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Abstract

In mammalian cells, changes in signaling networks and expressed proteins ensure the adequate 

detection and management of damaged macromolecules. Here, we review an emergent pathway of 

maintenance of homeostasis following genotoxic stress. The RNA-binding protein HuR associates 

with sirtuin (SIRT)1 mRNA and maintains constitutively elevated levels of SIRT1 protein, a 

deacetylase that elicits a prosurvival function. SIRT1 was recently shown to deacetylate the 

Nijmegen breakage syndrome (NBS1) protein, thereby rendering it phosphorylatable by ataxia 

telangiectasia mutated protein (ATM). A component of the MRN (MRE11–RAD50–NBS1) 

nuclease complex, NBS1 is crucial for sensing DNA damage and mounting a genotoxic 

response. This article covers the regulatory pathway of HuR→SIRT1→NBS1, through which 

post-transcriptional and post-translational effectors contribute to the maintenance of genomic 

integrity.

Introduction: HuR elicits an anti-apoptotic gene expression program

In response to stress-causing and metabolic signals, cells maintain homeostasis through the 

action of signaling pathways that implement specific gene expression programs. In addition 

to transcriptional processes, the collective of expressed proteins is strongly influenced by 

post-transcriptional events that control mRNA splicing, transport, stability and translation. 

The principal post-transcriptional regulators of gene expression are non-coding RNAs 

(including microRNAs) and RNA-binding proteins (RBPs) [1]. RBPs include distinct 

proteins that associate with specific mRNA sequences [typically at 5′- or 3′–untranslated 

regions (UTRs)] and regulate distinct subsets of mRNAs [2]. These proteins have been 

termed TTR–RBPs, given their function as turnover and translation regulatory proteins [3].

During the past decade, the TTR–RBP HuR has emerged as a crucial regulator of a group 

of mRNAs with which it associates through its three RNA-recognition motifs (RRMs) [4,5]. 

For many HuR target transcripts, including the sirtuin (SIRT)1 mRNA, association with 

HuR extends transcript half-life and consequently increases protein levels [4,6], whereas for 

other HuR target mRNAs, HuR instead influences the translation rate, either enhancing it or 

repressing it [7] (Box 1).
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Through its influence on target mRNAs, HuR functions as a key regulator of gene 

expression in cells responding to immune, stress-causing, metabolic, proliferative and 

differentiation stimuli. In addition, HuR is emerging as a potent enhancer of cell survival, 

an effect that is associated with its positive influence on several anti-apoptotic proteins. HuR 

was shown to bind to the mRNA encoding the apoptosome inhibitor prothymosin α (ProTα) 

and enhanced its translation and abundance [8]. Similarly, HuR promoted the translation of 

a target mRNA encoding the hypoxia-inducible factor (HIF-1α) [9], another antiapoptotic 

protein. HuR also increased the levels of mRNAs encoding Bcl-2 and Mcl-1, two major 

anti-apoptotic proteins [10]. Together with the finding that HuR elevated the stability and 

expression of a target mRNA encoding the pro-survival deacetylase SIRT1 [6], HuR seems 

to have a major role in coordinating a cellular pro-survival program [10]. In this article, we 

review recent evidence that suggests the HuR target SIRT1 could further contribute to the 

promotion of cell survival through its positive influence on Nijmegen breakage syndrome 

protein (NBS1) function, which in turn helps to recruit ATM to the site of damaged 

DNA, and thus initiates the DNA repair response. Accordingly, the HuR→ SIRT1→NBS1 

regulatory pathway underscores the importance of post-transcriptional (mRNA stabilization) 

and post-translational (deacetylation, phosphorylation) processes towards ensuring the 

timely and accurate management of DNA damage at a time when transcriptional events 

are compromised.

HuR regulates SIRT1 expression

HuR associated prominently with the 3′UTR of SIRT1 mRNA [6], leading to increases in 

SIRT1 mRNA half-life and steady-state SIRT1 mRNA and protein levels [6]. The resulting 

[HuR–SIRT1 mRNA] ribonucleoprotein (RNP) complex was readily identified in human 

cervical carcinoma HeLa cells and in early-passage, actively dividing WI-38 human diploid 

fibroblasts. SIRT1 mRNA stability and SIRT1 expression levels were enhanced following 

HuR overexpression and reduced when HuR expression was silenced [6]. In cells sustaining 

acute oxidative damage (following exposure to hydrogen peroxide), HuR and SIRT1 showed 

a protective influence that was mutually interdependent – HuR was fully protective only 

in the presence of SIRT1, whereas SIRT1 was only fully expressed and protective in the 

presence of elevated HuR [6].

Unexpectedly, however, the [HuR–SIRT1 mRNA] RNP complex dissociated following 

treatment with the potent oxidant [6]. The reduction in RNP levels was attributed to 

the phosphorylation of HuR by the checkpoint kinase Chk2, which is itself activated by 

phosphorylation in response to oxidative damage (Figure 1). Three Chk2 phosphorylation 

sites were identified on HuR, one within the HuR RRM1 (Ser-88), one within RRM2 

(Ser-100), and one between RRM1 and RRM2 (Thr-118) [6,11]. In addition to HuR, 

Chk2 phosphorylates Cdc25A, Cdc25C, BRCA1 and p53 [12]. Although these proteins 

influence the cell division cycle, Chk2 does not seem to have a direct role in controlling 

cell cycle progression following genotoxic stress. Instead, studies using Chk2-deficient 

mice revealed that Chk2 was involved in p53-dependent apoptosis in response to ionizing 

radiation (IR) injury [13] because lymphocytes, thymocytes and neurons from Chk2−/−mice 

eserved following IR, whereas those derived from wild-type mice underwent p53-triggered 

apoptosis. In light of the pro-apoptotic function of Chk2, its ability to trigger the dissociation 
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of HuR and SIRT1 mRNA is particularly significant, considering the dual roles of HuR 

and SIRT1 on cell survival (discussed in following section). In its capacity as an HuR 

kinase, we hypothesize that Chk2 could participate in the molecular decision to survive or 

perish following cellular damage. In normal growth conditions and in response to repairable 

damage to the cell, Chk2 activity is low, whereas [HuR–SIRT1 mRNA] RNP and SIRT1 

protein levels are elevated, signaling survival. By contrast, lethal oxidative injury increases 

Chk2 function, which in turn dissociates [HuR–SIRT1 mRNA] RNPs and lowers SIRT1 

expression [6], thus helping to trigger the death of cells that have sustained irreparable 

damage (Figure 2).

In addition to the post-transcriptional processes, SIRT1 levels are regulated through 

transcriptional mechanisms. Transcription of the SIRT1 gene is inhibited by p53 in 

unstimulated cells, although the association of FoxO3a (forkhead-box transcription factor) 

with p53 relieved this suppression [14]. The tumor suppressor HIC1 associates with the 

SIRT1 protein and forms a transcriptional repressor complex that directly binds the SIRT1 

promoter [15]. Overall, SIRT1 levels are controlled through a complex set of transcriptional 

and post-transcriptional processes, as well as by negative feedback autoregulation and 

regulation by p53 and FoxO3a, the very targets of SIRT1 deacetylase function, as discussed 

in the following section.

SIRT1 influences the cellular response to metabolic and damaging stress

SIRT1 belongs to the sirtuin protein family of class-III histone deacetylases (HDACs). 

In yeast, worms, flies and mammals, sirtuin expression and function are regulated by 

damaging agents and nutritional stress [16–19]. In turn, sirtuins exert a protective influence 

by modulating various aspects of cell physiology. Originally described in yeast as silent 

information regulator 2 protein (Sir2p), mammalian cells express seven sirtuin homologs 

(SIRT1–SIRT7), which catalyze two types of reactions: protein deacetylation (SIRT1, 

SIRT2, SIRT3 and SIRT5) and protein ADP-ribosylation (SIRT4, SIRT6) [20,21]. Given 

the requirement for NAD+ in both reactions, sirtuins connect the energy availability of the 

cell (NAD+) with its response to metabolic and environmental stresses [22–25].

The ubiquitous mammalian SIRT1 deacetylates many proteins other than histones. These 

substrates include transcription factors involved in regulating stress responses, energy 

metabolism and endocrine signaling, such as the peroxisome proliferator-activated receptor 

γ (PPARγ), PPARγ-coactivator 1α (PGC1α), nuclear factor-κB (NF-κB), FoxO proteins, 

liver X receptor (LXR) and p53 [26–33]. The activities of many of these transcription 

factors are determined by their acetylation status [34–40]. Because of its influence on 

transcriptional regulators and other deacetylation substrates, SIRT1 has been proposed 

to modulate apoptosis and cell proliferation in response to damage-causing agents and 

metabolic imbalances [19,40–44] (Box 2).

SIRT1 function increases in response to a broad variety of metabolic and damaging stresses. 

Among the metabolic inducers of SIRT1 are calorie restriction, fasting and insulin action 

[19,45–49]. In turn, SIRT1 activates gluconeogenesis and represses glycolysis in the liver 

via deacetylation of PGC1-α, induces the mobilization of fat from white adipose tissue by 
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repressing PPARγ, and represses uncoupling protein 2 (UCP2) transcription in the pancreas, 

augmenting its sensitivity to glucose levels [27,32,48,49]. Among its responses to damage

causing stimuli, SIRT1 influences cell division and stress resistance by deacetylating FoxO, 

p53 and Ku70 and thereby reducing their ability to trigger apoptosis [26,29,30,35,42]. 

The SIRT1-mediated deacetylation of p53 attenuates stress-induced apoptosis by reducing 

the ability of p53 to transcriptionally induce the expression of the pro-apoptotic factor 

Bax [34,35]. Similarly, deacetylation of FoxO3a by SIRT1 blocked its apoptosis-promoting 

activity, which is elicited in part via the positive influence of FoxO3a on pro-apoptotic 

proteins Bim and p53 [26,29,50,51]. By deacetylating Ku70, SIRT1 further inhibited Bax 

pro-apoptotic function because it sequestered Bax in the cytoplasm, prevented its relocation 

to mitochondria and blocked its ability to initiate apoptosis [42]. The central role of SIRT1 

in the integration of metabolic and damaging stresses is discussed in Box 2.

Despite the widespread protection engendered by SIRT1, no specific SIRT1 substrates 

had been linked to the maintenance of genomic integrity until the publication by Yuan 

et al.. During the DNA damage response, SIRT1 deacetylated p53 and thus suppressed 

its apoptotic effects. However, whether or not SIRT1 functions upstream of p53-mediated 

effects on the repair of damaged DNA remains unclear; according to a recent study, SIRT1 

directly modulates the p53-elicited genotoxic response [15] but other reports indicate that 

deacetylation of p53 by SIRT1 does not alter p53 functions [52,53]. As discussed below, 

SIRT1 was recently shown to deacetylate NBS1, a protein implicated in the cellular response 

to DNA damage. These findings identify an alternative effector through which SIRT1 helps 

to preserve genomic integrity [54].

NBS1 is a novel deacetylation target of SIRT1

A recent report demonstrated that SIRT1 associates with NBS1, the regulatory subunit 

of the MRN (MRE11–RAD50–NBS1) nuclease complex, which participates in sensing 

DNA damage and in mounting the cellular response to DNA double-strand breaks (DSBs) 

[54]. This study also showed that the SIRT1-mediated deacetylation of NBS1 enabled 

the phosphorylation of NBS1 at Ser-343 by the kinase ATM. Named after its discovery 

in the human genetic disorder ataxia-telangiectasia (Box 3), ATM is activated by DNA 

damage and in turn phosphorylates many substrate proteins that affect growth arrest 

checkpoints, regulate the repair of DSBs and modulate apoptosis [55]. Phosphorylation of 

NBS1 at Ser-343 and Ser-278 was previously shown to be required for the activation of 

an intra-S phase checkpoint [56–59]. However, primary lymphocytes from mice expressing 

NBS1 with non-phosphorylatable Ser-278 and Ser-343 residues did not exhibit significant 

checkpoint defects and showed efficient phosphorylation of ATM substrates Chk2 and 

SMC1 (structural maintenance of chromosomes 1) in response to ionizing radiation (IR) 

[60]. Together with similar findings reported earlier [61], this evidence brings into question 

the requirement for NBS1 phosphorylation at Ser-278 and Ser-343 for activating an intra-S 

phase checkpoint in primary mouse lymphocytes. However, the possibilities remain that 

other NBS1 phosphorylation sites contribute to the intra-S phase checkpoint and that NBS1 

has distinct phosphorylation requirements in different cell types. According to a model 

proposed recently, the DNA-damage response following DSBs begins with the detection 

and association of the MRN complex at the site of the DNA break; the ATM kinase is 
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then recruited to the DSB site via multiple associations with the MRN complex; ATM 

is subsequently activated through mechanisms that are incompletely understood but that 

might be linked to changes in chromatin structure. Active ATM in turn phosphorylates other 

proteins to initiate the DNA repair process [62]. In this process, the N-terminal segment 

of NBS1 is important for the implementation of checkpoints and DNA repair and the 

C-terminal segment interacts with ATM and is implicated in apoptosis [62].

In agreement with the influence of the MRN complex on ATM function, lowering SIRT1 

or otherwise interfering with the deacetylation of NBS1 led to a decrease in cell survival 

following IR-induced DNA damage [54]. NBS1 is not only a downstream effector of ATM, 

but it is also an upstream activator of ATM [63–65]. In an interesting convergence of 

pathways, NBS1 phosphorylation was found to be necessary for the activation of the intra-S 

phase checkpoint by promoting the phosphorylation of the HuR kinase Chk2 by ATM 

[66]. This regulatory step might establish a negative feedback loop to suppress SIRT1 

expression because phosphorylation of HuR by Chk2 leads to the release of SIRT1 mRNA 

and consequently lowers SIRT1 mRNA stability and SIRT1 levels [6] (Figure 2). The 

possibility that SIRT1 also deacetylates and thereby regulates other components of the DNA 

damage detection and repair machineries remains to be studied.

DNA damage response by HuR→SIRT1→NBS1 pathway

The heterogeneous collection of HuR target mRNAs is in keeping with the broad spectrum 

of HuR effects in the cell (Box 1) [7,67]. Similarly, the diverse subset of proteins 

deacetylated by SIRT1 elicits the pleiotropic influences of SIRT1 on cellular processes (Box 

2) [20,21]. In addition, HuR and SIRT1 have both been implicated in the cellular response to 

genotoxic stress, but the specific downstream mediators are only now beginning to emerge.

One of the common downstream mediators of HuR and SIRT1 action during the genotoxic 

response is p53. HuR increases the translation of p53 [68]; however, HuR does not trigger 

apoptosis, perhaps because it concomitantly elevates the levels of SIRT1, which in turn 

deacetylates p53 and, together with the effects of SIRT1 on Ku70 and FoxO activity, it 

protects against unscheduled p53-mediated apoptosis. Because it remains unclear whether 

or not SIRT1 modulates the cellular response of p53 to genotoxic injury [15,52,53], 

the identification of NBS1 as a SIRT1 deacetylation substrate provides an alternative 

downstream effector of SIRT1 action during the DNA damage response. Interestingly, HuR 

is also predicted to bind the NBS1 mRNA (NM_002485) because the NBS1 3′UTR contains 

eight occurences of a previously reported motif present in HuR target mRNAs [5]. The 

existence of a putative [HuR–NBS1 mRNA] complex remains to be assessed experimentally, 

but a positive influence of HuR on NBS1 expression levels raises the possibility that HuR 

elevate the expression of both components of this regulatory pathway, possibly leading to a 

further enhancement of MRN function.

In addition to the induction of SIRT1 by DNA damage leading to the activation of NBS1 

and ATM [6,54,69], recent reports link other sirtuins to the genotoxic stress response. SIRT6 

is a chromatin-associated sirtuin that was proposed to function in base excision repair and 

which therefore promotes constitutive resistance to DNA damage and suppresses genomic 
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instability. Accordingly, SIRT6-deficient mice are viable but exhibit genomic abnormalities 

that resemble accelerated aging [70]. SIRT2 is also likely to participate in the DNA 

damage response. SIRT2 colocalizes with microtubules and deacetylates α-tubulin, thereby 

regulating cell mitosis and protecting genomic integrity [71–74]; moreover, stress treatment 

increases SIRT2 levels and function in deacetylating FoxO3a, consequently altering the 

apoptotic response [72]. In addition, injury to DNA triggers the translocation of SIRT3 

to mitochondria, suggesting that this sirtuin might also participate in the genotoxic stress 

response [75]. Together, this evidence suggests that sirtuins influence the cellular response to 

genotoxic damage in a coordinated manner.

Regulation of cell survival through the HuR→SIRT1→NBS1 pathway

The cytoprotective influence of HuR has been observed under normal culture conditions, in 

cells sustaining moderate injury and shortly after exposure to acute damaging agents [10]. 

In the absence of genotoxic stress, HuR bound the SIRT1 mRNA and enhanced SIRT1 

expression. Even though strong oxidative damage disrupted this interaction [6], the existence 

of [HuR–SIRT1 mRNA] RNP complexes following mild genotoxic damage has not been 

assessed experimentally. Without overt cellular damage or under conditions of repairable 

damage, the deacetylase function of SIRT1 has been shown to predominate over the function 

of acetylases sharing the same apoptosis-regulatory substrates (Ku70, FoxO, p53). In this 

scenario, HuR positively regulates SIRT1 expression, which in turn deacetylates NBS1 and 

enables it to activate ATM and the DNA damage repair pathway [54]. The ATM substrate 

Chk2 is then activated and phosphorylates HuR, thereby dissociating the [HuR–SIRT1 

mRNA] complex and turning off the induction of SIRT1 in a negative feedback loop (Figure 

2).

However, beyond the response of individual cells, the maintenance of homeostasis at the 

organism level requires that cells bearing irreparable genotoxic injury be eliminated to 

preserve tissue and organ function. In keeping with this notion, a dual mode of action is 

proposed whereby the prosurvival pathway HuR→SIRT1→NBS1 could become impaired 

in response to overwhelming, irreparable damage. After potent oxidative damage (e.g. high 

hydrogen peroxide doses), Chk2 phosphorylated HuR at RRMs, leading to the release of 

SIRT1 mRNA and the reduction of SIRT1 expression. In this scenario, the suppression of 

SIRT1 expression by dissociation from HuR is accompanied by a loss of cell viability [6] 

(Figure 2).

Perspectives

Following genotoxic injury, cells respond rapidly through the post-translational modification 

(phosphorylation, acetylation, ubiquitination, etc.) of pre-existing proteins. These proteins 

are responsible for locating and assessing the extent of the damage, transducing appropriate 

signals and directing the cell’s repair, division and apoptotic machineries. The recent 

identification of SIRT1 as a deacetylase for NBS1 underscores the complex network 

of post-translational modifications elicited during the genotoxic response. Although the 

functional role of NBS1 deacetylation and Ser-343 phosphorylation awaits further study, the 

implication of SIRT1 in the DNA damage response is significant in several respects. First, it 
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creates an important link between the genotoxic stress response and energy metabolism (Box 

2). Second, it introduces NBS1 as an additional downstream effector of SIRT1 action, which 

together with numerous other SIRT1 substrates, contributes to the pleiotropic functions of 

SIRT1 during the cellular stress response. Third, it identifies a novel influence of SIRT1 on 

ATM activity and consequently on the DNA repair process, the cell division cycle and cell 

survival.

The post-transcriptional regulation of SIRT1 expression also ensures that functional SIRT1 

protein can be synthesized from pre-existing mRNA without requiring de novo transcription. 

This level of regulation reduces the chance of SIRT1 expression being suppressed by the 

global reduction in transcription that typically follows genotoxic damage, and it prevents 

the propagation of possible mutations arising from the newly damaged DNA. However, 

several aspects of the HuR→SIRT1→NBS1 regulatory pathway await further study. For 

example, HuR was not reported to affect gene expression patterns following IR. In light of 

the signaling paradigm discussed here, further study of HuR phosphorylation and binding 

to target mRNAs following IR is warranted. It is also worth systematically examining 

the influence of HuR on SIRT1 expression. This analysis should cover lower doses of 

oxidative damage and also other genotoxic stress agents. The hypothesis that HuR has 

higher affinity for SIRT1 mRNA under conditions of low, repairable oxidative damage 

also deserves immediate testing. Similarly, whether severe DNA damage causes HuR to 

dissociate from other target mRNAs encoding genotoxic stress-response proteins remains 

to be formally studied. It will also be important to ascertain if such a bimodal mechanism 

of action characterizes HuR binding to other target mRNAs, with HuR–RNP associations 

increasing in cells that will ultimately survive and decreasing in cells that will ultimately 

succumb to the damage.

Ultimately, however, studying the phenotypic consequences of the HuR→SIRT1→NBS1 

pathway awaits the development of suitable mammalian genetic models, particularly for 

the analysis of HuR. In such animal models, we anticipate finding that perturbations 

of this pathway will have a broad range of pathophysiologic consequences because 

multiple upstream pathways converge on HuR, SIRT1 and NBS1, and these proteins in 

turn impact on broad collections of substrate molecules. However, as these studies move 

forward, we also expect to gain increasing support for the notion that the regulatory axis 

HuR→SIRT1→NBS1 promotes the establishment and maintenance of cell, organ and 

organism homeostasis.
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Box 1.

Multiple post-transcriptional functions of HuR

Mammalian HuR (also named HuA) is a ubiquitous member of the Hu family of RBPs 

originally identified as elav (embryonic lethal, abnormal vision) in D. melanogaster. 
Hu/elav proteins also include the primarily neuronal HuB (Hel-N1), HuC and HuD. The 

most extensively studied member of this family, HuR, is predominantly nuclear, but its 

influence on the expression of target mRNAs is linked to its localization in the cytoplasm. 

A variety of stimuli, including oxidants, growth factors, immune activators, genotoxins 

and the absence of specific nutrients, are inducers of HuR translocation to the cytoplasm, 

where it stabilizes or modulates the translation of target mRNAs.

Target mRNA stabilization

HuR was shown to increase the basal and/or stimulus-triggered half-lives of many 

target mRNAs, including those that encode c-Fos, c-Myc, p21, cyclins A2, B1 and 

D1, inducible nitric oxide synthase (iNOS), granulocyte macrophage-colony-stimulating 

factor (GM-CSF), vascular endothelial growth factor (VEGF), SIRT1, tumor necrosis 

factor (TNF)-α, cyclooxygenase (COX)-2, Bcl-2, Mcl-1, β-catenin, γ-glutamylcysteine 

synthetase heavy subunit (γ-GCSh), urokinase plasminogen activator (uPA) and its 

receptor (uPAR), myogenin, myoD and IL-3 [4,5,10,76–85]. On a molecular level, the 

stabilizing influence of HuR is not fully understood, but HuR probably exerts this effect 

by displacing decay-promoting RBPs and thereby lengthening the cytoplasmic presence 

of the target mRNAs.

Target mRNA translation

HuR was found to promote the translation of several target mRNAs, and to increase 

their association with actively translating polysomes. Target mRNAs whose translation 

is increased by HuR include those that encode prothymosin (ProTα), p53, hypoxia

inducible (HIF)1, cytochrome c, and the cationic amino acid transporter 1 (CAT-1) 

[8,9,68,86,87]. HuR was also shown to suppress the translation of p27, the type-I insulin

like growth factor receptor (IGF-IR), Wnt5a and several immune regulators [88–91]. 

The molecular mechanisms by which HuR modulates the translation of these target 

transcripts have not been elucidated in detail. Although they are probably also because 

of the displacement or recruitment of translation-modulatory proteins (such as other 

TTR-RBPs and translation factors), at least in one report (CAT-1 mRNA) HuR promoted 

the translation of a target mRNA by displacing an mRNA-associated microRNA [87].
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Box 2.

SIRT1: integrating metabolic and stress responses

A direct role for SIRT1 in mammalian longevity has not been demonstrated, but SIRT1 

modulates stress resistance and adaptation to metabolic imbalances, two processes that 

are impaired with aging. Accordingly, SIRT1 is involved in responding to molecular 

damage (such as that elicited by oxidants and genotoxins), and to metabolic imbalances 

(such as those triggered by fasting, exercise, nutritional deficiencies and caloric 

restriction) (Figure I). In turn, SIRT1 deacetylates and modulates the activity of proteins 

implicated in transcription, cell division, energy metabolism and apoptosis. Through its 

action on these effectors, SIRT1 mediates responses that promote cell survival, enhance 

the repair of damaged DNA and reduce cell division. The net effect of these cellular 

functions is a protective role for SIRT1 against cancer, neurodegeneration, diabetes and 

other age-related processes, as reviewed recently [17,20,21].

Figure I. 
Convergence of stress signals on SIRT1, an upstream regulator of multiple effectors of 

the stress response.
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Box 3.

ATM and NBS1

Deficiency in ATM causes the human genetic disorder ataxia telangiectasia, associated 

with genomic instability, increased cancer susceptibility and neurodegeneration [92,93]. 

The precise mechanisms that activate ATM remain unclear but the MRN complex has 

a crucial role in recruiting ATM to the sites of DNA damage and in the activation of 

ATM [94]. Autophosphorylation at Ser-1981 was reported to be necessary to activate 

ATM [95] but further studies found this modification to be dispensable and suggested that 

autophosphorylation might be a consequence of rather than a cause for ATM activation 

[96]. Active ATM has been reported to phosphorylate several dozen proteins, although it 

probably has many more substrates [97]. As recently reviewed by Lavin and Kozlov [55], 

the ATM-regulated effectors of cell cycle checkpoints include phosphorylation targets 

Mdm2, Mdmx, p53 and Chk2 for progression through G1 and S; NBS1, ATF2 and SMC1 

for progression through S phase; and BRCA1 and Chk1 for progression through G2 

and M. ATM also promotes DNA repair through phosphorylation substrates that include 

DNA-PKcs and BRCA1, and influences apoptosis via targets such as p53, E2F1 and 

TRF1/Pin2.
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Figure 1. 
Schematic of the pathway HuR→SIRT1→NBS1. HuR upregulates SIRT1 expression levels 

post-transcriptionally by stabilizing the SIRT1 mRNA [6]. In turn, SIRT1 deacetylates (Ac) 

NBS1, rendering it a phosphorylation (P) substrate for ATM. Following its recruitment 

to the site of DNA damage, ATM is activated via mechanisms that are not fully 

understood, and phosphorylates Chk2, which can then phosphorylate HuR and thus inhibit 

its binding to SIRT1 mRNA, possibly creating a negative feedback regulatory loop. 

The Chk2 phosphorylation substrate, SIRT1 deacetylation target and HuR translational 

target p53 is also shown here because it impacts on the three major components of the 

genotoxic response: DNA repair, cell survival and growth arrest. The significance of NBS1 

phosphorylation at Ser343 (*) awaits further study; the prediction that HuR associates 

with the NBS1 mRNA and influences its expression (broken line) needs to be tested 

experimentally.
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Figure 2. 
Dual model of SIRT1 action during the genotoxic response. (a) Under conditions of low

level or no cellular damage, HuR increases SIRT1 levels, which in turn deacetylates NBS1; 

ATM is recruited by the active NBS1-containing complex (MRN) to the site of the damaged 

DNA. The ensuing genotoxic response program includes the repair of DNA, inhibition of 

growth and avoidance of cell death. In this scenario the eventual activation of Chk2 by ATM 

could serve as a negative feedback loop (broken arrow), ensuring that the arrest and repair 

machineries do not remain in place indefinitely. (b) Under conditions of extreme genotoxic 

damage, HuR is phosphorylated, releasing the SIRT1 mRNA and thereby reducing SIRT1 

expression levels. In turn, NBS1 remains acetylated, cannot be phosphorylated and is unable 

to activate ATM. The phenotypic consequences of this impaired response are a lack of 

DNA repair, an inability to activate control checkpoints and a reduction of cell survival. 

The converse negative feedback loop (broken arrow) is depicted here, as Chk2 eventually 

becomes inactive in the absence of ATM function.
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