-phosphoinositide-dependent protein kinase-1 mediates phosphorylation of p70 S6 kinase in vivo at Thr-412 as well as Thr-252. J Biol Chem, 1999. 274(52): p. 37400-6.

10.
Baudry, A., Z.Z. Yang, and B.A. Hemmings, PKBalpha is required for adipose differentiation of mouse embryonic fibroblasts. J Cell Sci, 2006. 119(Pt 5): p. 889-97.

11.
Bekker-Jensen, S., et al., Spatial organization of the mammalian genome surveillance machinery in response to DNA strand breaks. J Cell Biol, 2006. 173(2): p. 195-206.

12.
Bernal-Mizrachi, E., et al., Defective insulin secretion and increased susceptibility to experimental diabetes are induced by reduced Akt activity in pancreatic islet beta cells. J Clin Invest, 2004. 114(7): p. 928-36.

13.
Bernal-Mizrachi, E., et al., Islet beta cell expression of constitutively active Akt1/PKB alpha induces striking hypertrophy, hyperplasia, and hyperinsulinemia. J Clin Invest, 2001. 108(11): p. 1631-8.

14.
Bhaskar, P.T. and N. Hay, The two TORCs and Akt. Dev Cell, 2007. 12(4): p. 487-502.

15.
Blume-Jensen, P. and T. Hunter, Oncogenic kinase signalling. Nature, 2001. 411(6835): p. 355-65.

16.
Boehme, K.A., R. Kulikov, and C. Blattner, p53 stabilization in response to DNA damage requires Akt/PKB and DNA-PK. Proc Natl Acad Sci U S A, 2008. 105(22): p. 7785-90.

17.
Bosotti, R., A. Isacchi, and E.L. Sonnhammer, FAT: a novel domain in PIK-related kinases. Trends Biochem Sci, 2000. 25(5): p. 225-7.

18.
Boulton, S.J. and S.P. Jackson, Identification of a Saccharomyces cerevisiae Ku80 homologue: roles in DNA double strand break rejoining and in telomeric maintenance. Nucleic Acids Res, 1996. 24(23): p. 4639-48.

19.
Boulton, S.J. and S.P. Jackson, Saccharomyces cerevisiae Ku70 potentiates illegitimate DNA double-strand break repair and serves as a barrier to error-prone DNA repair pathways. EMBO J, 1996. 15(18): p. 5093-103.

20.
Bozulic, L., et al., PKBalpha/Akt1 acts downstream of DNA-PK in the DNA double-strand break response and promotes survival. Mol Cell, 2008. 30(2): p. 203-13.

21.
Brazil, D.P., Z.Z. Yang, and B.A. Hemmings, Advances in protein kinase B signalling: AKTion on multiple fronts. Trends Biochem Sci, 2004. 29(5): p. 233-42.

22.
Brewerton, S.C., et al., Structural analysis of DNA-PKcs: modelling of the repeat units and insights into the detailed molecular architecture. J Struct Biol, 2004. 145(3): p. 295-306.

23.
Brognard, J., et al., Akt/protein kinase B is constitutively active in non-small cell lung cancer cells and promotes cellular survival and resistance to chemotherapy and radiation. Cancer Res, 2001. 61(10): p. 3986-97.

24.
Brugge, J., M.C. Hung, and G.B. Mills, A new mutational AKTivation in the PI3K pathway. Cancer Cell, 2007. 12(2): p. 104-7.

25.
Brunet, A., et al., Akt promotes cell survival by phosphorylating and inhibiting a Forkhead transcription factor. Cell, 1999. 96(6): p. 857-68.

26.
Burma, S. and D.J. Chen, Role of DNA-PK in the cellular response to DNA double-strand breaks. DNA Repair (Amst), 2004. 3(8-9): p. 909-18.

27.
Calleja, V., et al., Intramolecular and Intermolecular Interactions of Protein Kinase B Define Its Activation In Vivo. PLoS Biol, 2007. 5(4): p. e95.

28.
Camps, M., et al., Blockade of PI3Kgamma suppresses joint inflammation and damage in mouse models of rheumatoid arthritis. Nat Med, 2005. 11(9): p. 936-43.

29.
Chen, W.S., et al., Growth retardation and increased apoptosis in mice with homozygous disruption of the Akt1 gene. Genes Dev, 2001. 15(17): p. 2203-8.

30.
Cho, H., et al., Insulin resistance and a diabetes mellitus-like syndrome in mice lacking the protein kinase Akt2 (PKB beta). Science, 2001. 292(5522): p. 1728-31.

31.
Cho, H., et al., Akt1/PKBalpha is required for normal growth but dispensable for maintenance of glucose homeostasis in mice. J Biol Chem, 2001. 276(42): p. 38349-52.

32.
Chowdhury, D., et al., gamma-H2AX dephosphorylation by protein phosphatase 2A facilitates DNA double-strand break repair. Mol Cell, 2005. 20(5): p. 801-9.

33.
Condorelli, G., et al., Akt induces enhanced myocardial contractility and cell size in vivo in transgenic mice. Proc Natl Acad Sci U S A, 2002. 99(19): p. 12333-8.

34.
Cook, S.A., et al., Transcriptional effects of chronic Akt activation in the heart. J Biol Chem, 2002. 277(25): p. 22528-33.

35.
Cross, D.A., et al., Inhibition of glycogen synthase kinase-3 by insulin mediated by protein kinase B. Nature, 1995. 378(6559): p. 785-9.

36.
Datta, S.R., et al., 14-3-3 proteins and survival kinases cooperate to inactivate BAD by BH3 domain phosphorylation. Mol Cell, 2000. 6(1): p. 41-51.

37.
de Boer, J. and J.H. Hoeijmakers, Nucleotide excision repair and human syndromes. Carcinogenesis, 2000. 21(3): p. 453-60.

38.
de la Torre-Ruiz, M. and N.F. Lowndes, The Saccharomyces cerevisiae DNA damage checkpoint is required for efficient repair of double strand breaks by non-homologous end joining. FEBS Lett, 2000. 467(2-3): p. 311-5.

39.
Di Paolo, G. and P. De Camilli, Phosphoinositides in cell regulation and membrane dynamics. Nature, 2006. 443(7112): p. 651-7.

40.
Dore, A.S., et al., Identification of DNA-PK in the arthropods. Evidence for the ancient ancestry of vertebrate non-homologous end-joining. DNA Repair (Amst), 2004. 3(1): p. 33-41.

41.
Dragoi, A.M., et al., DNA-PKcs, but not TLR9, is required for activation of Akt by CpG-DNA. Embo J, 2005. 24(4): p. 779-89.

42.
Dummler, B., et al., Life with a single isoform of Akt: mice lacking Akt2 and Akt3 are viable but display impaired glucose homeostasis and growth deficiencies. Mol Cell Biol, 2006. 26(21): p. 8042-51.

43.
Durocher, D. and S.P. Jackson, DNA-PK, ATM and ATR as sensors of DNA damage: variations on a theme? Curr Opin Cell Biol, 2001. 13(2): p. 225-31.

44.
Easton, R.M., et al., Role for Akt3/protein kinase Bgamma in attainment of normal brain size. Mol Cell Biol, 2005. 25(5): p. 1869-78.

45.
Engelman, J.A., J. Luo, and L.C. Cantley, The evolution of phosphatidylinositol 3-kinases as regulators of growth and metabolism. Nat Rev Genet, 2006. 7(8): p. 606-19.

46.
Engelman, R.W., et al., Loss of nuclear p21(Cip1/WAF1) during neoplastic progression to metastasis in gamma-irradiated p21 hemizygous mice. Exp Mol Pathol, 2007.

47.
Falck, J., J. Coates, and S.P. Jackson, Conserved modes of recruitment of ATM, ATR and DNA-PKcs to sites of DNA damage. Nature, 2005. 434(7033): p. 605-11.

48.
Fayard, E., et al., Deletion of PKBalpha/Akt1 affects thymic development. PLoS ONE, 2007. 2(10): p. e992.

49.
Fayard, E., et al., Protein kinase B/Akt at a glance. J Cell Sci, 2005. 118(Pt 24): p. 5675-8.

50.
Feng, J., et al., Identification of a PKB/Akt hydrophobic motif Ser-473 kinase as DNA-dependent protein kinase. J Biol Chem, 2004. 279(39): p. 41189-96.

51.
Feng, J., et al., Stabilization of Mdm2 via decreased ubiquitination is mediated by protein kinase B/Akt-dependent phosphorylation. J Biol Chem, 2004. 279(34): p. 35510-7.

52.
Ferguson, D.O. and F.W. Alt, DNA double strand break repair and chromosomal translocation: lessons from animal models. Oncogene, 2001. 20(40): p. 5572-9.

53.
Fernandez-Capetillo, O., et al., H2AX: the histone guardian of the genome. DNA Repair (Amst), 2004. 3(8-9): p. 959-67.

54.
Fingar, D.C. and J. Blenis, Target of rapamycin (TOR): an integrator of nutrient and growth factor signals and coordinator of cell growth and cell cycle progression. Oncogene, 2004. 23(18): p. 3151-71.

55.
Frame, S. and P. Cohen, GSK3 takes centre stage more than 20 years after its discovery. Biochem J, 2001. 359(Pt 1): p. 1-16.

56.
Fritzius, T. and K. Moelling, Akt- and Foxo1-interacting WD-repeat-FYVE protein promotes adipogenesis. EMBO J, 2008. 27(9): p. 1399-410.

57.
Gao, X. and D. Pan, TSC1 and TSC2 tumor suppressors antagonize insulin signaling in cell growth. Genes Dev, 2001. 15(11): p. 1383-92.

58.
Gao, Y., et al., A targeted DNA-PKcs-null mutation reveals DNA-PK-independent functions for KU in V(D)J recombination. Immunity, 1998. 9(3): p. 367-76.

59.
Garcia-Echeverria, C. and W.R. Sellers, Drug discovery approaches targeting the PI3K/Akt pathway in cancer. Oncogene, 2008. 27(41): p. 5511-26.

60.
Garofalo, R.S., et al., Severe diabetes, age-dependent loss of adipose tissue, and mild growth deficiency in mice lacking Akt2/PKB beta. J Clin Invest, 2003. 112(2): p. 197-208.

61.
Guertin, D.A., et al., Ablation in mice of the mTORC components raptor, rictor, or mLST8 reveals that mTORC2 is required for signaling to Akt-FOXO and PKCalpha, but not S6K1. Dev Cell, 2006. 11(6): p. 859-71.

62.
Gupta, A.K., et al., Radiation sensitization of human cancer cells in vivo by inhibiting the activity of PI3K using LY294002. Int J Radiat Oncol Biol Phys, 2003. 56(3): p. 846-53.

63.
Hanada, M., J. Feng, and B.A. Hemmings, Structure, regulation and function of PKB/AKT--a major therapeutic target. Biochim Biophys Acta, 2004. 1697(1-2): p. 3-16.

64.
Hanahan, D. and R.A. Weinberg, The hallmarks of cancer. Cell, 2000. 100(1): p. 57-70.

65.
Hanakahi, L.A., et al., Binding of inositol phosphate to DNA-PK and stimulation of double-strand break repair. Cell, 2000. 102(6): p. 721-9.

66.
Harper, J.W. and S.J. Elledge, The DNA damage response: ten years after. Mol Cell, 2007. 28(5): p. 739-45.

67.
Harrington, L.S., G.M. Findlay, and R.F. Lamb, Restraining PI3K: mTOR signalling goes back to the membrane. Trends Biochem Sci, 2005. 30(1): p. 35-42.

68.
Hay, N., The Akt-mTOR tango and its relevance to cancer. Cancer Cell, 2005. 8(3): p. 179-83.

69.
Hay, N. and N. Sonenberg, Upstream and downstream of mTOR. Genes Dev, 2004. 18(16): p. 1926-45.

70.
Hennessy, B.T., et al., Exploiting the PI3K/AKT pathway for cancer drug discovery. Nat Rev Drug Discov, 2005. 4(12): p. 988-1004.

71.
Heron-Milhavet, L., et al., Only Akt1 is required for proliferation, while Akt2 promotes cell cycle exit through p21 binding. Mol Cell Biol, 2006. 26(22): p. 8267-80.

72.
Hirsch, E., et al., Central role for G protein-coupled phosphoinositide 3-kinase gamma in inflammation. Science, 2000. 287(5455): p. 1049-53.

73.
Hoeijmakers, J.H., Genome maintenance mechanisms for preventing cancer. Nature, 2001. 411(6835): p. 366-74.

74.
Hunter, T., When is a lipid kinase not a lipid kinase? When it is a protein kinase. Cell, 1995. 83(1): p. 1-4.

75.
Hutchinson, J., et al., Activation of Akt (protein kinase B) in mammary epithelium provides a critical cell survival signal required for tumor progression. Mol Cell Biol, 2001. 21(6): p. 2203-12.

76.
Hutchinson, J.N., et al., Activation of Akt-1 (PKB-alpha) can accelerate ErbB-2-mediated mammary tumorigenesis but suppresses tumor invasion. Cancer Res, 2004. 64(9): p. 3171-8.

77.
Ichihara, S., et al., Roles of oxidative stress and Akt signaling in doxorubicin cardiotoxicity. Biochem Biophys Res Commun, 2007. 359(1): p. 27-33.

78.
Inoki, K., et al., TSC2 is phosphorylated and inhibited by Akt and suppresses mTOR signalling. Nat Cell Biol, 2002. 4(9): p. 648-57.

79.
Jacinto, E., et al., SIN1/MIP1 maintains rictor-mTOR complex integrity and regulates Akt phosphorylation and substrate specificity. Cell, 2006. 127(1): p. 125-37.

80.
Jacinto, E. and M.N. Hall, Tor signalling in bugs, brain and brawn. Nat Rev Mol Cell Biol, 2003. 4(2): p. 117-26.

81.
Jacinto, E., et al., Mammalian TOR complex 2 controls the actin cytoskeleton and is rapamycin insensitive. Nat Cell Biol, 2004. 6(11): p. 1122-8.

82.
Jackson, S.P., Sensing and repairing DNA double-strand breaks. Carcinogenesis, 2002. 23(5): p. 687-96.

83.
Jones, R.G., et al., CD28-dependent activation of protein kinase B/Akt blocks Fas-mediated apoptosis by preventing death-inducing signaling complex assembly. J Exp Med, 2002. 196(3): p. 335-48.

84.
Kang, S., A.G. Bader, and P.K. Vogt, Phosphatidylinositol 3-kinase mutations identified in human cancer are oncogenic. Proc Natl Acad Sci U S A, 2005. 102(3): p. 802-7.

85.
Kanoh, J. and M. Yanagida, Tel2: a common partner of PIK-related kinases and a link between DNA checkpoint and nutritional response? Genes Cells, 2007. 12(12): p. 1301-4.

86.
Kao, G.D., et al., Inhibition of phosphatidylinositol-3-OH kinase/Akt signaling impairs DNA repair in glioblastoma cells following ionizing radiation. J Biol Chem, 2007. 282(29): p. 21206-12.

87.
Kawakami, Y., et al., Protein kinase C betaII regulates Akt phosphorylation on Ser-473 in a cell type- and stimulus-specific fashion. J Biol Chem, 2004. 279(46): p. 47720-5.

88.
Kim, D., et al., AKT/PKB signaling mechanisms in cancer and chemoresistance. Front Biosci, 2005. 10: p. 975-87.

89.
Kim, Y.K., et al., Mechanism of enhanced cardiac function in mice with hypertrophy induced by overexpressed Akt. J Biol Chem, 2003. 278(48): p. 47622-8.

90.
Kisseleva, M.V., M.P. Wilson, and P.W. Majerus, The isolation and characterization of a cDNA encoding phospholipid-specific inositol polyphosphate 5-phosphatase. J Biol Chem, 2000. 275(26): p. 20110-6.

91.
Kovacina, K.S., et al., Identification of a proline-rich Akt substrate as a 14-3-3 binding partner. J Biol Chem, 2003. 278(12): p. 10189-94.

92.
Krystal, G.W., G. Sulanke, and J. Litz, Inhibition of phosphatidylinositol 3-kinase-Akt signaling blocks growth, promotes apoptosis, and enhances sensitivity of small cell lung cancer cells to chemotherapy. Mol Cancer Ther, 2002. 1(11): p. 913-22.

93.
Kulikov, R., K.A. Boehme, and C. Blattner, Glycogen synthase kinase 3-dependent phosphorylation of Mdm2 regulates p53 abundance. Mol Cell Biol, 2005. 25(16): p. 7170-80.

94.
Li, X., et al., Differential responses to doxorubicin-induced phosphorylation and activation of Akt in human breast cancer cells. Breast Cancer Res, 2005. 7(5): p. R589-97.

95.
Liang, J., et al., PKB/Akt phosphorylates p27, impairs nuclear import of p27 and opposes p27-mediated G1 arrest. Nat Med, 2002. 8(10): p. 1153-60.

96.
Lowndes, N.F. and J.R. Murguia, Sensing and responding to DNA damage. Curr Opin Genet Dev, 2000. 10(1): p. 17-25.

97.
Lucero, H., D. Gae, and G.E. Taccioli, Novel localization of the DNA-PK complex in lipid rafts: a putative role in the signal transduction pathway of the ionizing radiation response. J Biol Chem, 2003. 278(24): p. 22136-43.

98.
Ma'ayan, A., et al., Formation of regulatory patterns during signal propagation in a Mammalian cellular network. Science, 2005. 309(5737): p. 1078-83.

99.
Maehama, T. and J.E. Dixon, The tumor suppressor, PTEN/MMAC1, dephosphorylates the lipid second messenger, phosphatidylinositol 3,4,5-trisphosphate. J Biol Chem, 1998. 273(22): p. 13375-8.

100.
Majumder, P.K., et al., Prostate intraepithelial neoplasia induced by prostate restricted Akt activation: the MPAKT model. Proc Natl Acad Sci U S A, 2003. 100(13): p. 7841-6.

101.
Malstrom, S., et al., Tumor induction by an Lck-MyrAkt transgene is delayed by mechanisms controlling the size of the thymus. Proc Natl Acad Sci U S A, 2001. 98(26): p. 14967-72.

102.
Manning, B.D. and L.C. Cantley, AKT/PKB signaling: navigating downstream. Cell, 2007. 129(7): p. 1261-74.

103.
Manning, B.D., et al., Identification of the tuberous sclerosis complex-2 tumor suppressor gene product tuberin as a target of the phosphoinositide 3-kinase/akt pathway. Mol Cell, 2002. 10(1): p. 151-62.

104.
Manning, G., et al., The protein kinase complement of the human genome. Science, 2002. 298(5600): p. 1912-34.

105.
Marone, R., et al., Targeting phosphoinositide 3-kinase: moving towards therapy. Biochim Biophys Acta, 2008. 1784(1): p. 159-85.

106.
Matsui, T., et al., Phenotypic spectrum caused by transgenic overexpression of activated Akt in the heart. J Biol Chem, 2002. 277(25): p. 22896-901.

107.
Matsui, T., et al., Effects of chronic Akt activation on glucose uptake in the heart. Am J Physiol Endocrinol Metab, 2006. 290(5): p. E789-97.

108.
Matsuoka, S., et al., ATM and ATR substrate analysis reveals extensive protein networks responsive to DNA damage. Science, 2007. 316(5828): p. 1160-6.

109.
Maurer, U., et al., Glycogen synthase kinase-3 regulates mitochondrial outer membrane permeabilization and apoptosis by destabilization of MCL-1. Mol Cell, 2006. 21(6): p. 749-60.

110.
Mende, I., et al., Oncogenic transformation induced by membrane-targeted Akt2 and Akt3. Oncogene, 2001. 20(32): p. 4419-23.

111.
Mills, G.B., Y. Lu, and E.C. Kohn, Linking molecular therapeutics to molecular diagnostics: inhibition of the FRAP/RAFT/TOR component of the PI3K pathway preferentially blocks PTEN mutant cells in vitro and in vivo. Proc Natl Acad Sci U S A, 2001. 98(18): p. 10031-3.

112.
Montagne, J., et al., Drosophila S6 kinase: a regulator of cell size. Science, 1999. 285(5436): p. 2126-9.

113.
Na, S.Y., et al., Constitutively active protein kinase B enhances Lck and Erk activities and influences thymocyte selection and activation. J Immunol, 2003. 171(3): p. 1285-96.

114.
Nave, B.T., et al., Mammalian target of rapamycin is a direct target for protein kinase B: identification of a convergence point for opposing effects of insulin and amino-acid deficiency on protein translation. Biochem J, 1999. 344 Pt 2: p. 427-31.

115.
Patra, A.K., S.Y. Na, and U. Bommhardt, Active protein kinase B regulates TCR responsiveness by modulating cytoplasmic-nuclear localization of NFAT and NF-kappa B proteins. J Immunol, 2004. 172(8): p. 4812-20.

116.
Pearce, L.R., et al., Identification of Protor as a novel Rictor-binding component of mTOR complex-2. Biochem J, 2007. 405(3): p. 513-22.

117.
Peng, X.D., et al., Dwarfism, impaired skin development, skeletal muscle atrophy, delayed bone development, and impeded adipogenesis in mice lacking Akt1 and Akt2. Genes Dev, 2003. 17(11): p. 1352-65.

118.
Perry, J. and N. Kleckner, The ATRs, ATMs, and TORs are giant HEAT repeat proteins. Cell, 2003. 112(2): p. 151-5.

119.
Persad, S., et al., Regulation of protein kinase B/Akt-serine 473 phosphorylation by integrin-linked kinase: critical roles for kinase activity and amino acids arginine 211 and serine 343. J Biol Chem, 2001. 276(29): p. 27462-9.

120.
Petrini, J.H. and T.H. Stracker, The cellular response to DNA double-strand breaks: defining the sensors and mediators. Trends Cell Biol, 2003. 13(9): p. 458-62.

121.
Rabbitts, T.H., Chromosomal translocations in human cancer. Nature, 1994. 372(6502): p. 143-9.

122.
Radimerski, T., et al., dS6K-regulated cell growth is dPKB/dPI(3)K-independent, but requires dPDK1. Nat Cell Biol, 2002. 4(3): p. 251-5.

123.
Rathmell, J.C., et al., Activated Akt promotes increased resting T cell size, CD28-independent T cell growth, and development of autoimmunity and lymphoma. Eur J Immunol, 2003. 33(8): p. 2223-32.

124.
Rivera-Calzada, A., et al., Three-dimensional structure and regulation of the DNA-dependent protein kinase catalytic subunit (DNA-PKcs). Structure, 2005. 13(2): p. 243-55.

125.
Rivera-Calzada, A., et al., Structural model of full-length human Ku70-Ku80 heterodimer and its recognition of DNA and DNA-PKcs. EMBO Rep, 2007. 8(1): p. 56-62.

126.
Rouse, J. and S.P. Jackson, Interfaces between the detection, signaling, and repair of DNA damage. Science, 2002. 297(5581): p. 547-51.

127.
Sachs, K., et al., Causal protein-signaling networks derived from multiparameter single-cell data. Science, 2005. 308(5721): p. 523-9.

128.
Samuels, Y., et al., High frequency of mutations of the PIK3CA gene in human cancers. Science, 2004. 304(5670): p. 554.

129.
Sansal, I. and W.R. Sellers, The biology and clinical relevance of the PTEN tumor suppressor pathway. J Clin Oncol, 2004. 22(14): p. 2954-63.

130.
Sarbassov, D.D., et al., Rictor, a novel binding partner of mTOR, defines a rapamycin-insensitive and raptor-independent pathway that regulates the cytoskeleton. Curr Biol, 2004. 14(14): p. 1296-302.

131.
Sarbassov, D.D., et al., Phosphorylation and regulation of Akt/PKB by the rictor-mTOR complex. Science, 2005. 307(5712): p. 1098-101.

132.
Schmelzle, T. and M.N. Hall, TOR, a central controller of cell growth. Cell, 2000. 103(2): p. 253-62.

133.
Schwertfeger, K.L., et al., Expression of constitutively activated Akt in the mammary gland leads to excess lipid synthesis during pregnancy and lactation. J Lipid Res, 2003. 44(6): p. 1100-12.

134.
Schwertfeger, K.L., M.M. Richert, and S.M. Anderson, Mammary gland involution is delayed by activated Akt in transgenic mice. Mol Endocrinol, 2001. 15(6): p. 867-81.

135.
Shah, O.J., Z. Wang, and T. Hunter, Inappropriate activation of the TSC/Rheb/mTOR/S6K cassette induces IRS1/2 depletion, insulin resistance, and cell survival deficiencies. Curr Biol, 2004. 14(18): p. 1650-6.

136.
Shiloh, Y., ATM and related protein kinases: safeguarding genome integrity. Nat Rev Cancer, 2003. 3(3): p. 155-68.

137.
Shioi, T., et al., Akt/protein kinase B promotes organ growth in transgenic mice. Mol Cell Biol, 2002. 22(8): p. 2799-809.

138.
Shiota, C., et al., Multiallelic disruption of the rictor gene in mice reveals that mTOR complex 2 is essential for fetal growth and viability. Dev Cell, 2006. 11(4): p. 583-9.

139.
Smith, G.C. and S.P. Jackson, The DNA-dependent protein kinase. Genes Dev, 1999. 13(8): p. 916-34.

140.
Spagnolo, L., et al., Three-dimensional structure of the human DNA-PKcs/Ku70/Ku80 complex assembled on DNA and its implications for DNA DSB repair. Mol Cell, 2006. 22(4): p. 511-9.

141.
Surucu, B., et al., In Vivo Analysis of Protein Kinase B (PKB)/Akt Regulation in DNA-PKcs-null Mice Reveals a Role for PKB/Akt in DNA Damage Response and Tumorigenesis. J Biol Chem, 2008. 283(44): p. 30025-33.

142.
Taccioli, G.E., et al., Targeted disruption of the catalytic subunit of the DNA-PK gene in mice confers severe combined immunodeficiency and radiosensitivity. Immunity, 1998. 9(3): p. 355-66.

143.
Taccioli, G.E., et al., Impairment of V(D)J recombination in double-strand break repair mutants. Science, 1993. 260(5105): p. 207-10.

144.
Takai, H., et al., Tel2 regulates the stability of PI3K-related protein kinases. Cell, 2007. 131(7): p. 1248-59.

145.
Tan, J. and D.E. Hallahan, Growth factor-independent activation of protein kinase B contributes to the inherent resistance of vascular endothelium to radiation-induced apoptotic response. Cancer Res, 2003. 63(22): p. 7663-7.

146.
Tee, A.R. and J. Blenis, mTOR, translational control and human disease. Semin Cell Dev Biol, 2005. 16(1): p. 29-37.

147.
Toker, A. and A.C. Newton, Akt/protein kinase B is regulated by autophosphorylation at the hypothetical PDK-2 site. J Biol Chem, 2000. 275(12): p. 8271-4.

148.
Tomimatsu, N., et al., Ku70/80 modulates ATM and ATR signaling pathways in response to DNA double strand breaks. J Biol Chem, 2007. 282(14): p. 10138-45.

149.
Toulany, M., et al., Targeting of AKT1 enhances radiation toxicity of human tumor cells by inhibiting DNA-PKcs-dependent DNA double-strand break repair. Mol Cancer Ther, 2008. 7(7): p. 1772-81.

150.
Tschopp, O., et al., Essential role of protein kinase B gamma (PKB gamma/Akt3) in postnatal brain development but not in glucose homeostasis. Development, 2005. 132(13): p. 2943-54.

151.
Tuttle, R.L., et al., Regulation of pancreatic beta-cell growth and survival by the serine/threonine protein kinase Akt1/PKBalpha. Nat Med, 2001. 7(10): p. 1133-7.

152.
Uematsu, N., et al., Autophosphorylation of DNA-PKCS regulates its dynamics at DNA double-strand breaks. J Cell Biol, 2007. 177(2): p. 219-29.

153.
Viniegra, J.G., et al., Full activation of PKB/Akt in response to insulin or ionizing radiation is mediated through ATM. J Biol Chem, 2005. 280(6): p. 4029-36.

154.
Wullschleger, S., R. Loewith, and M.N. Hall, TOR signaling in growth and metabolism. Cell, 2006. 124(3): p. 471-84.

155.
Wymann, M.P., M. Zvelebil, and M. Laffargue, Phosphoinositide 3-kinase signalling--which way to target? Trends Pharmacol Sci, 2003. 24(7): p. 366-76.

156.
Yang, J., et al., Crystal structure of an activated Akt/protein kinase B ternary complex with GSK3-peptide and AMP-PNP. Nat Struct Biol, 2002. 9(12): p. 940-4.

157.
Yang, J., et al., Molecular mechanism for the regulation of protein kinase B/Akt by hydrophobic motif phosphorylation. Mol Cell, 2002. 9(6): p. 1227-40.

158.
Yang, Z.Z., et al., Dosage-dependent effects of Akt1/protein kinase Balpha (PKBalpha) and Akt3/PKBgamma on thymus, skin, and cardiovascular and nervous system development in mice. Mol Cell Biol, 2005. 25(23): p. 10407-18.

159.
Yang, Z.Z., et al., Protein kinase B alpha/Akt1 regulates placental development and fetal growth. J Biol Chem, 2003. 278(34): p. 32124-31.



7. APPENDIX

7. APPENDIX

In Vivo Analysis of Protein Kinase B (PKB)/Akt Regulation in DNA-PKcs-null Mice Reveals a Role for PKB/Akt in DNA Damage Response and Tumorigenesis 

J Biol Chem. 283(44):30025-33
Surucu B, Bozulic L, Hynx D, Parcellier A and Hemmings BA 

8. CURRICULUM VITAE
LANA BOZULIC                          
Professional:

Friedrich Miescher Institute                              
For Biomedical Research                              
Maulbeerstr 66, Basel CH-4058

Switzerland

Phone: +41-61-6972203

E-mail: lana.bozulic@fmi.ch
Date of Birth: March 6th 1979

Place of Birth: Zagreb, Croatia

Nationality: Croatian

Residency: Switzerland, Residence Permit B

Education and Professional Training
2004.-present                        PhD degree in molecular biology at the Friedrich Miescher Institute for Biomedical Research/University of Basel, Basel, Switzerland

                                              Laboratory of Brian Hemmings: “Regulation of Protein Kinase B Activity and Functions by Upstream Kinases”
2003.                                     Researcher, internship at the Friedrich Miescher

                                              Institute for Biomedical Research, Basel, Switzerland

                                              Laboratory of Brian Hemmings: “Identification and     

                                              Characterization of the Protein Kinase B Ser473 Kinase”
2002.                                     Master degree in molecular biology at the Faculty of 

                                               Science, University of Zagreb/Clinical Medical Center       
                                               “Rebro”, Zagreb, Croatia

                                              Clinical diagnostics: “Detection of (9; 22)  

                                              Chromosome Translocation”

1997.-2002.                           Diploma studies at the Faculty of Science, University of     

                                              Zagreb, Zagreb, Croatia

Publications:                                              
Bozulic L and Hemmings BA (in preparation 2008) A role for PKB in the DNA Double Strand Break Response: Give Me a Break. Invited Extra View/Perspective. CellCycle 

Surucu B, Bozulic L, Hynx D, Parcellier A and Hemmings BA (2008) In vivo analysis of PKB/Akt regulation in DNA-PKcs null mice reveals a role for PKB/Akt in DNA damage response and tumorigenesis. 
J Biol Chem. 2008 Oct 31;283(44):30025-33
Bozulic L, Surucu B, Hynx D and Hemmings BA (2008) PKBalpha/Akt1 acts downstream of DNA-PK in the DNA double-strand break response and promotes survival

Mol Cell Apr 25;30(2):203-13.
     • selected for Faculty of 1000 Biology     (www.f1000biology.com/article/id/1109098)
Bozulic L, Morin P Jr, Hunter T, Hemmings BA (2007) Meeting report: targeting the kinome--20 years of tyrosine kinase inhibitor research in Basel. Sci STKE Feb 20;2007(374):pe8.

Presentations:
Internal FMI Growth Control Seminars and FMI Annual Meeting, 2004.-2008. Oral and Poster Presentation
Europhosphatase 2007 ‘Protein phosphatases in health and disease’, July 2007, Aveiro, Portugal. Oral presentation: PKB is activated in response to DNA damage by DNA-PK to regulate transcription and survival
CSHL ‘Phosphorylation, signaling and disease’, May 2007, Cold Spring Harbor, USA. Oral presentation: PKB is activated by DNA-PK in response to double-strand DNA breaks to regulate survival, proliferation and transcription

 ‘Targeting the Kinome’, December 2006, Basel, Switzerland. Poster presentation: PKB is activated by DNA-PK in response to DNA double-strand breaks to regulate transcription and survival
Fellowships/awards:
2003.                                 IAESTE Trainee Scholarship
2004.                                 FMI International PhD Program Scholarship
Organization/team work:

· Organization of the Career Guidance Conference in Life Sciences (2005) (www.cgc2005.com)

· Organization of the FMI Student Science Colloquia Series 

(www.fmi.ch/student/colloquim.htm)

Ataxia Telangiectasia Mutated


Ataxia Telangiectasia and Rad3 Related


Damage Response


DNA Double Strand Breaks


DNA Dependent Protein Kinase Catalytic Subunit


Forkhead box, Class O


Glycogen Synthase Kinase 3 


Insulin-like Growth Factor 1 


Insulin Receptor Substrate 


Mammalian Target of Rapamycin 


3-phosphoinositide-dependent Protein Kinase 1 


Pleckstrin Homology 


Phosphoinositide-3-kinase 


Phosphatidylinositol 3,4,5-triphosphate (PIP3)


Protein Kinase B 


Phosphatase and Tensin homolog 


Regulatory-associated Protein of mTOR  (mTORC1 complex)


Rapamycin-insensitive Companion of mTOR (mTORC2 complex) 


Receptor Tyrosine Kinase 


PI3K-related Kinase











Private: 


In den Klostermatten 34, Basel CH-4052


Switzerland


Mobile: +41-78-7293329


E-mail: wzl1716@gmail.com











Other Skills


▪ Computer: MS Office (Excel, Word, PowerPoint)            


                      Statistical analysis (SigmaStat)


                      Bibliography (PubMed, EndNote)


                      Imaging (Photoshop, Imaris)


▪ Languages: Croatian (mother tongue)


                        English (fluent)


                        German (B2/C1)


                        Italian (basic)


▪ Driving License





Personal Interests


Writing  


Published author (“Croatian Modern 


Prose Anthology”). Working on a novel.


Sports 


Running ½ marathons in preparation for my first marathon. Also playing tennis.


Travel 


Passionate backpacker.


Literature 








