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ABSTRACT 
 

Ataxia Telangiectasia (A-T) is a rare cancer-predisposing genetic disease, caused by the lack of 

functional ATM kinase, a major actor of the Double Stand Break (DSB) DNA-damage response. A-T 

patients show a broad and diverse phenotype, which includes an increased rate of lymphoma and 

leukemia development. Fas-induced apoptosis plays a fundamental role in the homeostasis of the 

immune system and its defects have been associated with autoimmunity and lymphoma development. 

We therefore investigated the role of ATM kinase in Fas-induced apoptosis. Using A-T lymphoid 

cells we could show that ATM deficiency causes resistance to Fas-induced apoptosis. A-T cells 

upregulate FLIP protein levels, a well-known inhibitor of Fas-induced apoptosis. Reconstitution of 

ATM kinase activity was sufficient to decrease FLIP levels and to restore Fas-sensitivity. Conversely, 

genetic and pharmacological ATM kinase inactivation resulted in FLIP protein upregulation and Fas 

resistance.  

Both ATM and FLIP are aberrantly regulated in Hodgkin lymphoma. Importantly, we found that 

reconstitution of ATM kinase activity decreases FLIP protein levels and restores Fas-sensitivity in 

Hodgkin lymphoma derived cells. 

 Overall, these data identify a novel molecular mechanism through which ATM kinase may 

regulate the immune system homeostasis and impair lymphoma development. 

 

ABSTRACT (in Italian) 

 
L’Atassia Telangectasia (A-T) è una rara patologia genetica  causata dall’assenza funzionale della 

chinasi ATM, la quale svolge un ruolo fondamentale nella risposta al danno  a doppia elica del DNA. I 

pazienti A-T manifestano un’ampia gamma di fenotipi, tra i quali una maggior predisposizione allo 

sviluppo di linfomi e leucemie. L’apoptosi indotta da Fas gioca un ruolo fondamentale nel controllo 

dell’omeostasi del sistema immunitario e difetti nella via di trasduzione del segnale controllata dal 

recettore di morte Fas sono stati associati con lo sviluppo di linfomi e malattie autoimmuni. 

Abbiamo quindi investigato il ruolo di ATM nell’apoptosi indotta da Fas.  Nei nostri studi cellule 

linfoblastoidi che non hanno una  proteina ATM funzionale  sono sensibilmente resistenti alla morte 

indotta dal recettore Fas. Tale resistenza all’apoptosi correla con alti livelli di espressione nelle cellule 

di una proteina anti-apoptotica chiamata FLIP. La ricostituzione di queste cellule con una forma 

cataliticamente attiva di ATM è sufficiente per abbassare i livelli di FLIP e ripristinare la sensibilità 

all’apoptosi indotta da Fas. Invece, l’inibizione dell’attività chinasica di ATM, tramite  inibitori 

farmacologici e/o genetici, porta all’innalzamento dei livelli di FLIP ed alla resistenza all’apoptosi 

indotta da Fas. 

Sia ATM che FLIP sono regolati in modo aberrante nei linfomi di Hodgkins. Noi abbiamo scoperto 

che la ricostituzione dell’attività chinasica di ATM, in cellule derivate dai linfomi di Hodgkins, fa sì 

che i livelli di FLIP si abbassino e  le cellule diventino sensibili all’apoptosi indotta da FAS.  

Nel loro insieme questi dati hanno portato all’identificazione di un nuovo meccanismo molecolare 

attraverso il quale la chinasi ATM può regolare l’omeostasi del sistema immunitario e lo sviluppo di 

tumori a carico di questo apparato. 
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INTRODUCTION 
 

 

ATM (Ataxia-Telangiectasia Mutated) KINASE  

 

Ataxia Telangiectasia 

 
The ATM (Ataxia-Telangiectasia Mutated) protein was identified as the product of the gene 

that is mutated (lost or inactivated) in the human genetic disorder Ataxia-Telangiectasia (A-T) 

(Savitsky et al., 1995). A-T belongs to a group of diseases that are collectively known as ‘genomic 

instability syndromes’, each of which results from a defective response to a specific DNA lesion. A-T 

is characterized by cerebellar degeneration, which leads to severe and progressive neuromotor 

dysfuction, immunodeficiency, genomic instability, thymic and gonodal atrophy, a striking 

predisposition to lymphoreticular malignancies and extreme sensitivity to ionizing radiation and 

Double Stand Break (DSB) DNA damage -inducing agents (Fig.1) (McKinnon, 2004). This human 

disorder typically combines most of the hallmarks of a defective DNA-damage response, clearly 

pointing to the DSB as the lesion that elicits this defects. Indeed, cultured cells from A-T patients 

show a broad defect in responding to DSBs that span almost all of known branches of this response. 

The identification of ATM, which when mutated is the underlying cause of the disease, supported a 

rapid progression in the understanding of the molecular basis of this disease. Moreover, the striking 

clinical and cellular phenotype that is caused by ATM loss, clearly places this protein at the top 

position in the DSB-response cascade (Shiloh , 2003). 

A-T patients suffer as a result of over 400 distinct ATM mutations, among them 85% are 

accounted for  null mutations in the ATM gene (Becker-Catania et al., 2000). Thus approximately 

85% of A-T suffers have no detectable ATM protein. There are a few reported genuine A-T cases with 

normal ATM protein levels; however, in these cases the protein is defective in its enzymatic activity 

(Stankovic et al.,  1998). 

 

 
 

 
Fig.1. Clinical symptoms, cellular phenotypes and cancer predisposition of individuals with mutations in the ATM 

(ataxia-telangiectasia mutated) gene. 
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ATM structure and function 

 
The ATM protein is a large molecule (approximately 350 kDa) which belongs to a conserved 

family of proteins, most of which possess a serine/threonine kinase activity (Shiloh Y., 2003). All of 

these proteins contain  a domain typical of the lipid kinase phosphatidylinisitol 3-kinase (PI3K) 

(Fig.2), so they are dubbed ‘PI3K-like protein kinases’ (PIKKs). The PI3K domain harbours the 

catalytic site of the active protein kinases of the PIKK family. The ATM protein is characterized by 

the presence of other structural domains (Fig.2): the FAT domain, located N-terminally to the kinase 

domain,  is conserved among PIKK family of proteins FRAP, ATR and TRRAP; the FATC domain, a 

33aa conserved domain in the C-terminal of the protein. Recent works show that these two domains 

play a critical role in the regulation of ATM protein kinase activity  (Bakkenist and Kastan,2003; Jiang 

X et al., 2006).The FAT domain of ATM contains  serine 1981, the site that is autophosphorylated 

during ATM activation (Bakkenist and Kastan, 2003). The FATC domains binds to histone 

acetyltransferase TIP60 and this binding is important for ATM activation (Jiang X et al., 2006). 
Instead the function of the large N-terminal portion of ATM is almost unknown, but this large portion 

is crucial to form productive complexes with some important ATM substrates proteins as p53 and c-

Abl ( Khanna et al., 1998; Shafman et al., 1997), supporting the idea  that  the N-terminal of ATM is 

also essential for correct ATM function (Fernandes et al., 2005).  

The active protein kinases in the family, which are conserved from yeast to mammals, respond 

to various stress phosphorylating key proteins in the corresponding response pathways (Shiloh Y., 

2003). They could therefore simultaneously affect several processes depending on the spectrum of 

their substrates. Four mammalian PIKKs are known to be involved in the DNA-damage response: the 

DNA-dependent protein kinase (DNA-PK), ATM, ATR and ATX .Whereas ATM and DNA-PK 

respond primarily to DSBs, ATR and ATX respond to both ultraviolet (UV) light damage (possibly 

UV-light-induced replication arrest) and DSBs, and ATR also responds to stalled replication forks. 

mTOR/FRAP is the only active kinase in this family that is not involved in the DNA damage response.   

 

 

 
 

Fig.2. Size and common motifs in the human members of the PIKK family. The number of residues is indicated for 

each protein. This family comprises six proteins, all of which (except for TRRAP) possess protein kinase activity. These 

proteins share three motifs: the FAT and FATC domains and the PI3K domain, which contains the phosphatidylinositol 3-

kinase motif and harbours the catalytic site in the active kinases of the family (see text). 
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ATM function in DNA damage signaling 

 

The greatest challenge to genome stability comes from DNA-damaging agents that can be 

either endogenous (occurring during normal cell metabolism) or exogenous (from the environment). 

Damaging agents such as radiation and reactive chemicals are capable of inducing a plethora of DNA 

lesions. Some of them are extremely cytotoxic if not repaired, whereas others are mutagenic and can 

affect the production, structure and function of cellular proteins, with consequences ranging from 

malfunction of the cell to malignant transformation. It is not surprising, therefore, that many mutagens 

are also carcinogens, and that there is a high correlation between their carcinogenic and mutagenic 

potencies. The basic cellular response is to arrest the cycle to prevent genome instability and to repair 

the damage, but the type and amount of damage might overwhelm the survival response machinery to 

the extent that programmed cell death (apoptosis) is initiated instead (Fig.3). The mechanism of this 

important choice between attempts at survival and programmed death is not entirely clear. 

ATM is the prototype transducer of the Double Stand Break DNA damage. DSBs are naturally 

formed and sealed during processes such as meiotic recombination and the assembly of the T-cell 

receptor and immunoglobulin genes via V(D)J recombination, in T cells and B cells, respectively. It is 

safe to assume that cellular DSB repair mechanisms maintain continuous, low-level activity, ensuring 

that the occurrence and resealing of these breaks leave the cell unharmed. But when DSBs are inflicted 

on the genome by damaging agents, such as free radicals or ionizing radiation, their threat to cell life is 

sufficiently serious to set in motion, within minutes, a rapidly mounting, decisive DNA-damage 

response. Recent models depict the DSB response as developing through a series of steps (Fig. 3) 

(Shiloh Y., 2003).According to these models, DSBs might first be detected by sensor proteins that 

recognize the DNA lesion itself or possibly chromatin alterations that follow DNA breakage. The 

broken ends are then processed — their chemical nature is random, so they cannot serve directly as 

substrates for repair mechanisms. Then, the transducers are brought into action; these convey the 

damage signal to downstream effectors. It is this relay system from transducers to effectors that 

enables a single transducer to quickly affect the operation of many pathways .The transducers might 

also be involved in the assembly of DNA-repair complexes at the site of the damage , so DSB repair 

and signaling are probably concomitant and functionally linked . As mentioned above in the case of 

DSBs, the initial and primary transducer is ATM which transmits the message via a standard 

signalling mode: protein phosphorylation. In particular ATM kinase  activity is induced upon DSB and 

modulates the cell cycle arrest and repair as well as the apoptotic response in case the damage is very 

extend preventing DNA replication in the presence of damaged DNA and genomic instability (Fig.3) 

(Shiloh Y., 2003).  
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Fig. 3. Cellular responses to DNA damage. Different types of  DNA damage cause different types of  lesions, and 

these, in turn, are handled by the cell in different ways. The outcome could be cell survival and resumption of the 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 completely understood. The survival response is elaborate and encompasses many signalling 

pathways. (From Shiloh Y. 2003) 
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ATM function in non-DNA damage signaling 

 

 

 

Although the work of several labs supports the idea that ATM is a predominantly nuclear 

protein, involved in the signaling of DNA damage to the cell cycle checkpoint machinery, some 

reports demonstrated that ATM is also a cytosolic protein (Watters, D et al. 1997) and that the kinase 

activity of this protein is also activated by non-DNA damage signaling (Kastan MB & Lim DS., 2000; 

Lavin MF, 2000). For example Yang and Kastan (Yang DQ & Kastan MB., 2000) provide evidence 

that the kinase activity of this protein is also activated by insulin through a non-DNA damage 

signalling pathway to phosphorylate 4E-BP1 (PHAS-I), a regulator of protein synthesis. This report 

supports a more general signalling function of ATM in cell growth and proliferation . 

Moreover, in the cytoplasm, ATM localizes to vesicles and interacts with β-adaptin (Lim et 

al., 1998) one of the components of the AP-2 adaptor complex, which is involved in clathrin mediated 

endocytosis of receptors (Robinson, 1994). This interaction between ATM and the vesicle associated 

proteins may play an important role in regulating vesicle and or protein transport in neurons. 

Dysfunction in these pathways may contribute to the progressive cerebellar degeneration of AT 

patients (Lim et al., 1998). 

In post-mitotic neuronal tissue samples, it has even been shown that ATM is predominantly 

cytoplasmic (Oka and Takashima 1998; Barlow et al. 2000), which further indicates a role for 

cytoplasmic ATM in neuronal cell differentiation and survival. Finally a recent work on Science 

(Zhao-Hui Wu et al. 2006) demonstrated  that ATM can traslocate in the cytosol upon the  

phosphorylation and the binding to  NEMO protein, a regulatory subunit of IKK complex that plays a 

central role in regulating NFKB transcription factor. 

Although the role of ATM kinase in the cytosol remains unclear, understanding this function 

of ATM might help to explain how mutations in the ATM gene cause the pleiotropic nature of the A-T 

phenotype. In fact, a role for ATM in intracellular signaling and in the cytosol has been suggested by 

several of the phenotypic changes observed in AT cells, such as the high level of growth factors 

required for cell growth (Shiloh, Y et al. 1983), the insulin resistance in AT patients (Bar, R. S et al. 

1978), and the altered actin cytoskeleton in AT cells (McKinnon, P. J. & Burgoyne, L. A. 1985). In 

addition, uncharacterized accumulated cytoplasmic lipid vesicles and an increased number of 

lysosomes in AT patient samples have been observed in electron microscopic studies (Schoonderwaldt 

et al, 1977), suggesting altered lipid metabolism or altered lysosomal enzyme activity in AT cells.   

So the large size of the ATM protein and its multiple subcellular localizations suggest that 

ATM may have more than one function. 
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ATM activation  

 
ATM is activated most efficiently by radiation and radiomimetic agents (Kurz et al. 2004). ATM 

resides predominantly in the nucleus in dividing cells, and responds swiftly and vigorously to DSBs by 

phosphorylating numerous substrate. The hallmark of ATM’s response to DSBs is a rapid increase in 

its kinase activity immediately following DSB formation. Researchers have long been impressed by 

the rapid phosphorylation of the many ATM substrates, which converts them within minutes to 

phosphorylated derivatives. A marked change in the activity of ATM would account for this massive 

process. Initial evidence indicated that ATM activation might involve autophosphorylation. A 

breakthrough in our understanding of this process came in a landmark publication by Bakkenist and 

Kastan (Bakkenist and Kastan,2003). They reported that ATM molecules are inactive in undamaged 

cells, being held as dimers or higher-order multimers. In this configuration, the kinase domain of each 

molecule is blocked by the FAT domain of the other (Fig. 4). Following DNA damage, each ATM 

molecule phosphorylates the other on a serine residue at position 1981 within the FAT domain , a 

phosphorylation that releases the two molecules from each other’s grip,  into fully active monomers 

(Fig. 4). Within minutes after the infliction of as few as several Double Stand Breaks  per turning 

genome, most ATM molecules become vigorously active.  

 

Mechanism of ATM activation 

 

There are different hypothesis about the molecular mechanism through  which ATM is activated 

upon DSB DNA damage. Bakkenist and Kastan provide evidence that the signal for ATM activation 

might be chromatin alterations rather than direct contact of ATM with the broken DNA (Bakkenist 

and Kastan,2003). While it remains unclear whether the DNA double strand break per se or 

conformational change in chromatin resulting from the break initiates the process of ATM activation, 

other events associated with the process are better described. NBS1 (a component of the Mre11 

complex) is conventionally thought to be a downstream substrate of ATM. However recent studies 

suggest that NBS1/MRN might function upstream of ATM, by recruiting ATM to the proximity of 

DNA damage sites and activating its enzimatic function (Uziel et al., 2003). In addition to the 

requirement for the Mre11 complex for ATM activation a number of post-translational modifications 

are also required. As mentioned above Bakkenist and Kastan showed that the phosporylation on S1981 

on ATM plays an important role in its activation (Bakkenist and Kastan,2003). There is also evidence 

that dephosphorylation of ATM affects its enzimatic activity. Goodarzi et al. (Goodarzi et al. 2004) 

showed that the catalytic and scaffolding subunits of PP2A co-immunoprecipitated with ATM, in 

unirradiated cells, but dissociated from the complex after irradiation. These results suggested that 

PP2A associates with ATM in unperturbed cells to maintain it in an inactive state. 

 Moreover Sun Y. et al (Sun Y. et al., 2005) suggest a direct role for the histone acetyltransferase 

TIP60 in ATM activation in response to DNA damage. ATM in unstressed cells appeared to be 

associated through the FATC domain with TIP60. Upon DNA damage TIP60 is activated and directly 

acetylates ATM and this event is causal for kinase activation.  
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Fig. 4. Model of ATM activation. In unstressed cells, the ATM kinase forms dormant dimers, distributed throughout the 

nucleus. The ‘FAT’ domain of one ATM unit interacts with the enzymatic (kinase) domain of the other, and this probably 

locks ATM into a state in which it cannot interact with and phosphorylate its protein targets. Generation of DNA double-

strand breaks (DSBs) by, for instance, ionizing radiation causes intermolecular modifications within ATM dimers that 

ultimately lead to their activation. The two bound ATM proteins phosphorylate each other on serine residue 1981 to form 

active monomers, and so this phosphorylation is consider a marker of ATM activity (Bakkenist and Kastan,  2003).   
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ATM substrates 

 
ATM-mediated phosphorylation either enhances or represses the activity of its targets, thereby 

affecting specific processes in which these proteins are involved. Similar to other active PIKKs (with 

the exception of mTOR/FRAP), ATM targets serine or threonine residues followed by glutamine (the 

‘SQ/TQ’motif) (Traven A. and Heierhorst, 2005). Knowledge of the  substrates of a protein kinase is 

essential to understanding its biological functions. So when ATM was identified as a member of the 

PIKK family, capable of phosphorylating a variety of substrates involved in Double Stand Break 

(DSB) DNA damage  induced signalling, it was evident that it would play a key role in cell cycle 

checkpoint control, DNA repair and apoptosis (Fig.5) (Shiloh, 2003).  

One of the first processes that is initiated by DSBs is the massive phosphorylation of the tail of a 

histone protein variant called H2AX (Redon et al., 2002). Foci of phosphorylated H2AX are rapidly 

formed at the DSB sites and are thought to be essential for further recruitment of repair factors, such as 

the MRN complex. H2AX phosphorylation , a very early event in the cascade induced by DSBs , was 

reported to be ATM dependent following DSB induction (Burma S. et al 2001).This process could 

therefore serve as a rapid and powerful mechanism for amplifying the damage signal via repeated 

cycles of H2AX phosphorylation, and recruitment of processing factors. 

 Another important substrate of ATM after DSB DNA damage is p53. A-T cells were defective in 

all the cell cycle checkpoints (Beamish and Lavin 1994). ATM plays a complex role in regulating the 

G1/S, S and G2/M checkpoints, directly phosphorylating substrates (Fig.5), activating other kinases to 

do this and ensuring rigid maintenance of the checkpoints by controlling signalling at multiple levels. 

This is illustrated for the G1/S checkpoint. When Kastan et al. (Kastan  et al., 1992) demonstrated a 

defect in p53 stabilization in response to radiation exposure,  p53 emerged as crucial mediator of G1/S 

checkpoint. They had previously shown that radiation exerted its influence on the G1/S checkpoint to 

delay the passage of cells into S-phase in order to facilitate DNA repair (Kastan  et al., 1991). It is now 

history that ATM phosphorylates p53 on S15 and is responsible for other p53 phosphorylations that 

contribute to the efficiency of the transcriptional activation of p53 (Banin S. et al., 1998), responsible 

for G1/S checkpoint activation or induction of apoptosis (Lavin, 2006). ATM also phosphorylates and 

activates CHK2, a checkpoint kinase  that phosphorylates p53 on Ser20 (Bartek, J. et al., 2001). This 

interferes with the p53–MDM2 interaction. The oncogenic protein MDM2 is both a direct and indirect 

inhibitor of p53, as it serves as a ubiquitin ligase in p53 ubiquitylation, which mediates its proteasome-

mediated degradation. ATM also directly phosphorylates MDM2 on Ser395, which interferes with 

nuclear export of the p53–MDM2 complex, and hence the degradation of p53 (Khosravi et al. 1999). 

Finally, it has been reported that phosphorylations of  p53 on Ser9 and Ser46 , and dephosphorylation 

of Ser376 , are ATM dependent as well, although the function of these changes is unknown (Saito S. 

2002). This series of ATM-dependent modifications that activate and stabilize p53, although perhaps 

not complete , illustrates the elaborate way in which ATM handles a single effector, and indicates that 

ATM might regulate several effectors within the same pathway. 

Most of these pathways have not been completely characterized, and the involvement of ATM 

substrates in them has been inferred simply from defective activation of specific checkpoints 

following abrogation of ATM-mediated phosphorylation of these proteins. It is possible that such 

proteins have a dual role in processes upstream and downstream of ATM. As mentioned above such is 

the case with NBS1 as well: on one hand, it is a component of the MRN complex that is thought to be 
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involved in the initial processing of the DSB, and, on the other hand, it is a downstream effector of 

ATM in a checkpoint pathway. 

So the emerging complex relationships between ATM and its substrates are drawing new flow 

charts for the DNA-damage signal that deviate from the traditional linear ones and assign to several 

proteins more than one role ‘upstream’ or ‘downstream’ in this chart (Fig.5). 

 

 

 

 
 

 

 

 

 
 

Fig. 5 Current view of the ATM-dependent DSB response network. (From Shiloh et al. 2004) 
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Proteomic approach for ATM substrates identification 

 

The identification of downstream components of the ATM signaling network provide a necessary 

starting point for functional studies and will stimulate insights into diseases such as Ataxia 

Telangiectasia and the avoidance of cell cycle checkpoints in cancer, a critical early event in cancer 

progression. 

The list of published ATM substrates is far from complete, and many ATM-dependent responses 

are likely to involve ATM targets that are unknown at present. Although a key to understanding any 

kinase network is the identification of the in vivo substrates,  few techniques are available to identify 

protein kinase substrates so unbiased identification of kinase substrates is a difficult endeavor. Various 

techniques have emerged to identify phosphoproteins and kinase substrates (Ptacek et al., 2005; 

Dephoure et al., 2005), but few give in vivo confirmation or the sites of phosphorylation.  However 

recently  several groups  made large-scale proteomic analysis of proteins phosphorylated by ATM 

kinase. Mu et al. (Mu et al., 2007)  screened for potential ATM/ATR substrates using phospho-

specific antibodies, against known ATM/ ATR substrates  that recognize pSQ motifs, to 

immunoprecipitate potential new substrates. The proteins cross-reacting with phospho-specific 

antibodies, in response to DNA damage, were  identified by mass spectrometry and the subset of 

candidate substrates for ATM/ATR-dependent phosphorylation was valitated in vivo. Interestingly, 

using this approach  they identified proteins that belong to the ubiquitin-proteasome system (UPS) to 

be required in mammalian DNA damage checkpoint control thus revealing protein ubiquitylation as an 

important regulatory mechanism downstream of ATM/ATR activation for checkpoint control. 

Moreover  recently Matsuoka et al. (Matsuoka et al., 2007) performed a large-scale proteomic analysis 

of proteins phosphorylated in response to DNA damage on consensus sites recognized by ATM and 

ATR and identified more than 900 regulated phosphorylation sites encompassing over 700 proteins. 

The identified proteins were annotated by the authors in  gene ontology format (Fig.6). Functional 

analysis of a subset of this data set indicated that this list is highly enriched for proteins involved in the 

DNA damage response. More interestingly  they identified also a large number of protein modules and 

networks not previously linked to the DNA damage response. This database paints a much broader 

landscape for the DNA damage response that was previously appreciated and opens new avenues of 

investigation into the responses to DNA damage in mammals. 

 

 
Fig.6 Gene ontology analysis of the candidate ATM and ATR substrates (from Matsuoka et al., 2007). Gene 

ontology analysis of the candidate substrates was done with the PANTHER program. Of the 700 identified proteins, 421 

were assigned with 769 biological processes. Proteins for which no biological process could be assigned were omitted from 

this display. Categories with more than 20 assigned proteins are shown. 
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ATM in the immune system and cancer  

 
Like the other genomic instability syndromes, A-T is a cancer-predisposing disorder. The 

higher cancer predisposition of A-T patients has been associated with the lack of DNA damage 

response, which results in genomic instability (Shiloh Y. 2003; Khanna KK. & Jackson SP,  2001) 

However, despite the nervous system being markedly affected in AT, the tumor types occurring in this 

disease are primarily  lymphoma and leukemia (Gumy-Pause F. et al., 2004; Taylor AM, et al. 1996). 

This clinical feature is consistent with the central role of ATM in the management of the DNA DSBs 

generated during the immune system development and function in physiological conditions (Matei IR 

et al. 2006; Starczynski J et al 2003). 

As mentioned above DNA damage checkpoints and repair of DNA double strand breaks 

(DSB) are necessary to preserve genomic integrity during V(D)J recombination, a process required to 

rearrange B-cell and T-cell receptor (TCR) gene segments. Although responsible for enormous 

diversity of the immune system, chromosome breakage and rejoining during V(D)J recombination 

contribute to oncogenic transformation in the context of defective DNA damage checkpoints and/or 

DNA DSB repair (Matei IR et al. 2006). Thus, impairments in ubiquitous DNA damage detection 

and/or repair pathway result in genomic instability. Defects in repair protein, as ATM kinase, involved 

in rejoining V(D)J recombination-induced DSBs preclude the generation of antigen receptor, 

profoundly compromising T- and B-cell development and causing severe immune deficiencies (Revy 

P et al. 2005). Moreover Atm-deficient mice show a striking predisposition to lymphoid malignancies, 

particularly thymic lymphomas, to which they succumb before the age of 1 year (Shiloh Y. 2001; 

Shiloh T. and Kastan MB 2001). 

 However, much of the literature on ATM mutations and cancer is not about A-T patients, but 

is, instead, on heterozygous carriers of A-T mutations. For more than two decades, ATM has been of 

interest to cancer epidemiologists and the public because of observations of cancer predisposition 

among A-T carriers. These studies pointed to a high incidence of malignancies, particularly breast 

cancer, among unaffected members of A-T families (Khanna, K.K., 2000). In view of the estimated 1–

2% frequency of A-T carriers in the general population, this observation has important implications 

for public health.  A-T mutations lead, in most cases, to truncated, unstable protein products, and these 

ATM alleles therefore fail to produce any ATM at all. Carriers of such mutations have a reduced 

amount of otherwise functional ATM. Other A-T mutations lead to amino-acid substitutions (missense 

mutations) or in-frame deletions that produce a catalytically inactive protein. Cells of carriers of these 

mutations are expected to contain both functional and inactive ATM molecules in various ratios. A 

meticulous study of the type of ATM mutations  in A-T families with high incidence of cancers 

disclosed a high frequency of missense mutations (Stankovic, T. et al 1998). The importance of 

missense mutations in predisposing carriers to cancer can be explained simply by the dominant- 

negative effect of the inactive version of the protein leading to a reduction in ATM function .  

Further evidence of the importance of ATM missense mutations as cancer-causing genomic 

alterations came from the search for somatic ATM mutations in sporadic human tumours. Indeed, ATM 

was found to undergo somatic mutations in sporadic lymphoid tumours, behaving like a tumour-

suppressor gene in these malignancies (Stankovic et al.2002). In particular  ATM gene alterations, 

mainly missense mutations, have been reported frequently in adult lymphoid malignancies ( Gumy-

Pause et al. 2004). More recently, childhood acute leukemias and Hodgkin disease were investigated 

for ATM gene alterations. ATM germline missense variants were frequently reported (Gumy Pause F 

et al. 2003;  Liberzon E et al. 2004) and two studies showed that some of the detected variants were 

pathogenic, encoding functionally abnormal protein (Takagi M et al. 2004; Oguchi K et al. 2003) 

These results suggest that ATM is also involved in the pathogenesis of childhood lymphoid 

malignancies. These observations seem to reconcile the debate on the role of ATM mutations in 
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genetic predisposition to cancer (Khanna, K.K., 2000; Stankovic, T. et al 1998; Gatti r. et al, 1999), 

and place the gene encoding the ATM protein well within the list of genes that are involved in cancer 

morbidity in the general population. 

Thus understanding the contribution of ATM gene mutations to cancer predisposition in 

human populations will keep this gene in the spotlight of cancer epidemiology. 
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Death receptor induced apoptosis: Fas pathway 

 

Apoptosis overview 

 
Multicellular animals often need to get rid of cells that are in excess, or potentially dangerous. To 

this end, they use an active dedicated molecular programme, which is as important as cell division and 

cell migration and allows the organism to tightly control cell and tissue homeostasis. Various 

researchers during the past two centuries have observed this phenomenon and apoptosis is the term 

finally adopted, coined by Currie and colleagues in 1972 (Kerr et al., 1972).  

Apoptosis is a genetically programmed, morphologically distinct form of cell death that can be 

triggered by a variety of physiological and pathological stimuli. This evolutionarily conserved form of 

cell suicide requires specialized machinery and the central components of this machinery is a 

proteolytic system involving a family of cysteinyl aspartate specific proteinases known as caspases 

(Earnshaw et al., 1999).  

The dying cells shared morphologically features that can be seen under a microscope as this 

sequence: 

1. The cell becomes circular because the cytoskeleton is digested by the caspases. 

2. The chomatin undergoes degradation and condensation into compact patches against the nuclear  

envelope. 

3. The nuclear double membrane started to be dismantle. The caspases begun to degrade the lamin 

that underlies the nuclear envelope. 

4. The nuclear envelope becomes discontinous and the DNA inside it is fragmented. 

5. The nucleus breaks into several discrete chromatin bodies or nucleosomal units. 

6. Plasma membrane blebbings 

7. The cell or the apoptotic bodies are phagocytesed. 

 

This readily visible transformation (Fig.7) is accompanied by a number of biochemical changes 

like the externalization of phosphatidylserine at the cell surface and the activation of the caspase 

proteolityc cascade.  

 

Fig.7. Apoptotic morphology. 

 



INTRODUCTION  Death receptor induced apoptosis: Fas pathway 

16 

 

 

 

 

 

   Apoptosis can be triggered essentially in two distinct ways: intrinsic and extrinsic . In both cases 

effector caspases activated downstream are responsible for all the biochemical and morphological 

changes observed during apoptosis (Fig.8). Irreparable genome damage, caused by mutagens, 

pharmaceuticals or ionizing radiation, activates the intrinsic pathway, in which cytochrome c is 

released from the mitochondria and starts the assembly of the apoptosome. Apaf-1, an oligomeric 

cytoplasmic protein, binds the released cytochrome c and then undergoes an ATP-dependent 

conformational change that allows binding of pro-Caspase-9 through N-terminal CARD domains 

present in both molecules (Hofmann et al., 1997). This binding increases the local concentration of 

Caspase-9, leading to dimerization and promoting reorientations of the caspase’s activation loop 

(Renatus et al., 2001). In addition the juxtaposition of pro-Caspase-9 molecules in the complex 

permits transcatalytic cleavage (Srinivasula et al., 1998). 

In the extrinsic pathway, the apoptotic signal is initiated by direct ligand-mediated activation of 

death receptors like CD95 at the cell surface and the apical caspases involved are pro-Caspase-8 and 

pro-Caspase-10 (Kischkel et al., 2001). 

The death-receptor and mitochondrial pathways converge at the level of Caspase-3 activation. 

Cross-talk and integration between the death-receptor and mitochondrial pathways is provided by Bid, 

a pro-apoptotic Bcl2 family member. Caspase-8 mediated cleavage of Bid greatly increases its pro-

death activity, and results in its translocation to mitochondria, where it promotes cytocrome c exit. 

Nevertheless the contribution of this cross-talk is minimal and the two pathways operate largely 

independently each other (Hengartner, 2000) (Fig.8). 
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Fig.8. Two major apoptotic pathways in mammalian cells. (Hengartner, 2000). The death-receptor pathway (left 

pathway in the figure) is triggered by members of the death receptor superfamily (such as CD95 and tumour necrosis factor 

receptor I). Binding of CD95 ligand to CD95 induces receptor clustering and formation of a death inducing signalling 

complex (DISC). This complex recruits, via the adaptor molecule FADD (Fas-associated death domain protein), multiple 

procaspase-8 molecules, resulting in caspase-8 activation. Caspase-8 activation can be blocked by recruitment of the 

degenerate caspase homologue c-FLIP. The mitochondrial pathway (right) is used extensively in response to extracellular 

cues and interna insults such as DNA damage These diverse response pathways converge on mitochondria, often hrough the 

activation of  a pro-apoptotic member of the Bcl-2 family. 

 

 

 

 

 

 

 



INTRODUCTION  Death receptor induced apoptosis: Fas pathway 

18 

 

 

 

Fas pathway 

 
CD95 (APO1/Fas) is the best characterized member of the tumor necrosis factor (TNF) superfamily of 

receptors like TNF and TRAIL receptors (Fig.9). Members of the TNF-R family have pleiotropic 

action. Depending on the signal and on the cell type these receptors can trigger proliferation, survival, 

differentiation or death. CD95 has three cysteine-rich extracellular domains and an intracellular death 

domain (DD) essential for signalling. The receptor mediates apoptosis when triggered by agonistic 

antibodies or its cognate oligomerizing ligand, CD95L, expressed on cell membranes or in a soluble 

form. CD95L belongs to a corresponding coevolved family of proteins, the family of TNF and its 

related cytokines (Peter et al., 1997).  

 

 

 
 

 

 
Fig.9. Tumor necrosis factor superfamily (Curtin JF and Cotter TG., 2003).Schematic diagram depicting the death 

receptors Fas, TNF-R1, DR3, TRAIL-R1, TRAIL-R2 and DR6 and the decoy receptors DcR1, DcR2 and DcR3. Ligands that 

are known to bind to these receptors are all shown and are predominantly membrane bound. Some death receptors can bind 

with more than one ligand and some ligands bind to more than one receptor as indicated. Important adaptor proteins that are 

recruited to each receptor and that are involved in signal transduction are also indicated. 
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CD95 receptors are expressed on the surface of cells as preassociated homotrimers (Papoff et al., 

1999) and mutations on the domain that impairs this association cause the autoimmune disorder called 

ALPS, ‘Autoimmune  Lympho Proliferative Syndrome’ (Siegel et al., 2000). Upon specific ligand 

binding (Wallach, 1999) there is  assembly of a complex of adaptor proteins that leads to clustering of 

the two Fas homotrimers (Holler et al., 2003). This enables the adapter molecule FADD/MORT1 to 

interact with the Death receptor via homophilic interaction of the death domains (DD). FADD is a 

protein of 22 kDa containing two structurally similar protein motifs, the N-terminal Death-Effector 

Domain (DED) and the C-terminal Death-Domain (DD). 

FADD molecules interact then with the death protease Caspase-8 (FLICE) via homophilic 

interaction of death effector domains (DED). The assembly of this proteins constitutes the death-

inducing signalling complex (DISC) (Fig.10) (Medema et al., 1997).  

When pro-Caspase-8 dimerizes, its activity is induced and it acquires the capability to cleave the 

adjacent dimer (Boatright, 2003) (Chang et al., 2003) (Donepudi, 2003). This starts the processing 

(Medema et al., 1997) (Muzio, 1996) of pro-Caspase-8 to form the active Caspase-8, and initiate the 

caspase cascade (figure 5). Upon prolonged triggering of CD95 with agonistic antibodies all cytosolic 

caspase-8 gets proteolitically activated.  Physiological caspase-8 cleavage requires association with the 

DISC and occurs by a two-step mechanism. Initial cleavage generates a p43 and a p12 fragment 

further processed to a p10 fragment. Subsequent cleavage of the receptor-bound p43 results in 

formation of the prodomain p26 and the release of the active site-containing p18 (Medema et al., 

1997). Pro-Caspase-8 activation is absolutely required to trigger this apoptotic response (Juo et al., 

1998) and its catalytic activity has to be tightly regulated to avoid inappropriate activation and 

undesired cell death (Peter, 2004). Several mechanisms contribute to the control of the apoptotic 

response regulating caspase-8 activity. In particular the most important player in the control of 

caspase-8 activation and Fas signalling  is FLIP protein that modulates the caspase-8 recruitment to 

the DISC (Peter, 2004). Moreover recently we demonstrated (Cursi et al., 2006) that tyrosine 

phosphorylation plays a central role in the control of caspase-8 processing and activity. We have 

shown that Src kinase directly phosphorylates Caspase-8 on Tyr 380. Src activity triggers endogenous 

Caspase-8 tyrosine phosphorylation and protects cells from Fas-induced apoptosis, suggesting that 

tyrosine phosphorylation directly modulates Caspase-8 activity and function (Cursi et al., 2006).  
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Fig.10. Fas pathway and DISC formation. 

 

 

Fas pathway regulation: FLIP protein 

 
To avoid uncontrolled cell death or tissue damage, apoptosis is tightly controlled by a collection of 

inhibitors. Both viral and cellular inhibitors exist which block cell death at different levels. Proteins of 

the inhibitor  of apoptosis (IAP) family directly bind and inhibit caspase-3, -6, -7 and -9 (Deveraux et 

al., 1999), whereas Bcl-2 family members regulate apoptosis that is induced by the mitochondrial 

pathway (Adams  et al., 2001). 

There have been several recent advances in defining the molecular and physiological function of a 

novel family of inhibitors of death-receptor induced apoptosis, called FLIP, also known as 

FLICE/caspase-8 inhibitory proteins. FLIP was originally identified as a viral gene product, viral FLIP 

(vFLIP), while investigators were searching genomes for proteins that contain a DED in an effort to 

identify molecules that interact with caspases (Thome, M. et al.1997; Hu, S. et al. 1997; Bertin, J. et 

al.1997). The vFLIPs each contain two DEDs and are members of a family of DED-containing 

proteins that includes FADD, caspase-8, caspase-10 and PEA15 (phosphoprotein enriched in 

astrocytes 15 kDa) (Fig.11). 

Following the characterization of vFLIPs, the mammalian cellular homologue was identified and 

called cFLIP (also known as CASH, Casper, CLARP, FLAME, I-FLICE, MRIT and usurpin)( Irmler, 

M. et al.1997; Inohara, N. et al. 1997). As many as 11 distinct cFLIP splice variants have been 

reported, two of which are mainly expressed as proteins: the 26 kDa short form (FLIP-S) and the 55 

kDa FLIP-L  (Fig.11) (Tschopp, J et al. 1998;  Golks, A et al. 2005;  Krueger, A.et al2001). FLIP-S is 

similar in structure to the vFLIPs, except that the two DEDs of FLIP-S are followed by ~20 amino 

acids that seem to be crucial for its ubiquitylation and therefore its targeting for proteasomal 

degradation (Poukkula, M. et al., 2005). FLIP-L contains a longer C terminus than FLIP-S and this 

full-length form of cFLIP closely resembles the overall structure of caspase-8 and caspase-10 (Fig.11) 
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(Tschopp, J et al. 1998). However, the C-terminal portion of FLIP-L lacks caspase enzymatic activity, 

owing to the substitution of several amino acids, including the crucial cysteine residue in the Gln-Ala-

Cys-X-Gly motif (where X denotes any amino acid) and the histidine residue in the His-Gly motif, 

both of which are necessary for caspase catalytic activity and are conserved in all caspases (Cohen, G. 

M.1997). 

 

 
 

Fig.11. Molecular structure of viral and cellular FLIPs (Thome and Tschopp, 2001). Both herpes viral FLIP and the 

short form of cellular FLIP (FLIP-S) consist  essentially of two repeats of a death effector domain (DED).The long splice 

variant of c-FLIP (FLIP-L) contains a carboxy terminal inactive caspase-like domain which confers on the molecule an 

overall structural homology with caspase-8 and caspase-10. (FLIP, FLICE/caspase-8 inhibitory protein.) 

 

 

 

FLIP function 

 
The inhibition of Fas signaling is based on the ability of the DED domains of  FLIP to compete 

with the DED domain caspase-8, thus preventing caspase-8 recruitment to the adaptor protein FADD 

and consequently preventing the binding of caspase-8 to the death-inducing signalling complex 

(DISC), which is required for caspase-8 activation (Fig.12) (Irmler, M. et al.1997). Therefore, vFLIPs 

and FLIP-S function as dominant-negative inhibitors of caspase-8 by blocking recruitment of caspase-

8 to the DISC, and as a result, block its subsequent processing and activation (Irmler, M. et al.1997) 

(Krueger, A.et al. 2001). FLIP-L function is more complex. Although FLIP-L can compete with 

caspase-8 for recruitment to the DISC, and can therefore inhibit caspase-8 activation downstream of 

CD95 ligation, it also forms a heterodimer with caspase-8 through interactions between both the DEDs 

and the caspase-like domains of the two proteins. The C-terminus of FLIP-L contains an activation 

loop that overlaps and exposes the enzymatic pocket of caspase-8. (Micheau, O. et al.2002). This 

allows partial auto-processing of caspase-8, which releases the p10 fragment to generate the p43 

cleavage product  but inhibits further cleavage to fully active caspase-8 (Krueger, A.et al. 2001). In 

this capacity, FLIP-L functions also as an activator of caspase-8 but then restricts the degree of 
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caspase-8 activation to a moderate, non-apoptotic range. This is probably crucial for the moderate 

caspase activation observed in activated T cells ( Ralph C et al.2006). 

 However ligation of CD95 induces the rapid recruitment of FADD, caspase-8 and the various 

forms of c-FLIP to the DISC. The ratio of total c-FLIP to caspase-8 in the DISC is generally higher 

than that observed in whole-cell lysates, even in cells that express very low levels of FLIP-L. This 

indicates that FLIP-L–caspase-8 heterodimers might have a higher affinity for CD95–FADD 

complexes than do caspase-8 homodimers. This phenomenon might also reflect, at least in part, a 

greater affinity of caspase-8 for FLIP-L than for other caspase-8 molecules. In agreement with this 

observation that homodimerization of a caspase-8 mutant that lacks DED domains is less efficient than 

heterodimerization of FLIP-L and caspase-8 molecules that both lack DEDs (Scaffidi et al., 1999).  

 
 

 
Fig.12. Death-receptor signalling in the absence or presence of FLIP (Thome and Tschopp, 2001). Binding of a 

trimeric ligand to a death receptor leads to recruitment of the adapter molecule Fas-associated death domain (FADD). In the 

case of Fas, tumour-necrosis-factor-related apoptosis-inducing ligand receptor 1 (TRAIL-R1) and TRAIL-R2, the binding of 

FADD is direct, whereas its recruitment to TNF-R1 is mediated by additional adapter molecules. These interactions are due 

to homophilic interactions between the death domains (DD) of receptors and adapter molecules. FADD has an additional 

domain, the death effector domain (DED), which serves to recruit caspase-8, again through homophilic interactions. (a)In the 

absence of FLIP, caspase-8 is recruited and initially activated by autocatalytic cleavage, followed by cleavage between the 

large and small subunit and between the caspase domain and the DED of the neighbouring caspase. As a result, the DED-

containing amino-terminal fragment of caspase-8 stays transiently at the death-inducing signalling complex, whereas the 

active caspase-8 protease dimer is released into the cytoplasm to initiate the apoptotic cascade. (b) Viral FLIP (v-FLIP) and 

the short form of cellular FLIP (FLIP-S) have two DEDs and bind to FADD and caspase-8. v-FLIP and FLIP-S inhibit the 

processing of caspase-8 at the receptor level and protect the cells from apoptosis. (c) Long cellular FLIP (FLIP-L) has two 

DEDs and a caspase-like domain that lacks catalytic activity due to absence of a cysteine residue. In the presence of FLIP-L, 

both caspase-8 and FLIP-L are recruited and partially processed at the receptor level. Because no cleavage between the 

caspase domain and DED occurs, the partially processed proteins stay bound to the receptor and no active caspase-8 can be 

released into the cytosol . 
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Regulation of FLIP function and expression 

 

The ability of cells to modulates the apoptotic response is crucial during development and 

differentiation. In this light,  c-FLIP proteins are essential regulator of  casapase-8 activity  and play  a 

central role in the control of death receptor signaling. Consequently, disturbances in c-FLIP expression 

have been implicated in several malignancies. For example, an elevated expression of c-FLIP is 

associated with resistance of many lymphomas tumours to Fas-induced apoptosis (Budd et al., 2006). 

Moreover an elevated expression of c-FLIP  results in the escape of tumors from immune surveillance 

(Djerbi M. et al., 1999; Medema JP et al. 1999). 

c-FLIP expression is carefully regulated at different levels. The transcriptional regulation is linked 

to a number of growth and survival promoting signaling pathways, including NF-kB (Kreuz s. et al, 

2001), MAPK/ERK (Yeh JH et al, 1998) and Akt (Panka et al, 2001).  

In addition to gene expression, it has been reported that the turnover of c-FLIP is actively regulated 

by ubiquitin-mediated degradation (Kim Y, et al, 2002)(Perez D. & White, E. , 2003). Although very 

little is known about the molecular mechanisms underlying this regulation, recently it has been 

identified  the E3 ubiquitin ligase involved in the ubiquitination of Flip-L, ITCH (Chang et al., 2006). 

Chang et al. (2006) demonstrated that TNFa-mediated JNK activation accelerates turnover of the  anti-

apoptotic protein FLIP-L. This is not due to direct FLIP-L phosphorylation but depends on JNK-

mediated phosphorylation and activation of the E3-ubiquitin ligase ITCH, whichs specifically 

ubiquitinates FLIP-L and induces its proteasomal degradation. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



INTRODUCTION  Death receptor induced apoptosis: Fas pathway 

24 

 

 

 

Role of Fas pathway in the immune system and in cancer progression  

 
The death receptor system is essential for the regulation of the lymphoid system homeostasis ( 

Krammer PH., 2000).  One of the principal roles of Fas receptor is regulating the immune response 

and this is the most clearly characterized function of Fas receptor. A number of studies have 

highlighted the multiple modes by which Fas receptor signalling can regulate T cell and B cell 

development, maturation and deletion (Newton et al., 2000;  Rathmell JC ., 1996; Bras A et al.1997). 

It is assumed that the negative selection process of B as well as T cells in the germinal center (GC) and 

thymus, respectively, depends on Fas system (Siegel RM. Et al., 2000). Moreover several mouse 

mutations have been identified that cause complex disorders of the immune system, manifested as 

lymphadenopathy and autoimmunity. One is the recessive lpr (lymphoproliferation) mutation. The 

symptoms of the disease arising from lpr are similar to those in systemic lupus erythematosus. The 

mutations lprcg (allelic to lpr) and gld (generalized lymphoproliferative disease) cause a very similar 

disease. In all three cases, aberrant T cells accumulate. In lpr mice a splicing defect results in the 

greatly decreased expression of CD95. In lprcg mice a point mutation in the intracellular death domain 

of CD95 abolishes the transmission of the apoptotic signal. In gld mice a point mutation in the carboxy 

terminus of CD95L impairs its ability to interact successfully with its receptor. Thus, a failure of  Fas-

induced apoptosis accounts for the complex immune disorder in lpr and gld mutant mice (Nagata, S., 

1998). In humans a similar disease with a dysfunction of the CD95–CD95L system (type Ia 

‘autoimmune  lymphopro liferative syndrome’ (ALPS) has been reported. Children with ALPS (or 

Canale Smith syndrome) show massive, non-malignant lymphadenopathy, an altered and enlarged T-

cell population and a severe autoimmunity (Fisher, G. H. et al. , 1995).  In some cases (type II ALPS), 

defective CD95-mediated apoptosis is observed without mutations in CD95 or CD95L (Wang, J. et al 

1999). This suggests the existence of defects that affect CD95 signalling , for example mutations of 

altered expression of some components of this pathway.   

Indeed, resistance to apoptosis is believed to be one of the hallmarks of cancer (Hanahan D & 

Weinberg RA, 2000). Most cancer cells are relatively resistant to apoptosis mediated through Fas, 

with molecular defects being identified at several levels of the apoptotic signaling pathway (Fig.13) 

(Houston A. & O’Connell J, 2004). In particular Fas mutations where  have been identified in 

lymphomas, especially  those deriving from GC B cells (Muschen M et al. 2002). A common 

mechanism employed by cells to decrease sensitivity to Fas-mediated apoptosis is to regulate cell 

surface expression of Fas (Ivanov et al., 2003). Alternatively, cells may secrete an antagonistic ‘decoy’ 

receptor (Pitti et al, 1998). The Fas signal can also be inhibited at the level of the DISC via increased 

expression of cFLIP (FLICE-inhibitory protein), which can inhibit interaction of caspase-8 and -10 

with the DISC (Irmler et al. 1997), or reduced expression of FADD (Tourneur et al., 2003) or caspase-

8 (Fulda et al., 2001).  Thus, because of their insensitivity to Fas-mediated apoptosis, tumor cells can 

express FasL without undergoing apoptosis (Houston et al., 2003). 

      However, the control of Fas pathway imparted by the isoforms of the caspase-8-related FLICE-

inhibitory protein (FLIP) is of particular interest for cancer progression. There is growing evidence 

that FLIP can act as a tumor progression factor (Thome et al., 2001; Igney &  Krammer, 2002). For 

example, FLIP expression correlates with resistance against death receptor-induced apoptosis in a 

variety of B-cell lymphomas, and FLIP-transfected tumor cell lines develop more aggressive tumors in 

vivo (Thome et al., 2001; Igney &  Krammer, 2002).In particular there are a lot of work that 

demonstrated that Hodgkin/Reed Sternberg (HRS) cells, the malignant cells of classical Hodgkin’s 

lymphoma (cHL, a common human lymphoma), are resistant to Fas-induced apoptosis (Re  et al. 

2000) because in these cells there is an aberrant upregulation of FLIP proteins (Dutton et al. 2004)  
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(Mathas et al., 2004). Moreover Fas resistance has been proposed to play an active role in the 

development of HRS cells (Re et al., 2000).  

The particular relevance of FLIP for apoptosis-resistance has been pointed in recent reports 

showing that decreased expression of FLIP is sufficient to confer sensitivity against death receptor 

induced apoptosis (Dutton et al. 2004; Mathas et al., 2004). Future studies will show whether selective 

decreases in FLIP expression accounts for differential sensitization of tumor cells and normal cells for 

death receptor-induced apoptosis (Dutton A, Young LS, Murray PG , 2006). Interesting administering 

chemotherapeutic drugs to sensitize cells that are resistant to death receptor–induced apoptosis often 

correlates with decreased expression of FLIP (Wajant, et al.,2002).   

The identification of defective steps in Fas receptor signalling pathways in tumours, might be 

useful to design therapies able to overcome the resistance of tumours to Fas ligand and thus improve 

the clinical outcome of patients when used in combination with standard chemotherapy. 

Understanding the complex regulation of Fas-mediated apoptosis is crucial to this process. 

 

 

 

 

 

 
 

Fig.13. Mechanisms of resistance to Fas-mediated apoptosis (Houston A. & O’Connell J, 2004). Fas-mediated apoptosis 

can be inhibited at different points in the apoptotic signalling pathway. Cells may secrete soluble ‘decoy’ receptors, such as 

sFasL or DcR3, which can bind to FasL and inhibit FasL-induced apoptosis. FADD-like interleukin-1b-converting enzyme 

inhibitory protein (FLIP) binds to the DISC and prevents the activation of caspase-8; reduced expression of FADD or 

caspase-8 can also inhibit Fas signalling. IAPs present in the cytosol can bind to and inhibit caspases, whereas upregulation 

of Bcl-2 or Bcl-xL can render type II cells resistant to Fas-mediated apoptosis. Cyto c, cytochrome c; IAP, inhibitor-of-

apoptosis protein. 
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Role of ATM in Fas-induced apoptosis 

 
Ataxia Telangiectasia (A-T) is an autosomal recessive disorder characterized by cerebellar 

progressive neurodegeneration leading to ataxia, dilatation of blood vessels in the eye and facial area 

(telangiectasia), sensitivity to -irradiation, high incidence of tumorigenesis in the lymphoid system 

and deficiency in immunoresponses. A-T pathology is characterized by the loss of functional ATM 

protein kinase (Shiloh, 2003). Following DNA damage, ATM is rapidly activated, 

(auto)phosphorylated (Bakkenist et al., 2003) and, in turn, it phosphorylates a number of substrates 

which all contribute to cell growth arrest or, alternatively, apoptosis (Shiloh, 2003). The higher cancer 

predisposition of A-T patients has been associated with the lack of DNA damage response, which 

results in genomic instability (Khanna KK, Jackson SP, 2001). The immune system is the major target 

of tumor development in these patients, and lymphoma and leukemia are very frequent (Gumy-Pause 

et al. 2004; Taylor et al., 1996). In particular ATM is an interesting candidate for a tumor suppressor 

gene. A-T patients show an increased predisposition to develop cancer, in particular, neoplasms of the 

lymphoid system including both  B- and T-cell tumors (Taylor et al.1996). The risk of these patients 

developing  leukemia is approximately 70 times higher than in the normal population  (Morrell et 

al.1986). Moreover mutational inactivation of the ATM  gene recently has been demonstrated in T-

prolymphocytic leukemia  (T-PLL) and a subset of B-cell chronic lymphocytic leukemias (B-CLL) in  

patients without A-T history, indicating a tumor suppressor function of  ATM in both sporadic 

leukemias (Stilgenbauer et al.,  1997;  Stoppa-Lyonnet et al., 1998;  Stankovic T, et al.1999; Gilad S. 

et al., 1996).  ATM is a key regulator of the cellular response to DNA double-strand breaks induced by 

irradiation or physiological processes, such as V(D)J recombination (Shiloh, 2003). Indeed most of the 

lymphoma developed in A-T patients are characterized by aberrant VDJ recombination (Matei et al., 

2006). However molecular mechanisms by which ATM inactivation may act as a tumorigenic 

promoter  are not very clear.  

The death receptor system, in particular Fas pathway,  is essential for the regulation of the 

lymphoid system homeostasis (Krammer PH, 2000). Resistance to death receptor–mediated apoptosis 

is supposed to be important for the deregulated growth of B cell lymphoma. Several lines of evidence 

indicate the importance of this system for the balance between B cell proliferation and apoptosis 

(Defrance et al. 2002). Indeed, mice lacking functional Fas expression suffer from autoimmunity and 

increased incidence of B cell lymphomas (Adachi et al. 1995; Davidson et al., 1998). Patients with 

mutations that impair the function of proteins involved in Fas-dependent apoptosis develop the 

autoimmune lymphoproliferative syndrome (ALPS), which predisposes them to autoimmune disorders 

and to lymphoma development (Fleicher et al., 2001; Straus et al., 2001). Finally, Fas mutations where 

identified in lymphomas, in particular those deriving from GC B cells (Muschen et al.,  2002).   

However, it is quite astonishing that, despite the fact that ATM and Fas play a central role in the 

control of the immune system and in lymphoma development, any relationship between these 

pathways  has been  reported in literature. Interestingly, there are many type of lymphomas that are 

resistant to Fas induced apoptosis (Re et al., 2000) and that express aberrantly low level of ATM 

kinase (Starczynski et al., 2003). Moreover, there is a close linkage between Fas impairment and the 

development of those tumors that are more frequent in A-T patients. 

 Thus, taking into account these observations,  the aim of this project is to investigate whether any 

relationship exists between Fas and ATM signalling pathways. In particular, in this work we will 
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present data supporting the idea that ATM kinase is an essential component to modulate Fas 

sensitivity through the control of FLIP proteins stability. Furthermore, we test the hypothesis that the 

ability of ATM kinase to modulate FLIP protein levels plays a central role in the pathogenesis of 

cancer as Hodgkin’s lymphoma. 
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MATERIAL AND METHODS 
 

DNA constructs  

 

pcDNA3-Flag-ATMWT, pcDNA3-Flag-ATMKD were kindly provided by M. Kastan. shFLIP 

construct and its control were kindly provided by H. Walczak (Ganten TM et al. 2001).pCR3.V64-

Flag-FLIPL  was kindly provided by  J Tschopp (Irmler et al., 1997). 

 

Antibodies and other reagents  

 

The following antibodies and reagents were used: anti-phosphoSer1981-ATM (Rockland), anti-

ATM (MAT3, generously provided by Y.Shiloh), anti-phosphoSer15-p53 (Cell Signaling), anti-p53 

(Santa Cruz, Pab240), anti-phosphoThr68-Chk2 (Cell Signaling), anti-Chk2 (kindly provided by D. 

Delia), anti-pS139 H2A.X  (UBI), anti-Fas IgM monoclonal antibody (CH11; UBI), anti-Flag 

(Sigma), anti-Caspase-8 (clone 5F7, MBL), anti-FLIP(S and L) (H-202 Santa Cruz), anti-active 

Caspase-3 (Cell Signaling), caspase-inhibitor zVAD (Biomol), NCS (kindly provided by Y.Shiloh), 

KU-55933 (kindly provided by KUDOS), Cycloheximide (SIGMA) . 

 

Cell culture and transfections 

 

C3ABR, L6 cells (kindly provided by M. Lavin and Y. Shiloh) and HL-derived cell line, L428 

(kindly provided by Martin Kronke) were cultured in RPMI 1640 medium with 10 mM HEPES, 1.0 

mM sodium pyruvate, 10% fetal bovine serum. C3ABR (wild-type) (Lavin et al., 1981) and L6 

(derived from A-T patients) (Gilad et al., 1996) cells were Epstein-Barr virus-transformed 

lymphoblastoid cell lines (EBV-LCL). L428 was derived from plural effusion that was histologically 

confirmed as HL (Shaadt et al, 1980). 

C3ABR and L6 cells were stably transfected by electroporation. C3ABR and L6 cells were diluited 

with medium to a density of 5X10
5
 cells/ml. After 24 hours 10X10

6
 cells were washed twice with 

serum-free RPMI1640 medium and  electroporeted using 20 g of the indicated construct. 

Electroporetion was performed using a Gene-Pulser II  (Bio-Rad laboratories) with 950 µF and 0.18 

kV; cells were then incubated in culture media. Trasfection-associated cell death was of 30-50% so 

after 12 hours density gradient separation with Lympholyte-H (Cedarlane cat.no.: CL5010) was used 

to eliminated cellular debris and dead cells. Trasfection efficiency of C3ABR cells was 5-10% and of 

L6 cells it was 3-5%. Stably transfected cells were selected in the presence of 500 g/ml G418. 

HL-derived cell line, L428 was transiently trasfected using the Nucleofactor unit supplied by 

AMAXA GmbH . In brief, 4X10
6
 L428 cells were pelleted at 1000 rpm for 10 minutes: following 

resuspension in 100 µl of freshly prepared Nucleofactor kit L (amaxa cat no:VCA-1005), 1 µg of 

plasmid DNA pEGFP-C3  and 4 µg of pcDNA3 or pcDNA3-Flag-ATMWT or pcDNA3-Flag-

ATMKD were added. Subsequently cells were pulsed using program X-001;cells were then incubated 

in culture media and after 24 hours were stimulated with anti-Fas antibody. Trasfection efficiency of 

L428 cells was 50-70% and trasfection-associated cell death was negligible. 

 

 



MATERIAL AND METHODS   

29 

 

 

Analysis of apoptosis 

 

C3ABR, L6, L6pCDNA, L6-Flag-ATM-wt, L6-Flag-ATM-Kin- and L6-shFLIP cells lines (5x10
5
 

per ml) were treated to undergo apoptosis with 250 ng/ml anti-Fas antibody. Where indicated in 

western blot and immunofluorescence analysis cells were also treated with NCS (100 ng/ml for 1h) or 

stimulated in the presence of 40 M zVAD caspase-inhibitor, which was added 30 min before 

stimulation with Fas. 

Apoptosis was quantificated by propidium iodide (Sigma) nuclear staining or by the analysis of 

Annexin V (Pharmigen) exposure using a FACScan (Becton Dickinson). Staning with propidium was 

performed as described by  Kalejta et al. (Kalejta et al. 1999).Staining with Annexin V was performed 

with 1µg AnnV-PE in 100ul AnnexinV binding buffer (10mM Hepes pH 7.5, 150mM NaCl, 5mM 

KCl, 1mM MgCl2 and 2 mM CaCl2) following incubation for 30’ at RT. 

 Specific apoptosis was determined as follows: (% of apoptotic cells with anti-Fas - % of apoptotic 

cells without anti -Fas) / (100 - % of apoptotic cells without anti -Fas). 

 

Analysis of Fas-receptor levels 

 

To analyze the expression of Fas protein 1X10
6
 cells per ml were incubated for 30 min RT with 

mouse anti-human Fas antibody 1:100 (APO1,Transduction Laboratories). Next, cells were reacted 

with PE-conjugated goat anti-mouse IgG(H+L)1:200 (Pharmigen) for 30 min at RT. Cells were 

analyzed using a flow-cytometer. For each cell
 
line incubation with PE-conjugated alone served as 

negative controls. Mean fluorescence intensity of cell stained with anti-Fas used to compare the level 

of Fas expression. 

 

Flow cytometry of phosho-Ser1981-ATM in apoptotic cells 

 

Our protocol is a variation of a recent method used to evaluate phosphoepitope status by flow 

cytometry (Perez et al. 2004). 5 x 10
5
 cells were fixed in 4% formaldehyde and incubated 15 min at 4 

C. They were then permeabilized by resuspending with vigorous vortexing in 1 ml ice-cold MeOH and 

incubated at -20°C O/N. Cells were washed and resuspended in PBS-Tween 0.5% containing 5% NGS 

containing anti-phospho-Ser1981-ATM (monoclonal) and anti-active-Caspase-3 (polyclonal) primary 

antibodies and incubated for 1 h at room temperature. After washing and repeating the process with 

anti-mouse-AlexaFluor488 and anti-rabbit-AlexaFluor633 conjugated secondary antibodies, flow 

cytometry was evaluated with FACScan (Beckton Dickinson). 

 

Immunofluorescence analysis 

 

C3ABR, L6-pCDNA, L6-FlagATM-wt and L6-Flag-ATM-Kin- cells line were fixed, permebilized 

and Immunofluorescence were carried out as previously described (Tritarelli et al., 2004). Flag-ATM 

protein was visualized with monoclonal anti-Flag (Sigma, 1:500) followed by fluorescein-conjugated 

anti-mouse antibody (Alexis, 1:200) in blocking buffer. Phospho-S1981ATM was labeled with anti-

pS1981 ATM (Rockland, 1:1000) followed by rhodamine-conjugated anti-rabbit diluted (Alexis, 

1:600) or by fluorescein-conjugated anti-rabbit antibody diluted 1:200. Nuclei were visualized with 

Hoechst 33342 (Molecular Probes) diluted 1:20,000 in PBS-0.1% Triton X-100.  
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Immunoblotting  

 

Cell extracts were prepared in IP buffer (50 mM Tris-HCl (pH 7.5), 250 mM NaCl, 1% NP-40, 5 

mM EDTA, 5 mM EGTA, 1 mM phenylmethylsulfonyl fluoride, 25 mM NaF, 1 mM orthovanadate, 

10 µg/ml TPCK, 5 µg/ml TLCK, 1 µg/ml leupeptin, 10 µg/ml soybean trypsin inhibitor, 1µg/ml 

aprotinin)( Barilà D et al. 2003). For immunoblotting, 80-100 µg of protein extract were separated by 

SDS-PAGE, blotted onto nitrocellulose membrane and detected with specific antibodies. All 

immunoblots were revealed by ECL (Amersham). 

Caspase-8 activity assay 

 

To determine Caspase-8 activity in C3ABR, L6pCDNA, L6-FlagATM-WT and L6-FlagATM-KD 

cells line, cells were induced to undergo apoptosis with 250 ng/ml of anti-Fas mAb. Protein extracts 

were assayed for caspase-8 activity using IETD-AMC as a substrate Ac-IETD-AMC at 37 ºC in 200 µl 

assay buffer (20 mM Tris, pH 7.4, 0.1 M NaCl, 10% sucrose, 0.1% CHAPS, 10 mM DTT) containing 

700 µg protein extract. Reaction was started by the addition of 10 µM Ac-IETD-AMC. Cleavage of 

the substrate as a function of time was monitored reading the absorbance at 460 nm upon excitation at 

390 nm. The enzymatic activity was determined from the linear portion of the curve. 

Reverse transcription-polymerase chain reaction (RT-PCR) 

 

Total cellular RNAs were isolated using Trizol reagent (Invitrogen). In all,1 µg of total RNA was 

subjected to Reverse Transcription in a 20 µl reaction volume using oligo(dT) primer and M-MLV 

reverse transcriptase (Invitrogen) according to the manufacturer’s protocol. RT reaction (3 µl) was 

then amplified by PCR for 30 cycles using the following conditions: 94°C for 30 s ; 58°C for 1 min 

and 72°C for 2 min. The primers used were: flip short forward (sense): 50-

CGAGGCAAGATAAGCAAGGA-30;flip short reverse (antisense): 50-

CACATGGAACAATTTCCAAGAA-30; flip long forward (sense): 50-

CTTGGCCAATTTGCCTGTAT-30; flip long reverse (antisense): 50- 

GGCAGAAACTCTGCTGTTCC-30 (Salon et al., 2006). Amplification of of actin was performed in 

the same PCR reaction as internal control. PCR products were run on a 2% agarose gel and visualized 

by ethidium bromide staining. 

 

Statistical methods 

 

All data were analyzed and presented as mean ± SD (n<10). The significance of differences 

between populations of data were assessed according to the Student’s two tailed T-test with a level of 

significance of at least p < 0.05 (alpha conventionally equal to 0.05). This analysis arises in the 

problem of estimating the mean of a normally distributed population when the sample size is small. 
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RESULTS 
 

 

 

ATM deficient cells are resistant to Fas-induced apoptosis 

 
 To investigate whether ATM could participate in Fas-mediated apoptosis, we compared the 

sensitivity to Fas induced apoptosis of two lymphoblastoid cell lines widely used in studies on ATM 

activity, one established from an AT patient (L6) (Gilad et al., 1996), the other one from a healthy 

control donor (C3ABR) (Lavin et al., 1981). Fas was stimulated with agonistic anti-Fas antibodies that 

mimic the binding of Fas-Ligand and triggers the apoptotic response. Cells undergoing apoptosis 

display typical changes in their morphological and physical properties (cell shrinkage, condensation of 

chromatin and cytoplasm) which are well measurable by flow cytometry. Toevaluate the apoptotic 

response we used mainly two methods. In the first method we stained cellular DNA with propidium 

iodide. This method is based  on the reduced DNA stainability following staining with propidium of 

apoptotic cells due partial loss of DNA after activation of endogenous nucleases and diffusion of low-

molecular weight DNA outside apoptotic cells. Therefore, the presence of cells with DNA stainability 

lower than that of G1-cells (hypodiploid or sub-G1 peaks) has been considered a marker of cell death 

by apoptosis. In the second method we stained the cells with Annexin V. This assay takes advantage 

of the fact that phosphatidylserine (PS) is translocated from the inner (cytoplasmic) side of the plasma 

membrane to the outer (cell surface) side soon after the induction of apoptosis, and that the annexin V 

protein has a strong, specific affinity for PS. Phosphatidylserine on the outer side is available to bind 

labeled annexin V and provides a simple and effective method to detect apoptosis at a very early stage.  

Interestingly L6 cells, which lack the expression of ATM protein, were significantly resistant to 

Fas-induced apoptosis measured with propidium ioide staining and with AnnexinV staining (Fig. 1A, 

B). Similar results were obtained also with other A-T lymphoblastoid cell lines, such as GM-03189 

and GM-02782, (Fig.1C). Therefore we can conclude that A-T cells are resistant to Fas-induced 

apoptosis. 
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Fig.1. ATM deficient cells are resistant to Fas-induced apoptosis. ATM proficient cells (C3ABR) and ATM 

deficient cells (L6, A-T-44, A-T-3189 and A-T-2782) were treated with 250 ng/ml of anti-Fas mAb. Apoptosis was 

determined by the analysis of DNA fragmentation in propidium iodide stained cells (P.I) (A) (C) or by the analysis of 

Annexin V binding (B), 24 hrs after anti-Fas treatment.  
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ATM kinase activity enhances Fas-induced apoptosis 

 
To be able to work in the same cellular contest and to address the question of whether ATM kinase 

activity is required for Fas sensitivity, we stably reconstituted ATM expression in L6 cells. For this 

purpose L6 cells were stably transfected with constructs that allow the expression of either FLAG-

ATM-wt protein (L6-ATM-wt) or the kinase inactive FLAG-ATM-Kin- protein (L6-ATM-Kin-), or 

with the empty vector as control (L6-pCDNA). ATM expression was monitored by immunoblotting 

with specific antibodies (Fig. 2A). L6-ATM-wt and L6-ATM-Kin- cells expressed same levels of 

ATM protein. Interestingly, the reconstitution of the expression of ATM in the L6-ATM-wt cells 

dramatically sensitized these cells to Fas-induced apoptosis (Fig.2B,C). The expression of the ATM-

kinase-defective mutant, FLAG-ATM-Kin-, completely failed to restore Fas-sensitivity. Overall these 

results, suggest that ATM kinase activity enhances Fas-induced apoptosis.  

These experiments have been made in collaboration with Dr. Maria Giovanna Di Bari, a phD 

student at the department of Experimental Medicine headed by Prof. Testi at the Faculty of Medicine, 

Tor Vergata University and with Dr. Ivano Condo’, a post-doc at the laboratory of Signal 

Transduction and Immunology headed by Prof. Testi at the Faculty of Medicine, Tor Vergata 

University. 

 

 

 
 

Fig.2. ATM kinase activity enhances Fas-induced apoptosis. (A) ATM deficient cells (L6) were stably transfected 

with ATM-wt, ATM-Kin- or with empty vector as control using 20 µg of the indicated constructs. For immunoblotting, 80-

100 µg of protein extract were separated by SDS-PAGE, and transferred on nitrocellulose. ATM protein was revealed with 

anti-ATM (MAT3) antibodies. (B,C) Cells were treated to undergo apoptosis with 250 ng/ml of anti-Fas mAb. Apoptosis 

was determined by the analysis of DNA fragmentation upon propidium iodide nuclear staining (P.I) (B) or by the analysis of 

Annexin V exposure (C) , at 24 hrs after anti-Fas treatment. 
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ATM kinase activation upon Fas stimulation does not play a major role in 

Fas-sensitivity  

 
We therefore asked the question of whether Fas-stimulation triggers ATM kinase activation and if 

this may contribute to Fas-sensitivity. To evaluate the effect of Fas-stimulation on ATM kinase 

activity, we analyzed protein extracts at different times of stimulation. Fas stimulation results in ATM 

phosphorylation on Ser1981, a marker of ATM activation (Bakkenist and Kastan, 2003), and p53, 

Chk2 and H2AX became phosphorylated respectively at Ser15, Thr68 and Ser139, as described in the 

DNA damage response (Ahn et al., 2000; Khanna et al., 1998; Burma et al. 2001) (Fig. 3). These data 

suggest that Fas stimulation results in ATM activation. Importantly, ATM activation is completely 

prevented by preincubation with the general caspase-inhibitor z-VAD (Fig. 3), thus suggesting that 

Fas-induced ATM activation occurs downstream caspase activity. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

Fig.3. ATM kinase activation following Fas-induced apoptosis is a late passive event. C3ABR cells were induced to 

apoptosis with 250 ng/ml anti-Fas IgM monoclonal antibody. Untreated and NCS-treated cells that triggers DSB and 

classically induces ATM activation (Uziel et al. 2003), were used as controls. For immunoblotting, 80-100 µg of protein 

extract were separated by SDS-PAGE, and transferred on nitrocellulose. The proteins of interest and their 

phosphosphorylation were revealed by immunoblotting with specific antibodies. 
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To evaluate this possibility, we established a new flow cytometry–based assay that allow us to 

analyze the levels of phospho-Ser1981-ATM and of activated Caspase-3, which labels apoptotic cells 

(Fig. 4A). For this aim, after Fas stimulation, we visualized the activation of ATM kinase with anti-

phospho-Ser1981-ATM  conjugated with AlexaFluor488 and the activation of caspase-3 with anti-

active-caspase3 conjugated with a AlexaFluor633. ATM phosphorylation on Ser1981 occurs mainly 

on those cells where caspase-3 has been cleaved (activated) as shown by Flow cytometry in Fig. 4A. 

This approach allowed us to conclude that ATM activation mainly occurs in cells that activate 

caspase-3, supporting the hypothesis that Fas-dependent ATM activation is downstream caspase-3 

activation, and therefore most likely does not play a major role in Fas sensitivity (Fig. 4A).  Fas 

stimulation also resulted in the cleavage of ATM protein (Fig. 3), according to the effect of other 

apoptotic stimuli, which trigger ATM kinase cleavage most likely through Caspase-3 activity (Smith 

et al., 1999). Moreover we could show by immunofluorescence  that Fas stimulation triggered ATM 

phosphorylation on Ser1981 only on those cells that show apoptotic morphology characterized by 

nuclei condensation or fragmentation (Fig. 4B). We failed to detect any active ATM in our cells with 

intact nuclei. Overall, these findings strongly suggest that ATM activation upon Fas stimulation is a 

passive event subsequent to DNA fragmentation, and therefore most likely does not contribute 

significantly to cell fate. These experiments have been made in collaboration with Dr. Silvia Cursi, a 

post-doc in our laboratory. 

 

 

 
 

Fig.4. ATM kinase activation following Fas-induced apoptosis is a late passive event.  (A) C3ABR cells were treated 

to undergo apoptosis with 250 ng/ml anti Fas IgM monoclonal antibody (CH11; UBI). Untreated and treated cells were 

analyzed with multiparameter flow cytometry for active caspase-3 and phospho-Ser1981-ATM. (B) C3ABR cells were 

treated to undergo apoptosis as in B. Untreated and NCS-treated cells were used as controls. Cells were fixed, permeabilized 

and immunofluorescences were carried out as previously described (Tritarelli et al., 2004). Nuclear condensation and 

fragmentation has been evaluated by  Hoechst staining.  
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ATM kinase activity promotes Caspase-8 activation 

 
To get more insight in the molecular mechanism by which ATM modulates Fas-induced apoptosis, we 

analyzed the expression profile of those proteins that are relevant for this signalling. FACS analysis 

showed that ATM expression and activity do not modulate the levels of Fas (Fig. 5A). 

Immunoblotting analysis showed that all cell lines express comparable levels of Caspase-8, 

independently on ATM activity (Fig. 5B). Remarkably, despite the observation that Caspase-8 is 

equally expressed in all cell lines, its activation following Fas crosslinking is significantly delayed in 

the ATM deficient cells (L6-pCDNA) as well as in the ATM kinase activity deficient cells (L6-ATM-

Kin-) (Fig. 5C, 5D). Full activation of Caspase-8 upon Fas-stimulation requires its processing, 

essential to get a stable active caspase-8 tetramer and to allow its release from the DISC and 

subsequent cleavage of cytoplasmic substrates, such as executioner caspases (Wallach et al., 1999). 

Immunoblotting experiments, using an anti-Caspase-8 antibody raised against the p18 subunit, showed 

that the lack of ATM results in the delayed accumulation of the intermediate processing product p43 

and of the p18 subunit (Fig. 5C). Moreover, ATM deficiency delayed Fas-induced Caspase-8 

activation, measured as its ability to cleave its substrate peptide IETD (Fig. 5D). These experiments 

have been made in collaboration with Dr. Silvia Cursi, a post-doc in our laboratory. 

 

 
Fig.5. ATM kinase activity promotes Caspase-8 activation. (A) Fas receptor levels were detected by flow-cytometry 

analysis. Cells were incubated with anti-Fas antibodies followed by PE-conjugated secondary antibodies (dark lines). For 

each cell line an incubation with PE-conjugated alone served as negative controls (light lines). (B) Caspase-8 expression was 

revealed by immunoblotting on extracts obtained by the indicated cell lines. 80-100 µg of protein extract were separated by 

SDS-PAGE, transferred on nitrocellulose and Caspase-8 expression revealed using specific antibodies. (C) Protein extracts 

from the indicated cell lines stimulated to undergo apoptosis with anti-Fas antibodies, have been separated by SDS-PAGE 

and Caspase-8 revealed by immunoblotting with specific antibodies. The arrows point to the entire protein, p55, as well as to 

the processing products p43 and p18. (D) Caspase-8 activity from the same extracts was measured by the hydrolysis of the 

Caspase-8 substrate Ac-IETD-AMC.  
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ATM kinase activity downregulates c-FLIP protein levels 

 

c-FLIP is a well characterized inhibitor of Fas signaling, so we wanted to investigate the possible 

relationships between ATM activity and c-FLIP expression. It is important to remind that the lack of 

ATM expression triggers the upregulation of c-FLIP (Fig. 6A,B), which may account for Fas 

resistance in A-T cells (Fig. 1). Reconstitution of ATM kinase activity in L6-ATM-wt cells 

significantly decreased FLIP-L and FLIP-S expression levels (Fig.6A), which may account for the 

recovery of Fas sensitivity (Fig. 2). Again, the ATM-Kin- mutant completely failed to downregulate 

FLIP (Fig. 6A).  

 

 
 

Fig.6. Basal ATM kinase activity regulates FLIP protein levels. (A) (B) FLIP expression was revealed by 

immunoblotting on extracts obtained from the indicated cell lines. 80-100 µg of protein extract were separated by SDS-

PAGE, transferred on nitrocellulose and FLIP expression revealed using specific antibodies. The arrows point to FLIP-L and 

FLIP-S isoforms. 

 
 
 
 
 
 
 
 
To test whether ATM activity modulates Fas sensitivity via the regulation of FLIP levels, we 

generated a stable A-T cell line, L6-shFLIP, where FLIP expression has been genetically reduced 

through specific shRNA that selectively targets FLIP-L and FLIP-S isoforms. These cells express 

FLIP proteins at a level comparable to the endogenous level of ATM kinase reconstituted cells (Fig. 

7A). By the analysis of DNA fragmentation upon propidium iodide nuclear staining we could show 

that the reduction of FLIP sensitizes A-T cells to Fas-induced apoptosis (Fig.7B), indicating that the 

aberrant levels of FLIP proteins may be responsible for Fas resistance in A-T cells. Overall these 

experiments show that ATM kinase sensitizes cells to Fas-induced apoptosis through the modulation 

of FLIP levels and suggest that ATM kinase activity may downregulate FLIP.  
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Fig.7. Downregulation of FLIP sensitizes A-T cells to Fas-induced apoptosis. (A) ATM deficient L6 cells were stably 

transfected with shFLIP or with a scrambled oligo as control. Protein extracts from the indicated cell lines were probed for 

FLIP expression by immunoblotting as described in Fig.6. The arrows point to endogenous FLIP-L and FLIP-S. (B) The 

indicated cell lines were stimulated to undergo apoptosis with 250ng/ml of anti-Fas mAb. Apoptosis was determined by the 

analysis of DNA fragmentation upon propidium iodide nuclear staining (P.I) 24 hrs after anti-Fas treatment. 

 
 
 
 
 
 
 
 
 
 
 

    To test the hypothesis that ATM kinase activity downregulates FLIP, we treated the cells with NCS, 

a radiomimetic drug (kindly provided by Dr. Yossi Shiloh, Tel Aviv University, Israel), that 

classically triggers ATM kinase activation (Uziel et al. 2003). ATM kinase activation results in a 

reduction of the levels of FLIP protein (Fig. 8A). This effect is completely abrogated in cells that lack 

ATM protein or reconstituted with the ATM kinase defective mutant (Fig. 8A). Furthermore, 

according to downregulation of FLIP levels, NCS treatment significantly sensitized cells to Fas-

induced apoptosis (Fig. 8B).  
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Fig.8. Modulation of ATM kinase activity results in the regulation of FLIP protein levels which in turn determines 

Fas-sensitivity. (A) Different cell lines were treated with NCS for 3 hrs to trigger ATM kinase activation. 80-100 µg of 

protein extract were separated by SDS-PAGE, transferred on nitrocellulose and FLIP expression revealed using specific 

antibodies. (B) C3ABR cells were stimulated to undergo apoptosis with 250ng/ml of anti-Fas mAb in the presence or in the 

absence of NCS pretreatment for 3 hrs. Apoptosis was determined by the analysis of DNA fragmentation in propidium iodide 

stained cells (P.I) 8 hrs after anti-Fas treatment. 

 

 
 
 
 
 
 
The observation that FLIP is aberrantly upregulated in A-T cells as well as in A-T cells 

reconstituted with inactive ATM (Fig. 6A) suggests that the endogenous basal activity of ATM is 

sufficient to downregulate FLIP protein levels. To unambiguously address this issue, ATM proficient 

cells were incubated in the presence of the ATM kinase specific inhibitor KU-55933 (Hickson et al., 

2004). Indeed, this treatment triggered FLIP upregulation (Fig. 9A). Interestingly, preincubation with 

KU-55933 for 1 hour is not sufficient to increase FLIP protein levels (Fig. 9A) and consistently fails to 

protect cells from Fas-induced apoptosis (Fig. 9B). Conversely, preincubation with KU-55933 for 8 

hours, which is sufficient to trigger FLIP protein accumulation, dramatically impairs Fas-induced 

apoptosis to the same extent of A-T cells (Fig. 9B). These data clearly show that ATM kinase activity 

is required to modulate Fas sensitivity through the control of FLIP protein levels. 
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Fig.9. Basal ATM kinase activity regulates FLIP protein levels which in turn determines Fas-sensitivity.  (A) The 

indicated cell lines were incubated in the presence of the specific ATM kinase inhibitor KU-55933 (10 µM) for 1 or 8 hrs. 

80-100 µg of protein extract were separated by SDS-PAGE, transferred on nitrocellulose and FLIP expression revealed using 

specific antibodies. (B) C3ABR cells were preincubated for 1 or 8 hrs with the specific ATM kinase inhibitor KU-55933 (10 

µM), to allow endogenous ATM kinase inactivation and FLIP levels upregulation and then stimulated to undergo apoptosis 

with 250ng/ml of anti-Fas mAb. Apoptosis was determined by the analysis of DNA fragmentation in propidium iodide 

stained cells (P.I) 24 hrs after anti-Fas treatment. 
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ATM kinase activity does not modulate FLIP mRNA levels  

  
Next we  asked the question of how does  ATM modulates FLIP levels. To evaluate whether ATM 

modulates the mRNA levels of FLIP, we analyzed FLIP mRNA levels in A-T proficient and A-T 

deficient cell lines. RT-PCR experiments allowed us to conclude that the levels of FLIP transcript are 

comparable in all cell lines independently on ATM expression and activity (Fig. 10), supporting the 

idea  that FLIP levels could be regulated at a non transcriptional level. 

 

 
 

Fig.10. ATM kinase activity does not modulate FLIP mRNA levels.  RT-PCR analysis of FLIP-L and FLIP-S RNA 

expression levels was performed in the indicated cell lines. Amplified actin was used as an internal control. 
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ATM kinase activity modulates FLIP protein stability 

We therefore tested the hypothesis that ATM kinase activity modulates FLIP protein stability. In 

agreement with this assumption, an exogenous FLAG-tagged FLIP-L, driven by a heterologous 

promoter, was repressed similarly to the endogenous FLIP-L when stably transfected C3ABR-FLAG-

FLIP-L cells where stimulated with NCS to trigger ATM kinase activity (Fig. 11A). So we 

investigated whether ATM kinase activity accelerates FLIP proteins degradation. The classical 

approach to evaluate protein stability is the treatment of cells with  cycloheximide (CHX), a drug that 

blocks novel protein synthesis. The amount of the protein of interest may be evaluated by 

immunoblotting with specific antibodies at different times after CHX incubation. Indeed, we blocked 

nascent translation of FLIP with CHX and we compared FLIP protein stability in L6-ATM-WT cells 

and in L6-ATM-Kin- cells. Cells where pretreated with the ATM kinase inhibitor KU-55933 for 8 hrs 

to obtain the same initial levels of FLIP proteins and after KU-55933 removal, cells were incubated 

for different times with CHX. This approach allowed us to conclude that FLIP-protein degradation is 

significantly increased dependently on ATM kinase activation and that ATM kinase downregulates 

FLIP protein stability (Fig. 11B). 

 

 

 
 

Fig.11. ATM kinase activity modulates FLIP protein stability. (A) C3ABR-FLAG-FLIP-L stably transfected cells 

were incubated with NCS for different times to trigger ATM kinase activation. 80-100 µg of protein extract were separated 

by SDS-PAGE, transferred on nitrocellulose and endogenous (*) and transfected FLIP (**) expression revealed using 

specific anti-FLIP antibodies. (B) Cells were pretreated with KU-55933 O/N, washed, and then incubated with CHX for the 

indicated times.  
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ATM kinase activity sensitizes Hodgkin Lymphoma cells to Fas-induced 

apoptosis 

 
Resistance to death-receptor-mediated apoptosis is supposed to be important for the 

deregulated growth of B cell lymphoma. Hodgkin/Reed Sternberg (HRS) cells, the malignant cells of 

classical Hodgkin’s lymphoma (cHL), resist to Fas induced apoptosis. Fas resistance in this system is 

due to the aberrant upregulation of FLIP proteins (Dutton et al., 2004; Mathas et al., 2004). 

Conversely, ATM expression and function is impaired in many HL cases (Starczynski et al., 2003) and 

in several HL-derived cell lines (Takagi et al., 2004)( Dutton et al., 2006). To test whether ATM loss 

of function may contribute to Fas resistance through FLIP protein upregulation in a pathological 

situation, we took advantage of a Hodgkin’s lymphoma cell line, L428, that has been previously 

characterized for the aberrant downregulation of ATM activity (Dutton et al., 2006) and for the 

aberrant upregulation of FLIP protein levels (Dutton et al., 2004; Mathas et al., 2004). Transient 

transfection of a functional ATM kinase downregulates FLIP levels (Fig. 12A) and restores Fas 

sensitivity (Fig. 12B), suggesting that targeting of ATM kinase activity significantly contributes to 

death receptor resistance of HL cell lines and most likely plays a functional role in this pathology. 

 

 

 
 

 
Fig.12. ATM kinase activity downregulates FLIP protein levels and sensitizes Hodgkin Lymphoma cell lines to Fas 

induced apoptosis. (A) L428 HL cells were transiently transfected with the indicated constructs along with GFP. 24 hrs after 

transfection GFP positive cells were isolated by FACS sorting, and incubated for additional 12 hrs. For immunoblotting, 80-

100 µg of protein extract were separated by SDS-PAGE, and transferred on nitrocellulose. The proteins of interest and their 

phosphosphorylation were revealed by immunoblotting with specific antibodies. (B) L428 HL cells were transiently 

transfected with the indicated constructs along with GFP. 24 hrs after transfection cells were stimulated to undergo apoptosis 

with 500ng/ml of anti-Fas mAb. Apoptosis was determined by the analysis of Annexin V binding 24 hrs after anti-Fas 

treatment, upon FACS sorting of GFP positive cells. 
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DISCUSSION 
 

The ataxia telangiectasia mutated (ATM) kinase is a key tumor suppressor. A deficiency of ATM 

results in early onset of lymphomas in mice (Barlow et al., 1996), whereas germline mutations in the 

ATM gene cause ataxia-telangiectasia (A-T), a multisystem disorder associated with a predisposition 

to lymphoma and acute leukemia (Shiloh and Kastan, 2001). Moreover, ATM gene alterations, mainly 

missense mutations, have been reported frequently in adult lymphoid malignancies (Gumy-Pause et 

al., 2004). ATM kinase plays a central role in the DSB DNA damage response and this response is 

required in some physiological context such as the immune system homeostasis. The lack of ATM 

activity has been proposed to be responsible for aberrant chromosomal translocations, originated as a 

consequence of the failure of the DNA damage response and indeed associated to several lymphomas 

and leukemias (Matei et al., 2006). 

Fas-dependent apoptosis plays a fundamental role in the regulation of the homeostasis of the 

lymphoid system (Krammer PH., 2000). Failure in the Fas signaling causes, both in mice and in 

humans, autoimmunity as well as aberrant proliferation and lymphoma development (Adachi et al., 

1995; Davidson et al., 1998; Fleisher et al., 2001).  

We reasoned that since defects in Fas-induced apoptosis, result in defects in the immune system 

that partially resemble some of the abnormalities characteristic of the immune system of A-T patients, 

ATM kinase may play a role in Fas-induced apoptosis. According to our hypothesis, the present work 

shows that cells that lack ATM kinase are significantly resistant to Fas induced apoptosis (Fig.1). 

Reconstitution experiments showed that ATM catalytic activity is required to sensitize cells to Fas 

(Fig.2). We show that Fas stimulation triggers ATM kinase activation. However, our data strongly 

suggest that ATM activation upon Fas stimulation occurs when the apoptotic signaling is already 

irreversible, as a consequence of DNA condensation and fragmentation during the apoptotic response. 

Therefore, ATM activation does not seem to play a major role in the sensitization to Fas-induced 

apoptosis. This apparent paradox prompted us to investigate whether basal ATM kinase might 

modulate the level and/or the activity of any central player of Fas signaling. Fas sensitivity mainly 

relies on Fas-receptor expression on cell surface and on Caspase-8 activity, which is absolutely 

required to drive the caspase cascade and execute the apoptotic programme. Importantly, ATM protein 

does not modulate Fas-receptor or Caspase-8 protein levels (Fig. 5A,B). However, A-T cells are 

impaired in Caspase-8 activation consistently with their resistance to Fas (Fig.5C,D).  

It has been clearly established that FLIP proteins may modulate Caspase-8 activation in vitro and in 

vivo (Peter ME, 2004). FLIP levels are tightly regulated during T and B cell activation and its decrease 

parallels the enhancement of Fas sensitivity (Thome M and Tschopp J, 2001). We show that A-T cells 

significantly accumulate FLIP proteins (Fig. 6). Reconstitution of ATM kinase activity, downregulates 

FLIP proteins. Conversely, a catalitically inactive ATM fails to downregulate FLIP. Importantly, there 

is a strict relationship between FLIP levels and the sensitivity of the different cell lines to Fas-induced 

apoptosis. To further test the hypothesis that ATM kinase sensitizes cells to Fas-induced apoptosis 

through the downregulation of FLIP proteins, we knocked out FLIP expression in A-T cells, by 

specific shRNA constructs. Following this approach it was possible to downregulate FLIP to the same 

levels observed in ATM proficient cells which, in its turn resulted in the restoration of Fas sensitivity 

in A-T cells (Fig. 7). Therefore we concluded that ATM kinase activity modulates Fas-sensitivity 

through the regulation of FLIP protein levels. The observation that FLIP levels decrease in A-T cells 

upon reconstitution with kinase active ATM but not with a kinase defective mutant (Fig. 6A) suggests 

that a basal ATM kinase activity may be sufficient to downregulate FLIP levels. The presence of an 

endogenous basal ATM activity, which may be further induced upon DNA damage, is currently a 

central topic in the ATM field (Banin et al., 1998)(Kozlov et al., 2003). DNA double strand break is 

an event that occurs constantly and the cells are continuously subjected to basal stress, cells in culture 

even more. The observation that cells costitutively express activated ATM and the degree of 
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constitutive ATM activation differs depending on cell type and cell phase has been reported by several 

groups (Di Tullio et al. 2002; Bartkova et al. 2005; Huang et al. 2003; Tanaka et al. 2006). This 

observation further supports the idea that immortalized cell lines have a basal constitutive activity of 

ATM. Therefore we provide  novel evidence for a basal endogenous activity of ATM kinase 

independent of the exogenous DNA damage induction, which probably accounts for differences in the 

level of expression of FLIP protein. This basal activity of ATM could be relevant also in other cellular 

processes and contribute, at least in part, to the complexity of A-T phenotype. Investigations 

comparing different structural and functional features of wt and A-T cells in the absence of DNA 

damage, may strongly contribute to broaden current knowledge on ATM kinase function and A-T 

pathology. 

The existence of such a basal activity is confirmed by the observation that  NCS treatment, which 

triggers ATM activation, downregulates FLIP in the presence of a kinase competent ATM protein 

(Fig. 8A). Conversely, the treatment of ATM proficient cells with the ATM kinase inhibitor KU-

55933 triggers FLIP upregulation (Fig. 9A). These data allow us to hypnotized that ATM kinase 

activity might modulate  FLIP protein levels. Consistently, while the decrease of FLIP levels 

following NCS treatment sensitizes cells to Fas induced apoptosis (Fig. 8B), the upregulation of FLIP 

levels after 8 hours preincubation with KU-55933 protects cells from Fas-induced apoptosis (Fig. 9B). 

Overall, we provide evidence for A-T cell resistance to Fas-induced apoptosis and we demonstrate that 

ATM kinase activity may modulate Fas sensitivity through the regulation of FLIP proteins level. 

Overall, these findings points to the upregulation of FLIP protein levels as a putative novel marker of 

A-T cell lines. We are currently investigating the levels of FLIP protein in heterozygous derived A-T 

cell lines. This study along with further experiments on peripheral blood cells from A-T patients will 

address the question whether FLIP upregulation could be used as a novel A-T prognostic marker. 

Importantly, A-T patients have an increased rate of lymphoma and leukemia development, with a 

frequent occurance of B-cell lymphomas such as Hodgkin Lymphomas (Gumy-Pause et al., 2004; 

Taylor et al., 1996). Several independent studies on HL reported the aberrant downregulation of ATM 

activity as a common event, thus suggesting that ATM loss may promote HL development 

(Starczynski et al., 2003; Greiner et al., 2006). Furthermore it has been clearly shown that HL are very 

resistant to Fas- and TRAIL-induced apoptosis and this correlates clearly with the aberrant 

upregulation of FLIP levels. Indeed the downregulation of FLIP is sufficient to sensitize back these 

cells to death-receptor-induced apoptosis (Dutton et al., 2004; Mathas et al., 2004). We have shown 

that ATM kinase activity modulates FLIP protein levels. To test whether the lack of ATM kinase 

activity in Hodgkin/Reed Sternberg (HRS) cells may contribute to FLIP downregulation we restored 

ATM activity in L428 cells, an HL-derived cell line previously characterized for aberrantly low ATM 

function (Dutton et al., 2006) and for aberrantly high FLIP levels (Dutton et al., 2004; Mathas et al., 

2004). Using this approach we could show that ATM activity is sufficient to decrease FLIP levels and 

to sensitize L428 cells to Fas-induced apoptosis (Fig.12). It should be noted that the expression of 

ATM itself induces apoptosis in L428 cells (Fig.12B). Indeed  this cell line express Fas Ligand (FasL) 

but are protected from autonomous cell death  because overexpress FLIP protein (Dutton et al., 2004) . 

The downregulation of FLIP, through the use of specific siRNAs,  leads to reduced viability of L428 

cells independently of the stimulation with anti-Fas antibody (Dutton et al., 2004) , because of the 

presence of the endogenous FasL. Therefore it is not so unexpected that the expression of ATM itself 

in L428 cells induces apoptosis through  downregulation of FLIP, aside from Fas stimulation. 

Consequently Fas stimulation further sensitize L428 cells to apoptosis.  However, our data show a new 

molecular mechanism trough which ATM inactivation may act as a tumorigenic promoter in Hodgkin 

Lymphomas. Moreover, this finding, along with the data present in literature on ATM deficiency in 

HL (Starczynski et al., 2003; Greiner et al., 2006), allows us to speculate that AT deficiency could also 

contribute to lymphoma development via the loss of control on FLIP levels which in turn triggers Fas 

resistance.  

In summary, we identified a novel function for ATM kinase as a regulator of FLIP levels and of 

Fas sensitivity (Fig.13) and suggested that this signalling may contribute to the homeostasis of the 
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immune system (Stagni et al., 2008). We could also speculate that failure of the ATM-dependent FLIP 

regulation, might be at least partially responsible for the increased frequency of lymphomas associated 

to A-T as well as for the development of lymphoma in those situations where ATM kinase activity is 

downregulated through alternative mechanisms other than homozygous deletion. Furthermore, the 

induction of ATM activation may provide a novel tool to downregulate FLIP protein levels and to 

sensitize those lymphomas where endogenous ATM is still functional to death receptor induced 

apoptosis, suggesting that  this mechanism might be diagnostically and therapeutically relevant.  

  

 
 
 

 
Fig.13. Novel function for ATM kinase as a regulator of FLIP levels and of Fas sensitivity. The lack of ATM 

expression triggers the upregulation of c-FLIP, which may account for Fas resistance of cells that express no fuctional ATM 

kinase.  

 

 

Future directions  

 
In Fig.11 we could show that ATM modulates FLIP protein stability through a post-transcriptional 

mechanism. Moreover, our preliminary data suggest that ATM kinase activity modulates FLIP protein 

levels depending on the proteosome-dependent pathway. In particular, we treated the L6, L6-ATM-

WT and L6-ATM-KD cells with the proteosoma inhibitor MG132 and then we looked at the levels of 

FLIP by immunoblotting analysis (data not shown). We observed that MG132 increases FLIP protein 

levels and stability only in cells that express the catalytically active form of ATM (L6-ATM-WT). 

These data suggest that ATM kinase activity modulates FLIP levels depending on the proteosoma 

pathway. 

We are currently work on two main hypothesis (Fig.14). One possibility is that ATM regulates 

FLIP stability through a direct phosphorylation, as some works demonstrated that ATM may modulate 

the ubiquitination of some substrate proteins (Wu ZH et al., 2006). Our second hypothesis is that ATM 

can modulates the activity of an E3-ubiquitin ligase which is able to trigger FLIP degradation. Indeed, 

some E3-ubiquitn ligases, such as COP1 and MDM2, have been identified as novel ATM targets 

(Dornan D. et al, 2006; Khosravi R. et al. 1999). Recently, the E3-ubiquitin ligase ITCH has been 

identified as the one responsible for specific ubiquitination of FLIP-L and its induction to proteosomal 

degradation (Chang et al., 2006). In addition, ITCH ubiquitin ligase regulates also the stability of some 

proteins involved in DNA damage response as p73 and p63 (Rossi et al., 2005; Melino et al., 2006).  

These observations prompted us to investigate whether ITCH could be involved in ATM-dependent 

degradation of FLIP. Further experiments will clarify the molecular mechanism beyond this 

regulation. 
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Fig.14. Hypothesis of the molecular mechanism through which ATM kinase activity modulates FLIP levels . 

 
 
 
 
 
 
 
 
 
 
 
 

 
 



REFERENCES  Role of ATM in Fas induced apoptosis   

48 

 

 

REFERENCES 
 

 
 

Adachi M, Suematsu S, Kondo T, Ogasawara J, Tanaka T, Yoshida N, Nagata S.(1995) Targeted mutation in 

the Fas gene causes hyperplasia in peripheral lymphoid organs and liver. Nat Genet. 11:294-300 

 

Adams, J. M. & Cory, S. (2001). Life-or-death decisions by the Bcl-2 protein family. Trends Biochem. Sci. 26, 

61–66 . 

 

Ahn JY, Schwarz JK, Piwnica-Worms H, Canman CE.(2000) Threonine 68 phosphorylation by ataxia 

telangiectasia mutated is required for efficient activation of Chk2 in response to ionizing radiation. 

Cancer Res. 60:5934-5936 

 

Bakkenist CJ, Kastan MB.(2003) DNA damage activates ATM through intermolecular autophosphorylation 

and dimer dissociation. Nature 421:499-506 

 

Banin S, Shieh SY, Taya Y, Anderson CW, Chessa, L., Smorodinsky NI, Prives C, Reiss Y, Shiloh Y, Ziv 

Y.(1998) Enhanced phosphorylation of p53 by ATM in response to DNA damage. Science. 281:1674-

1677 

 

Bar, R. S., Lewis, W. R., Rechler, M. M., Harrison, L. C., Siebert, C., Podskalny, J., Roth, J. & Muggeo, M. 

(1978) Extreme insulin resistance in ataxia telangiectasia: defect in affinity of insulin receptors. N. 

Engl. J. Med. 298, 1164–1171. 

 

Barlow, C., S. Hirotsune, R. Paylor, M. Liyanage, M. Eckhaus, F. Collins, Y. Shiloh, J.N. Crawley, T. Ried, D. 

Tagle, and A. Wynshaw- Boris (1996). Atm-deficient mice: a paradigm of ataxia telangiectasia. Cell. 

86:159–171. 

 

Bartkova J, Bakkenist CJ, Rajpert-De Meyts E, Skakkebaek NE, Sehested M, Lukas J, Kastan MB, Bartek 

J.ATM activation in normal human tissues and testicular cancer.Cell Cycle. 2005 Jun;4(6):838-45.  

 

Barilà D, Rufini A, Condò I, Ventura N, Dorey K, Superti-Furga G, Testi R.(2003) Caspase-dependent 

cleavage of c-Abl contributes to apoptosis. Mol Cell Biol.23:2790-2799 

 

Bartek, J., Falck, J. & Lukas, J. (2001).CHK2 kinase: a busy messenger. Nature Rev. Mol. Cell. Biol. 2, 877–

886 . 

 

Beamish H, Lavin MF. Radiosensitivity in ataxia-telangiectasia:anomalies in radiation-induced cell cycle 

delay. Int J Radiat Biol 1994;65:175–84. 

 

 

Becker-Catania SG., Chen G., Hwang MJ, Wang Z, Sun X, Sanal O et al.( 2000) Ataxia-telangiectasia : 

phemotype/genotype studies of ATM protein expression, mutations, and radiosensitivity. Mol Genet. 

Metab 70:122-33. 

 

http://www.ncbi.nlm.nih.gov/pubmed/15846060?ordinalpos=2&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVDocSum
http://www.ncbi.nlm.nih.gov/pubmed/15846060?ordinalpos=2&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVDocSum


REFERENCES  Role of ATM in Fas induced apoptosis   

49 

 

Bertin, J, Armstrong RC, Ottilie S, Martin DA, Wang Y, Banks S, Wang GH, Senkevich TG,Alnemri ES,Moss 

B, Lenardo MJ, Tomaselli KJ, Cohen JI (1997). Death effector domain-containing herpesvirus and 

poxvirus proteins inhibit both Fas and TNFR1-induced apoptosis. Proc. Natl Acad. Sci. USA 94, 

1172–1176. 

 

Bras A, Martinez AC, Baixeras E.(1997) J Immunol159:3168– 77. Boehrs JK, He J, Halaby MJ, Yang 

DQ.(2007) Constitutive expression and cytoplasmic compartmentalization of ATM protein in 

differentiated human neuron-like SH-SY5Y cells. J Neurochem.  Jan;100(2):337-45 

 

Burma S., Chen B., Murphy M., Kurimassa A. and Chen D. J.(2001). ATM phosphorylates histone H2AX in 

response to DBS. JBC 276:42462-67. 

 

Chan FK, Chun HJ, Lenardo MJ.(2000) The multifaceted role of Fas signaling in immune cell homeostasis and 

autoimmunity. Nat Immunol.1:469-474 

 

Chang L., Kamata H., Solinas G., Luo JL, Maeda S., Venuprasad and Yun-Cai Liu,  and Michael Karin 

(2006).The E3 Ubiquitin Ligase Itch Couples JNK Activation to TNFa-inducedCell Death by Inducing 

c-FLIPL Turnover. Cell 124:601-13 

 

Chang DW, Xing Z, Pan Y, Algeciras-Schimnich A, Barnhart BC, Yaish-Ohad S, Peter ME, Yang X.(2002) c-

FLIP(L) is a dual function regulator for caspase-8 activation and CD95-mediated apoptosis. Embo J. 

21:3704-3714 

 

Cohen, G. M. (1997). Caspases: the executioners of apoptosis. Biochem. J. 326, 1-16. 

 

Cursi S, Rufini A, Stagni V, Condò I, Matafora V, Bachi A, Bonifazi AP, Coppola L, Superti-Furga G, Testi 

R, Barilà D.(2006) Src kinase phosphorylates Caspase-8 on Tyr380: a novel mechanism of apoptosis 

suppression. EMBO J. 2006 May 3;25(9):1895-905.  

 

 

Davidson WF, Giese T, Fredrickson TN.(1998) Spontaneous development of plasmacytoid tumors in mice 

with defective Fas-Fas ligand interactions. J Exp Med. 187:1825-1838 

 

De Camilli, P., Emr, S. D., McPherson, P. S. & Novick, P. (1996) Phosphoinositides as regulators in 

membrane traffic. Science 271, 1533–1539. 

Defrance T, Casamayor-Palleja M, Krammer PH.(2002) The life and death of a B cell. Adv Cancer Res. 

86:195-225 

 

Dephoure N, Howson RW, Blethrow JD, Shokat KM, O'Shea EK.(2005) Combining chemical genetics and 

proteomics to identify protein kinase substrates. Proc Natl Acad Sci U S A. 2005 Dec 

13;102(50):17940-5.  

 

 

Deveraux, Q. L. & Reed, J. C. (1999).IAP family proteins — suppressors of apoptosis. Genes Dev. 13, 239–

252 

 

Djerbi M, Screpanti V, Catrina AI, Bogen B, Biberfeld P, Grandien A.(1999) The inhibitor of death receptor 

signaling, FLICE-inhibitory protein defines a new class of tumor progression factors. J.Exp Med 

190,1025-32 

 

 

http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Armstrong%20RC%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Ottilie%20S%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Martin%20DA%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Wang%20Y%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Banks%20S%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Wang%20GH%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Senkevich%20TG%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Alnemri%20ES%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Moss%20B%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Moss%20B%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Moss%20B%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Lenardo%20MJ%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Tomaselli%20KJ%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Cohen%20JI%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Djerbi%20M%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Screpanti%20V%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Catrina%20AI%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Bogen%20B%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Biberfeld%20P%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Grandien%20A%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstractPlus


REFERENCES  Role of ATM in Fas induced apoptosis   

50 

 

Dornan D, Shimizu H, Mah A, Dudhela T, Eby M, O'rourke K, Seshagiri S, Dixit VM.(2006) 

ATM engages autodegradation of the E3 ubiquitin ligase COP1 after DNA damage.Science 

25;313(5790):1122-6. 

 

 

Dutton A, O'Neil JD, Milner AE, Reynolds GM, Starczynski J, Crocker J, Young LS, Murray PG.(2004) 

Expression of the cellular FLICE-inhibitory protein (c-FLIP) protects Hodgkin's lymphoma cells from 

autonomous Fas-mediated death. Proc Natl Acad Sci U S A. 101:6611-6616 

 

Dutton A, Young LS, Murray PG.(2006) The role of cellular FLICE inhibitory protein (c-FLIP) in the 

pathogenesis and treatment of cancer. Expert Opin Ther Targets.  Feb;10(1):27-35. Review. 

 

Fernandes, N., Sun, Y. , Chen, S. , Paul, P. , Shaw, RJ,Cantley, LC., Price, BD.(2005) DNA-damage induced 

association of ATM with its target proteins requires a protein interaction domain in the N-terminus of 

ATM. J Biol Chem. 2005 Apr 15;280(15):15158-64  

 

Fisher, G. H. et al. (1995) Dominant interfering Fas gene mutations impair apoptosis in a human autoimmune 

lymphoproliferative syndrome. Cell 81, 935–946. 

 

Fleisher TA, Puck JM, Strober W, Dale JK, Lenardo MJ, Siegel RM, Straus SE, Bleesing JJ.(2001) The 

autoimmune lymphoproliferative syndrome. A disorder of human lymphocyte apoptosis. Clin Rev 

Allergy Immunol. 20:109-120 

 

French LE & Tschopp J.(2002) Defective death receptor signaling as a cause of tumor immune escape. Semin 

Cancer Biol 12:51– 5. 

Fulda S, Kufer MU, Meyer E, van Valen F, Dockhorn-Dworniczak B,Debatin KM (2001). Sensitization for 

death receptor- or drug-induced apoptosis by re-expression of caspase-8 through demethylation or 

gene transfer. Oncogene 20:5865-5877. 

 

Ganten TM, Haas TL, Sykora J, Stahl H, Sprick MR, Fas SC, Krueger A, Weigand MA, Grosse-Wilde A, 

Stremmel W, Krammer PH, Walczak H.(2004) Enhanced caspase-8 recruitment to and activation at 

the DISC is critical for sensitisation of human hepatocellular carcinoma cells to TRAIL-induced 

apoptosis by chemotherapeutic drugs. Cell Death Differ. 11 Suppl 1:S86-96 

 

Gatti, R. A., Tward, A. & Concannon, P. (1999). Cancer risk in ATM heterozygotes: a model of phenotypic 

and mechanistic differences between missense and truncating mutations. Mol. Genet. Metab. 68, 419–

423 . 

 

Gilad S, Bar-Shira A, Harnik R, Shkedy D, Ziv Y, Khosravi R, Brown K, Vanagaite L, Xu G, Frydman M, 

Lavin MF, Hill D, Tagle DA, Shiloh Y.(1996) Ataxia-telangiectasia: founder effect among north 

African Jews. Hum Mol Genet. 5:2033-2037 

 

Gilad S, Khosravi R, Shkedy D, Uziel T, Ziv Y, Savitsky K, Rotman G, Smith S, Chessa L, Jorgensen T J, et 

al.(1996) Somatic ATM mutations indicate a pathogenic role of ATM in B-cell chronic lymphocytic 

leukemia.. Hum Mol Genet. 5:433–439 

 

Goodarzi AA, Jonnalagadda JC, Douglas P, Young D, Ye R, Moorhead GB, Lees-Miller SP, Khanna 

KK.(2004) Autophosphorylation of ataxia-telangiectasia mutated is regulated by protein phosphatase 

2A. EMBO J. 2004 Nov 10;23(22):4451-61.  

 



REFERENCES  Role of ATM in Fas induced apoptosis   

51 

 

 Golks, A., Brenner, D., Fritsch, C., Krammer, P. H. & Lavrik, I. N. (2005). c-FLIPR, a new regulator of death 

receptor-induced apoptosis. J. Biol. Chem. 280, 14507–14513 . 

Greiner TC, Dasgupta C, Ho VV, Weisenburger DD, Smith LM, Lynch JC, Vose JM, Fu K, Armitage JO, 

Braziel RM, Campo E, Delabie J, Gascoyne RD, Jaffe ES, Muller-Hermelink HK, Ott G, Rosenwald 

A, Staudt LM, Im MY, Karaman MW, Pike BL, Chan WC, Hacia JG.(2006) Mutation and genomic 

deletion status of ataxia telangiectasia mutated (ATM) and p53 confer specific gene expression 

profiles in mantle cell lymphoma. Proc Natl Acad Sci U S A. 103:2352-2357 

 

Gumy Pause F, Wacker P, Maillet P, Betts D, Sappino AP.(2003) ATM alterations in childhood acute 

lymphoblastic leukemias. Hum Mutat 21:554. 

 

Gumy-Pause F, Wacker P, Sappino AP.(2004) ATM gene and lymphoid malignancies. Leukemia 18:238-242 

 

Hanahan D & Weinberg RA(2000). The hallmarks of cancer. Cell  100:57-70. 

 

Hickson I, Zhao Y, Richardson CJ, Green SJ, Martin NM, Orr AI, Reaper PM, Jackson SP, Curtin NJ, Smith 

GC. (2004) Identification and characterization of a novel and specific inhibitor of the ataxia-

telangiectasia mutated kinase ATM. Cancer Res. 64:9152-9159 

 

Hinz M, Loser P, Mathas S, Krappmann D, Dorken B, Scheidereit C.(2001) Constitutive NF-kappaB maintains 

high expression of a characteristic gene network, including CD40, CD86, and a set of antiapoptotic 

genes in Hodgkin/Reed-Sternberg cells. Blood 97:2798-2807 

 

Hinz M, Lemke P, Anagnostopoulos I, Hacker C, Krappmann D, Mathas S, Dorken B, Zenke M, Stein H, 

Scheidereit C.(2002) Nuclear factor kappaB-dependent gene expression profiling of Hodgkin's disease 

tumor cells, pathogenetic significance, and link to constitutive signal transducer and activator of 

transcription 5a activity. J Exp Med. 196:605-617 

 

Houston A, Waldron-Lynch FD, Bennett MW, Roche D, O’Sullivan GC, Shanahan F, O’Connell J (2003)Fas 

ligand expressed in colon cancer is not associated with increased apoptosis of tumor cells in vivo. Int J 

Cancer 107:209-214. 

 

Houston A. & O’Connell J.(2004) The Fas signalling pathway and its role in the pathogenesis of cancer. 

Current Opinion in Pharmacology 4:321–326 

Hu, S., Vincez, C., Buller, M. & Dixit, V. M. (1997). A novel family of viral death effector domain-containing 

molecules that inhibit both CD95 and tumour necrosis factor receptor -1-induced apoptosis. J. Biol. 

Chem. 272, 9621–9624 . 

 

Igney, F.H. and Krammer, P.H.(2002) Death and anti-death: Tumour resistance to apoptosis. Nat. Rev. Cancer 

2, 277–288  

 

Inohara, N., Koseki, T., Hu, Y., Chen, S. & Nunez, G. (1997). CLARP, a death effector domain-containing 

protein interacts with caspase-8 and regulates apoptosis. Proc. Natl Acad. Sci. USA 94, 10717–10722 . 

 

Irmler M, Thome M, Hahne M, Schneider P, Hofmann K, Steiner V, Bodmer JL, Schröter M, Burns K, 

Mattmann C, Rimoldi D, French LE, Tschopp J (1997) Inhibition of death receptor signals by cellular 

FLIP. Nature. Jul 10;388(6638):190-5.  

 

 

Ivanov VN, Bergami PL, Maulit G, Sato TA, Sassoon D, Ronai Z (2003)FAP-1 association with Fas (Apo-1) 

inhibits Fas expression on the cell surface. Mol Cell Biol  23:3623-3635. 



REFERENCES  Role of ATM in Fas induced apoptosis   

52 

 

 

Jiang X, Sun, Chen S., Roy K, and Brendan D. Price.(2006) The FATC Domains of PIKK Proteins Are 

Functionally equivalent and Participate in the Tip60-dependent activation of DNA-PKcs and ATM. 

The Journal of    Biological Chemistry  VOL. 281, NO. 23, pp. 15741–15746, June 9. 

 

 

Juo P, Kuo CJ, Yuan J, Blenis J. (1998) Essential requirement for caspase-8/FLICE in the initiation of the Fas-

induced apoptotic cascade. Curr Biol. 8:1001-1008 

 

Kalejta RF, Brideau AD, Banfield BW, Beavis AJ.(1999)An integral membrane green fluorescent protein 

marker, Us9-GFP, is quantitatively retained in cells during propidium iodide-based cell cycle analysis 

by flow cytometry.Exp Cell Res. Apr 10;248(1):322-8. 

 

Kastan MB, Onyekwere O, Sidransky D, Vogelstein B, Craig RW.(1991) Participation of p53 protein in the 

cellular response to DNA damage.Cancer Res. 1991 Dec 1;51(23 Pt 1):6304-11.  

 

Kastan MB, Zhan Q, el-Deiry WS, Carrier F, Jacks T, Walsh WV, Plunkett BS, Vogelstein B, Fornace AJ Jr. 

(1992)A mammalian cell cycle checkpoint pathway utilizing p53 and GADD45 is defective in ataxia-

telangiectasia. Cell. 1992 Nov 13;71(4):587-97.  

 

Kastan MB, Lim DS. (2000) The many substrates and functions of ATM. Nat Rev Mol Cell Biol.  

Dec;1(3):179-86 Review 

 

Khanna KK, Keating KE, Kozlov S, Scott S, Gatei M, Hobson K, Taya Y, Gabrielli B, Chan D, Lees-Miller 

SP, Lavin MF (1998).ATM associates with and phosphorylates p53: mapping the region of 

interaction.Nat Genet.  Dec;20(4):398 

 

Khanna, K. K. (2000). Cancer risk and the ATM gene: a continuing debate. J. Natl Cancer Inst. 92, 795–802 . 

 

Khanna KK, Jackson SP.(2001) DNA double-strand breaks: signaling, repair and the cancer connection. Nat 

Genet. 27:247-254 

 

Kim Y, Suh N, Sporn M, Reed JC.(2002)An inducible pathway for degradation of FLIP protein sensitizes 

tumor cells to TRAIL-induced apoptosis.J Biol Chem. Jun 21;277(25):22320-9.  

 

Kosravi R. et al.(1999) Rapid ATM –dependent phosphorylation of MDM2 precedes p53 accumulation in 

response to DNA damage. PNAS 96:14973-77. 

 

Kozlov S, Gueven N, Keating K, Ramsay J, Lavin MF.(2003) ATP activates ataxia-telangiectasia mutated 

(ATM) in vitro. Importance of autophosphorylation. J Biol Chem. 278:9309-9317 

 

Krammer PH.(2000) CD95's deadly Siegel RM mission in the immune system. Nature 407:789-795 

 

Kreuz S, Siegmund D, Scheurich P, Wajant H. NF-kappaB inducers upregulate cFLIP, a cycloheximide-

sensitive inhibitor of death receptor signaling. Mol Cell Biol. 2001;21:3964-3973 

 

Krueger, A., Schmitz, I., Baumann, S., Krammer, P. H. & Kirchhoff, S. (2001). Cellular FLICE-inhibitory 

protein splicevariants inhibit different steps of caspase-8 activation at the CD95 death-inducing 

signalling complex. J. Biol. Chem. 276, 20633–20640 . 

 

 

http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=9843217&ordinalpos=11&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVDocSum
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=9843217&ordinalpos=11&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVDocSum


REFERENCES  Role of ATM in Fas induced apoptosis   

53 

 

Kuppers R, Schwering I, Brauninger A, Rajewsky K, Hansmann ML.(2002) Biology of Hodgkin's lymphoma. 

Ann Oncol. 13 Suppl 1:11-18 

 

Kurz EU, Lees-Miller SP.(2004) DNA damage-induced activation of ATM and ATM-dependent signaling 

pathways. DNA Repair 2004;3:889–900. 

 

Lavin MF, Davidson M.(1981) Repair of strand breaks in superhelical DNA of ataxia telangiectasia 

lymphoblastoid cells. J Cell Sci. 48:383-391 

 

Lavin MF.(2000)An unlikely player joins the ATM signalling network.Nat Cell Biol.  Dec;2(12):E215-7. 

Lavin MF, Gueven N. (2006) The complexity of p53 stabilization andactivation. Cell Death Differ 

2006;13:941–50.   

 

Lespinet V, Terraz F, Recher C, Campo E, Hall J, Delsol G, Al Saati T. (2005) Single-cell analysis of loss of 

heterozygosity at the ATM gene locus in Hodgkin and Reed-Sternberg cells of Hodgkin's lymphoma: 

ATM loss of heterozygosity is a rare event. Int J Cancer. 114:909-916 

 

Liberzon E, Avigad S, Yaniv I, Stark B, Avrahami G, Goshen Y, Zaizov R.(2004) Molecular variants of the 

ATM gene in Hodgkin’s disease in children. Br J Cancer 90:522–5. 

 

Lim DS, Kirsch DG, Canman CE, Ahn JH, Ziv Y, Newman LS, Darnell RB, Shiloh Y, Kastan MB.(1998) 

ATM binds to beta-adaptin in cytoplasmic vesicles. Proc Natl Acad Sci U S A.  Aug 18;95(17):10146-

51. 

Matei IR, Guidos CJ, Danska JS.(2006) ATM-dependent DNA damage surveillance in T-cell development and 

leukemogenesis: the DSB connection. Immunol Rev. 209:142-158 

 

Mathas S, Hinz M, Anagnostopoulos I, Krappmann D, Lietz A, Jundt F, Bommert K, Mechta-Grigoriou F, 

Stein H, Dorken B, Scheidereit C.(2002) Aberrantly expressed c-Jun and JunB are a hallmark of 

Hodgkin lymphoma cells, stimulate proliferation and synergize with NF-kappa B. Embo J. 21:4104-

4113 

 

Mathas S, Lietz A, Anagnostopoulos I, Hummel F, Wiesner B, Janz M, Jundt F, Hirsch B, Johrens-Leder K, 

Vornlocher HP, Bommert K, Stein H, Dorken B.(2004) c-FLIP mediates resistance of Hodgkin/Reed-

Sternberg cells to death receptor-induced apoptosis. J Exp Med. 199:1041-1052 

 

  Matsuoka S, Rotman G, Ogawa A, Shiloh Y, Tamai K, Elledge SJ.(2000) Ataxia telangiectasia-mutated 

phosphorylates Chk2 in vivo and in vitro. Proc Natl Acad Sci U S A. 97:10389-10394 

 

Matsuoka S, Ballif BA, Smogorzewska A, McDonald III ER,  Hurov, Ji Luo,Corey E. Bakalarski, Zhao Z, 

Solimini N, Lerenthal Y, Shiloh Y, P. Gygi and Stephen J. Elledge (2007)ATM and ATR Substrate 

Analysis Reveals Extensive Protein Networks Responsive to DNA Damage Science 316, 1160  

 

McKinnon, P. J. & Burgoyne, L. A. (1985) Altered cellular morphology and microfilament array in ataxia-

telangiectasia fibroblasts. Eur. J. Cell Biol. 39, 161–166. 

 

McKinnon P.J. (2004). ATM and ataxia telangiectasia. EMBO reports 5 (8):772-776. 

 

Medema JP, de Jong J, van Hall T, Melief CJ, Offringa R.(1999) Immune escape of tumors in vivo by 

expression of cellular FLICE-inhibitory protein.J Exp Med.  Oct 4;190(7):1033-8.  

 

Melino G, Knight RA, Cesareni G. (2006) Degradation of p63 by Itch. Cell Cycle. 2006 Aug;5(16):1735-9.  

http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=9707615&ordinalpos=4&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVDocSum
http://www.ncbi.nlm.nih.gov/pubmed/10510093?ordinalpos=1&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVDocSum
http://www.ncbi.nlm.nih.gov/pubmed/16931910?ordinalpos=3&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVDocSum


REFERENCES  Role of ATM in Fas induced apoptosis   

54 

 

Micheau, O. et al. (2002).The long form of FLIP is an activator of caspase-8 at the Fas death-inducing 

signaling complex. J. Biol. Chem. 277, 45162–45171 . 

 

Morrell D, Cromartie E, Swift M. J (1986) Mortality and cancer incidence in 263 patients with ataxia-

telangiectasia.  Natl Cancer Inst. 77:89–92. 

Mu JJ, Wang  Y,   Luo H,  Leng M, Zhang J, Yang T, Besusso D, Yun Jung S, and Jun Qin(2007)A Proteomic 

Analysis of Ataxia Telangiectasia-mutated (ATM)/ ATM-Rad3-related (ATR) Substrates Identifies 

the Ubiquitin-Proteasome System as a Regulator for DNA Damage Checkpoints. J Biol Chem vol 

282:24june (15) 

Muschen M, Rajewsky K, Kronke M, Kuppers R.(2002) The origin of CD95-gene mutations in B-cell 

lymphoma. Trends Immunol. 23:75-80 

 

Nagata, S.(1998) Human autoimmune lymphoproliferative syndrome, a defect in the apoptosis-inducing Fas 

receptor: a lesson from the mouse model. J. Hum. Genet. 43, 2–8. 

 

Newton K, Harris AW, Strasser A.(2000) FADD/MORT1 regulates the pre-TCR checkpoint and can function 

as a tumour suppressor. EMBO J 19:931–41. 

 

Oguchi K, Takagi M, Tsuchida R, Taya Y, Ito E, Isoyama K, Ishii E, Zannini L, Delia D, Mizutani S.(2003) 

Missense mutation and defective function of ATM in a childhood acute leukemia patient with MLL 

gene rearrangement. Blood 101:3622-3627 

 

Panka DJ, Mano T, Suhara T, Walsh K, Mier JW. (2001) Phosphatidylinositol 3-kinase/Akt activity regulates 

c-FLIP expression in tumor cells. J Biol Chem.  Mar 9;276(10):6893-6.   

 

Perez D, White E.(2003) E1A sensitizes cells to tumor necrosis factor alpha by downregulating c-FLIP S.J 

Virol. Feb;77(4):2651-62.  

 

Perez OD, Krutzik PO, Nolan GP.(2004) Flow cytometric analysis of kinase signaling cascades. Methods Mol. 

Biol. 263:67-94 

 

Peter ME (2004) The flip side of FLIP. Biochem J. 382:e1-3 

 

Pitti RM, Marsters SA, Lawrence DA, Roy M, Kischkel FC, Dowd P,Huang A, Donahue CJ, Sherwood SW, 

Baldwin DT et al.(1998). Genomic amplification of a decoy receptor for Fas ligand in lung and colon 

cancer. Nature  396:699-703. 

 

Poukkula, M. et al. (2005). Rapid turnover of c-FLIPshort is determined by its unique C-terminal tail. J. Biol. 

Chem. 280, 27345–27355 . 

 

Ptacek J, Devgan G, Michaud G, Zhu H, Zhu X, Fasolo J, Guo H, Jona G, Breitkreutz A, Sopko R, McCartney 

RR, Schmidt MC, Rachidi N, Lee SJ, Mah AS, Meng L, Stark MJ, Stern DF, De Virgilio C, Tyers M, 

Andrews B, Gerstein M, Schweitzer B, Predki PF, Snyder M. (2005) Global analysis of protein 

phosphorylation in yeast. Nature. 2005 Dec 1;438(7068):679-84 

 

 

Ralph C. Budd, Wen-Chen Yeh and Jürg Tschopp.(2006)  cFLIP regulation of lymphocyte activation and 

development. Nature Review :196-204 

 

http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Panka%20DJ%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Mano%20T%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Suhara%20T%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Walsh%20K%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Mier%20JW%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstractPlus
javascript:AL_get(this,%20'jour',%20'J%20Biol%20Chem.');


REFERENCES  Role of ATM in Fas induced apoptosis   

55 

 

Rathmell JC, Townsend SE, Xu JC, Flavell RA, Goodnow CC.(1996) Expansion or elimination of B cells in 

vivo: dual roles for CD40- and Fas (CD95)-ligands modulated by the B cell antigen receptor.Cell 

87:319–29. 

 

Re D, Hofmann A, Wolf J, Diehl V, Staratschek-Jox A.(2000) Cultivated H-RS cells are resistant to CD95L-

mediated apoptosis despite expression of wild-type CD95. Exp Hematol. 28:348 

 

Redon C. et al (2002) Histone H2A variants H2AX. Current opinion Genetic Development 12:162-69. 

 

Revy P., Buck D., le deist F., de Villartay JP.(2005) The repair of DNA damages/modifications  during the 

maturation of the immune system: lessons from uman primary immunodeficiency disorders and 

animal models. Adv Immunol 87:237-295. 

 

Robinson, M. S. (1994) The role of clathrin, adaptors and dynamin in endocytosis Curr. Opin. Cell Biol. 6, 

538–544. 

Rossi M, De Laurenzi V, Munarriz E, Green DR, Liu YC, Vousden KH, Cesareni G, Melino G.(2005) The 

ubiquitin-protein ligase Itch regulates p73 stability. EMBO J. 2005 Feb 23;24(4):836-48.  

 

Rush J, Moritz A, Lee KA, Guo A, Goss VL, Spek EJ, Zhang H, Zha XM, Polakiewicz RD, Comb MJ. (2005) 

Immunoaffinity profiling of tyrosine phosphorylation in cancer cells. Nat Biotechnol. 2005 

Jan;23(1):94-101.  

 

Saito S. et al.(2002) ATM mediates phosphorylation at multiple p53 sites , including Ser(46), in response to 

ionizing radiation. JBC  277:12491-94. 

 

Salon C, Eymin B, Micheau O, Chaperot L, Pluman J, Brambilla C, Brambilla E, Gazzeri S.(2006) E2F1 

induced apoptosis and sensitizes human lung adenocarcinoma cells to death-receptor-mediated 

apoptosis through specific downregulation of c-FLIP short. Cell Death Differ. 13:260-272 

 

 

Savitsky K, Bar-Shira A, Gilad S, Rotman G, Ziv Y, Vanagaite L, Tagle DA, Smith S, Uziel T, Sfez S, 

Ashkenazi M, Pecker I, Frydman M, Harnik R, Patanjali SR, Simmons A, Clines GA, Sartiel A, Gatti 

RA, Chessa L, Sanal O, Lavin MF, Jaspers NG, Taylor AM, Arlett CF, Miki T, Weissman SM, Lovett 

M, Collins FS, Shiloh Y.(1995) A single ataxia telangiectasia gene with a product similar to PI-3 

kinase.Science Jun 23;268(5218):1749-53.  

 

Scaffidi, C., Schmitz, I., Krammer, P.H. and Peter, M.E. (1999) The role of c-FLIP in modulation of CD95-

induced apoptosis. J Biol Chem, 274, 1541-1548. 

Schaadt M, Diehl V, Stein H, Fonatsch C, Kirchner HH (1980) Two neoplastic cell lines with unique features 

derived from Hodgkin's disease.Int J Cancer. Dec 15;26(6):723-31.  

 

Schoonderwaldt, H., Joosten, E., Gabreels, L. V., Gabreels-Festen, A. & Korten, J. J. (1973) taxia-

telangiectasia (Louis Bar syndrome): with special reference to findings in the peripheral nervous 

system Psychiatr. Neurol. Neurochir. 76,459–472. 

Shafman T, Khanna KK, Kedar P, Spring K, Kozlov S, Yen T, Hobson K, Gatei M, Zhang N, Watters D, 

Egerton M, Shiloh Y, Kharbanda S, Kufe D, Lavin MF(1997).Interaction between ATM protein and c-

Abl in response to DNA damage. Nature  29(387): 520-23. 

Shiloh, Y., Tabor, E. & Becker, Y. (1983) Colony-forming ability of ataxia-telangiectasia skin fibroblasts is an 

indicator of their early senescence and increased demand for growth factors. Exp. Cell Res. 140, 191–

199. 

 

http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=9168117&ordinalpos=39&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVDocSum
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=9168117&ordinalpos=39&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVDocSum


REFERENCES  Role of ATM in Fas induced apoptosis   

56 

 

Shiloh, Y. & Kastan, M. B. (2001).ATM: genome stability, neuronal development, and cancer cross paths. 

Adv. Cancer Res. 83, 209–254. 

 

Shiloh, Y. (2001).ATM and ATR: networking cellular responses to DNA damage. Curr. Opin. Genet. Dev. 11, 

71–77 . 

 

Shiloh Y. (2003) ATM and related protein kinases: safeguarding genome integrity.Nat Rev Cancer. Mar 

3(3):155-68.  

 

Siegel RM, Chan FK, Chun HJ, Lenardo MJ. (2000)The multifaceted role of Fas signaling in immune cell 

homeostasis and autoimmunity. Nat Immunol. 1:469-474 

 

  Smith GCM, D'Adda di Fagagna, F., Lakin, N.D. and Jackson,S.P. (1999) Cleavage and inactivation of ATM 

during apoptosis. Mol.Cell.Biol. 19:6076-6084 

 

Stagni V, Di Bari M., Cursi S. , Condò I, Testi R , Lerenthal Y. , Cundari E, Barilà D.(2008)ATM kinase 

activity modulates Fas-sensitivity through the regulation of FLIP in lymphoid cells.Blood in press 

 

Stankovic T, Kidd AM, Sutcliffe A, McGuire GM, Robinson P, Weber P, Bedenham T, Bradwell AR, Easton 

DF, Lennox GG, Haites N, Byrd PJ, Taylor AM. (1998). ATM mutations and phenotypes in 

ataxiatelangiectasia families in the British Isles: expression of mutant ATM and the risk of leukemia, 

lymphoma, and breast cancer. Am. J. Hum. Genet. 62, 334–345 . 

 

Stankovic T., Weber P, Stewart G, Bedenham T, Murray J, Byrd P J, Moss P A H, Taylor A M R.(1999) 

Inactivation of ataxia telangiectasia mutated gene in B-cell chronic lymphocytic leukaemia. tankovic 

T, Lancet. 353:26–29 

 

 

Stankovic T, Stewart GS, Byrd P, Fegan C, Moss PA, Taylor AM. (2002) ATM mutations in sporadic 

lymphoid tumours. Leuk. Lymph. 43, 1563-71 

 

Starczynski J, Simmons W, Flavell JR, Byrd PJ, Stewart GS, Kullar HS, Groom A, Crocker J, Moss PA, 

Reynolds GM, Glavina-Durdov M, Taylor AM, Fegan C, Stankovic T, Murray PG.(2003) Variations 

in ATM protein expression during normal lymphoid differentiation and among B-cell-derived 

neoplasias. Am J Pathol. 163:423-432 

 

Stavridi E.S. and Halazonetis T.D. (2005). Nbs1 moving up in the world. Nat.Cell.Biol.  7:648-650. 

 

Stilgenbauer S, Schaffner C, Litterst A, Liebisch P, Gilad S, Bar-Shira A, James M R, Lichter P, Döhner H. 

(1997) Biallelic mutations in the ATM gene in T-prolymphocytic leukemia Nat Med. Oct;3(10):1155-

9. 

Stoppa-Lyonnet D, Soulier J, Lauge A, Dastot H, Garand R, Sigaux F, Stern M H (1998) Inactivation of the 

ATM gene in T-cell prolymphocytic leukemias. Blood 91:3920–3926 

Straus SE, Jaffe ES, Puck JM, Dale JK, Elkon KB, Rosen-Wolff A, Peters AM, Sneller MC, Hallahan CW, 

Wang J, Fischer RE, Jackson CM, Lin AY, Baumler C, Siegert E, Marx A, Vaishnaw AK, Grodzicky 

T, Fleisher TA, Lenardo MJ.(2001) The development of lymphomas in families with autoimmune 

lymphoproliferative syndrome with germline Fas mutations and defective lymphocyte apoptosis. 

Blood 98:194-200 

 

Sun Y, Jiang X, Chen S, Fernandes N. and Brendan D. Price.(2005) A role for the Tip60 histone 

acetyltransferase in the acetylation and activation of ATM. PNAS; 13:13182-87. 

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=12612651&query_hl=28&itool=pubmed_docsum
http://www.ncbi.nlm.nih.gov/pubmed/9463314?ordinalpos=15&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVDocSum
http://www.ncbi.nlm.nih.gov/pubmed/9463314?ordinalpos=15&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVDocSum
http://www.ncbi.nlm.nih.gov/pubmed/12400598?ordinalpos=8&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVDocSum


REFERENCES  Role of ATM in Fas induced apoptosis   

57 

 

 

 

Takahashi Y, Ohta H, Takemori T.(2001) Fas is required for clonal selection in germinal centers and the 

subsequent establishment of the memory B cell repertoire. Immunity 14:181-192 

 

Takagi M, Tsuchida R, Oguchi K, Shigeta T, Nakada S, Shimizu K, Ohki M, Delia D, Chessa L, Taya Y, 

Nakanishi M, Tsunematsu Y, Bessho F, Isoyama K, Hayashi Y, Kudo K, Okamura J, Mizutani 

S.(2004) Identification and characterization of polymorphic variations of the ataxia telangiectasia 

mutated (ATM) gene in childhood Hodgkin disease. Blood 103:283-290 

 

Tanaka T, Halicka HD, Huang X, Traganos F, Darzynkiewicz Z.Constitutive histone H2AX phosphorylation 

and ATM activation, the reporters of DNA damage by endogenous oxidants.Cell Cycle. 2006 

Sep;5(17):1940-5. Review 

 

Taylor AM, Metcalfe JA, Thick J, Mak YF.(1996) Leukemia and lymphoma in ataxia telangiectasia. Blood 

87:423-438 

 

Thome, M. et al. (1997).Viral FLICE-inhibitory proteins (FLIPs) prevent apoptosis induced by death receptors. 

Nature 386, 517–520 . 

 

Thome, M. and Tschopp, J.(2001) Regulation of lymphocyte proliferation and death by FLIP. Nat. Rev. 

Immunol. 1, 50–58 

 

Tourneur L, Mistou S, Michiels FM, Devauchelle V, Renia L, Feunteun J, Chiocchia G (2003). Loss of FADD 

protein expression results in a biased Fas-signaling pathway and correlates with the development of 

tumoral status in thyroid follicular cells. Oncogene 22:2795-2804. 

 

Traven A. and Heierhorst J.( 2005) SQ/TQ cluster domains: concentrated ATM/ATR kinase phosphorylation 

site regions in DNA-damage-response proteins. BioEssays 27:397-407 

Tritarelli A, Oricchio E, Ciciarello M, Mangiacasale R, Palena A, Lavia P, Soddu S, Cundari E.(2004) p53 

localization at centrosomes during mitosis and postmitotic checkpoint are ATM-dependent and require 

serine 15 phosphorylation. Mol Biol Cell. 15:3751-3757 

 

Tschopp, J., Irmler, M. & Thome, M. (1998). Inhibition of fas death signals by FLIPs. Curr. Opin. 

Immunol.10, 552–558. 

 

Uziel T, Lerenthal Y, Moyal L, Andegeko Y, Mittelman L, Shiloh Y.(2003) Requirement of the MRN 

complex for ATM activation by DNA damage. Embo J. 22:5612-5621 

 

Wallach D, Varfolomeev EE, Malinin NL, Goltsev YV, Kovalenko AV, Boldin MP.(1999) Tumor necrosis 

factor receptor and Fas signaling mechanisms. Annu. Rev. Immunol.17:331-367 

 

Wajant, H., Pfizenmaier, K., and Scheurich, P.(2002) TNF-related apoptosis inducing ligand (TRAIL) and its 

receptors in tumor surveillance and cancer therapy. Apoptosis 7, 449-459 . 

 

Wang, J. et al.(1999) Inherited human Caspase 10 mutations underlie defective lymphocyte and dendritic cell 

apoptosis in autoimmune lymphoproliferative syndrome type II. Cell 98, 47–58 . 

 

 

http://www.ncbi.nlm.nih.gov/pubmed/16940754?ordinalpos=4&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVDocSum


REFERENCES  Role of ATM in Fas induced apoptosis   

58 

 

Wang H, Wang M, Bocker W, Iliakis G.(2005) Complex H2AX phosphorylation patterns by multiple kinases 

including ATM and DNA-PK in human cells exposed to ionizing radiation and treated with kinase 

inhibitors. J Cell Physiol. 202:492-502 

 

 

Watters, D., Khanna, K. K., Beamish, H., Birrell, G., Spring, K., Kedar, P., Gatei, M., Stenzel, D., Hobson, K., 

Kozlov, S., et al. (1997) Cellular localisation of the ataxia-telangiectasia (ATM) gene product and 

discrimination between mutated and normal forms. Oncogene 14, 1911–1921. 

 

Wu ZH, Shi Y, Tibbetts RS, Miyamoto S. (2006) Molecular linkage between the kinase ATM and NF-kappaB 

signaling in response to genotoxic stimuli. Science Feb 24;311(5764):1141-6. 

 

Yang DQ & Kastan MB.(2000) Participation of ATM in insulin signalling through phosphorylation of eIF-4E-

binding protein Nat Cell Biol.  Dec;2(12):893-8. 

 

Yeh JH, Hsu SC, Han SH, Lai MZ(1998) Mitogen-activated protein kinase kinase antagonized fas-associated 

death domain protein-mediated apoptosis by induced FLICE-inhibitory protein expression. J Exp Med.  

Nov 16;188(10):1795-802.  

 

 

 

  

 

 

 

http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=11146653&ordinalpos=29&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVDocSum
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Yeh%20JH%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Hsu%20SC%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Han%20SH%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Lai%20MZ%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstractPlus
javascript:AL_get(this,%20'jour',%20'J%20Exp%20Med.');

