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SUMMARY

Deficiency in repair of damaged DNA leads to genomic instability and is closely associated with 

tumorigenesis. Most DNA double-strand-breaks (DSBs) are repaired by two major mechanisms, 

homologous-recombination (HR) and non-homologous-end-joining (NHEJ). Although Akt has 

been reported to suppress HR, its role in NHEJ remains elusive. Here, we report that Akt 

phosphorylates XLF at Thr181 to trigger its dissociation from the DNA ligase IV/XRCC4 

complex, and promotes its interaction with 14-3-3β leading to XLF cytoplasmic retention, where 

cytosolic XLF is subsequently degraded by SCFβ-TRCP in a CKI-dependent manner. 

Physiologically, upon DNA damage, XLF-T181E expressing cells display impaired NHEJ and 

elevated cell death. Whereas a cancer-patient-derived XLF-R178Q mutant, deficient in XLF-T181 

phosphorylation, exhibits an elevated tolerance of DNA damage. Together, our results reveal a 

pivotal role for Akt in suppressing NHEJ and highlight the tight connection between aberrant Akt 
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hyper-activation and deficiency in timely DSB repair, leading to genomic instability and 

tumorigenesis.

INTRODUCTION

DNA double-strand breaks (DSBs) are the most hazardous DNA lesions due to their ability 

to trigger chromosomal rearrangements if not repaired timely and efficiently, and have been 

considered a hallmark of tumorigenesis (Jackson, 2002; Khanna and Jackson, 2001). 

Therefore, multiple DSB sensing and DNA damage repair (DDR) mechanisms have evolved 

to govern genome stability (Ciccia and Elledge, 2010; Jackson and Durocher, 2013). The 

most well-studied DDR mechanism involves the cellular response to DSBs, initiated by 

activating the ATM (ataxia telangiectasia mutated) kinase to trigger phosphorylation of 

H2AX (pS139-H2AX) and MDC1 (mediator of DNA damage checkpoint protein 1), serving 

to recruit the E3 ligases RNF8 and RNF168 for a second wave of chromatin modifications 

largely by promoting K63-linkage polyubiquitination of histones (Huen et al., 2007; Kolas 

et al., 2007). These modifications subsequently recruit various DNA repair factors such as 

Rap80 (Sobhian et al., 2007) for repair of damaged DNA.

In eukaryotes, two mechanisms are primarily responsible for repairing DSBs: the non-

homologous-end-joining (NHEJ) (Lieber, 2010) and the homologous recombination (HR) 

repair pathway (Dudas and Chovanec, 2004; Johnson and Jasin, 2001). HR, a highly 

accurate repair mechanism, requires similar or identical parental DNA strands as templates 

for repair. Therefore, it has been reported that HR repair is largely restrained in S/G2 cell 

phases when a second copy of the template DNA strand is present (Hartlerode et al., 2011; 

Karanam et al., 2012; Rothkamm et al., 2003). In addition, HR repair also occurs during 

DNA replication or gene transcription, as both cellular processes trigger endogenous DSBs 

in cells (Ghosal and Chen, 2013; Huang et al., 1998). Unlike HR, NHEJ does not require a 

repair template, instead this process involves the resection and digestion of the damaged 

DNA followed by direct ligation of processed DNA ends (Lieber et al., 2003). Hence, NHEJ 

is not restrained in a specific cell cycle phase (Mao et al., 2008). The imprecise nature of 

NHEJ is thought to facilitate accumulation of DNA mutations, which is critical for immune 

diversification in lymphocytes as well as for the selection of genetic changes favoring cancer 

or aging (Bunting and Nussenzweig, 2013).

Moreover, deficiency in repair of DSBs has also been observed closely associated with 

tumorigenesis (Helleday et al., 2008). Notably, elevated PI3K/Akt oncogenic signaling is 

considered as a hallmark of carcinomas (Fruman and Rommel, 2014; Testa and Tsichlis, 

2005) and has been shown to promote genomic instability via various mechanisms. 

Specifically, elevated Akt activity leads to deficiencies in repairing damaged DNA by 

inactivating the G2 checkpoint (Xu et al., 2010), and phosphorylating Chk1 (checkpoint 

kinase 1) (Pedram et al., 2009), or through cytoplasmic retention of BRCA1 (breast cancer 

1, early onset) (Plo et al., 2008; Tonic et al., 2010) or RPA (replication protein A) (Pedram 

et al., 2009) to block the resection process. However, the mechanistic role of Akt in NHEJ 

remains largely unknown (Xu et al., 2012). To this end, Akt has been reported to interact 

and regulate DNA-PK (DNA-dependent serine/threonine protein kinase) to facilitate the 
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recruitment of repair factors to DNA damage sites, while at later stages Akt triggered DNA-

PK dissociation from the damage foci, indicating that Akt may play two opposing roles in 

regulating the loading and unloading of DNA-PK on DNA damage sites (Toulany et al., 

2012). However, whether and how Akt may directly regulate NHEJ remains elusive.

Here we report that Akt phosphorylates XLF (XRCC4 like factor, also called NHEJ1) at 

T181, to dissociate XLF from the XRCC4 (X-ray repair cross-complementing protein 

4)/DNA ligase IV (LIG4) complex and subsequently triggers XLF cytoplasmic 

translocation, leading to XLF ubiquitination by SCFβ-TRCP in a CKI-dependent manner. 

Together, our findings reveal a signaling cascade in suppressing NHEJ through 

phosphorylation and degradation of XLF, and also provide a possible mechanistic 

explanation for the observed hyper-activation of Akt and deficiency in DNA damage repair 

in human cancers.

RESULTS

Hyper-activation of Akt leads to impaired DNA damage repair in cells

To examine the potential role of Akt in regulating NHEJ, we depleted endogenous PTEN 

(phosphatase and tensin homolog), a negative regulator of Akt activation (Stambolic et al., 

1998) and observed that consistent with previous reports (Shen et al., 2007; Song et al., 

2012), elevated Akt activity in PTEN-depleted cells (Figure 1A) led to increased basal DNA 

damage levels as evidenced by an increase in γ-H2AX staining (Figure 1B), delayed DNA 

repair responses post-IR (ionizing radiation) treatments (Figure 1B–C), as well as an 

increased cellular sensitivity to IR or bleocin challenges (Figure S1A–C). These results 

indicated that aberrant Akt activation may impair the DSB repair process. Consistent with 

this notion, ectopic expression of a cancer-derived oncogenic Akt mutant, E17K (Brugge et 

al., 2007), also led to a similarly reduced DSB repair efficiency post-IR treatments (Figure 

1D–F). More importantly, in an experimental system with a single copy of both HR and 

NHEJ reporter (Weinstock et al., 2006) (Figure S1D–E), elevated Akt activation did not 

significantly affect HR (Figure 1G and Figure S1D), but led to reduced NHEJ repair 

efficiency (Figure 1H and Figure S1E), supporting that Akt might negatively regulate NHEJ.

Central to the NHEJ repair pathway is a protein complex containing LIG4, XRCC4 and XLF 

(Ahnesorg et al., 2006; Buck et al., 2006; Wilson et al., 1997) that form a filament-like 

structure (Hammel et al., 2010; Ropars et al., 2011) to bridge damaged DNA ends for 

efficient ligation (Andres et al., 2012). To pinpoint the primary target(s) for Akt kinase-

activity-dependent suppression of NHEJ, we examined whether Akt could directly modify 

any of these three key NHEJ repair factors. To this end, we observed that only XLF, but not 

XRCC4 nor LIG4 exhibited Akt-dependent phosphorylation in cells (Figure 1I). As the 

MRN (Mre11-Rad51-Nbs1) complex has also been shown to play a critical role to recruit 

NHEJ repair factors to DNA damage sites (Quennet et al., 2011), we also examined whether 

any MRN components is potential Akt substrate(s). Notably, although human Mre11 was 

phosphorylated by Akt on T597 in cells (Figures S1F–G), its Akt consensus phosphorylation 

motif “RxRxxpS/pT” (Obata et al., 2000) is not conserved in other species (Figure S1H). 

Hence, in the remainder of studies, we focused on characterizing the possible role of Akt-

mediated phosphorylation of XLF in governing NHEJ.
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Akt1 phosphorylates XLF at the T181 residue in vitro and in cells

Consistent with Akt being a physiological kinase for XLF, inhibition of Akt by Akt inhibitor 

AktVIII or MK2206, or mTOR inhibitor pp242 significantly reduced XLF phosphorylation 

in cells. Furthermore, inhibition of Akt downstream kinases including mTORC1 (by 

rapamycin) or S6K1 (by S6K1-I) did not result in dramatically reduced XLF 

phosphorylation in cells (Figure 2A and Figure S2A). Interestingly, only Akt1, but not Akt2 

or Akt3, nor other close AGC kinases including S6K1 or SGK1, triggered XLF 

phosphorylation in cells (Figure 2B–C). Moreover, insulin stimulation efficiently triggered 

the phosphorylation of endogenous XLF (Figure 2D). Importantly, upon DNA damage 

triggered by etoposide treatment, inhibition of DNA-PK by Nu7026 led to a reduction in 

XLF phosphorylation (Figure S2B). Furthermore, this effect could be largely rescued by 

expressing a constitutively-active Akt (Myr-Akt) or by insulin stimulation to trigger Akt 

activation independent of DNA-PK (Figure S2B), further supporting that Akt may be the 

major physiological kinase governing XLF phosphorylation in cells downstream of DNA-

PK upon DNA damage (Bozulic et al., 2008).

Notably, we identified a putative Akt phosphorylation motif “RxRxxpS/pT” (Obata et al., 

2000) located at T181 of XLF that is evolutionarily conserved (Figure 2E). Moreover, 

mutating T181 to an alanine diminished XLF phosphorylation induced by insulin (Figure 

2F). Consistently, depletion of PTEN enhanced phosphorylation of WT-XLF, but not 

T181A-XLF (Figure 2G), indicating that in cells T181 is the primary Akt phosphorylation 

site, which is further confirmed by in vitro kinase assays (Figure 2H) and mass spectrometry 

analyses (Figure S2C).

Phosphorylation of XLF on T181 dissociates XLF from the LIG4/XRCC4 complex

We next examined whether Akt-mediated phosphorylation of XLF on T181 played any 

significant role in regulating NHEJ. To this end, we observed that XLF-T181 

phosphorylation did not significantly affect the formation of XLF homo-dimers (Figure 

S3A), a process that has been revealed necessary for constructing LIG4/XRCC4/XLF 

filaments (Ropars et al., 2011). Moreover, as the integrity of the LIG4/XRCC4/XLF 

complex is required for efficient NHEJ activity (Ahnesorg et al., 2006), we continued to 

explore whether XLF phosphorylation may affect the association of XLF with LIG4 and/or 

XRCC4. Strikingly, the XLF phospho-mimetic mutant, T181E-XLF, largely lost its 

interaction with either XRCC4 or LIG4 both in cells (Figure 3A and Figure S3B–C) and in 

vitro (Figure 3B), suggesting that phosphorylation of XLF may negatively regulate the 

organization of the LIG4/XRCC4/XLF complex. Consistently, insulin-induced Akt 

activation led to phosphorylation of WT-, but not T181A- nor T181E-XLF, and 

subsequently resulted in XLF dissociation from the LIG4/XRCC4 complex (Figure 3C). 

Notably, the phospho-deficient T181A-XLF mutant exhibited a constitutive interaction with, 

while the phospho-mimetic T181E-XLF mutant was defective in association with LIG4 and 

XRCC4 regardless of insulin stimulation (Figure 3C). In addition, an inverse correlation 

between XLF phosphorylation and its binding to LIG4 and XRCC4 was observed post-IR 

treatments (Figure 3D).
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As Akt-mediated phosphorylation of its substrates has been reported to trigger their 

cytoplasmic translocation in part via inducing binding 14-3-3 (Gao et al., 2009; Liang et al., 

2002; Lin et al., 2009), we next examined whether XLF-T181 phosphorylation affected its 

sub-cellular localization. Notably, we identified a putative 14-3-3 binding motif 

evolutionarily conserved in XLF immediately adjacent to T181 (Figure 3E). WT-XLF, but 

not T181A-XLF, specifically interacted with 14-3-3β, but not other isoforms of 14-3-3 in 

cells (Figures 3F–G), supporting the notion that Akt-mediated XLF-T181 phosphorylation 

may trigger its association with 14-3-3β and subsequent cytoplasmic retention (Figure 3H). 

In echoing this finding, hyper-activation of Akt resulting from depletion of PTEN, led to 

increased cytoplasmic retention of endogenous XLF (Figure S3D). Additionally, mutation of 

P183 to an alanine, the critical residue in the canonical 14-3-3 binding motif, attenuated 

XLF interaction with 14-3-3β (Figure 3I), and retained not only WT-, but also T181E-XLF 

in the nucleus (Figure 3H), arguing for a critical role for XLF interaction with 14-3-3β for 

cytoplasmic retention of XLF. Interestingly, the P183A mutation also led to partially 

restored XLF interaction with both LIG4 and XRCC4 (Figure 3J), indicating that acquired 

interaction with 14-3-3β may play a critical role in blocking the interaction between XLF 

and the LIG4/XRCC4 complex in the nucleus. Notably, compared with WT-, T181E-XLF 

also displayed a significant deficiency in binding importin complexes that are responsible 

for transporting molecules into nucleus (Figure 3K–M), which might also in part contribute 

to the cytoplasmic retention of pT181-XLF.

Cytoplasmic pT181-XLF is targeted for SCFβ-TRCP-mediated ubiquitination and subsequent 
degradation in a CKI-dependent manner

Interestingly, cytoplasmic T181E-XLF was more unstable than its WT- counterpart (Figure 

4A–B), suggesting that phosphorylation of XLF-T181 may negatively regulate XLF 

stability. As F-box proteins have been reported to regulate protein turnovers in a 

phosphorylation-dependent manner (Busino et al., 2003; Wang et al., 2014), we examined 

the association of XLF with a panel of F-box proteins. We found that XLF interacted with β-

TRCP1 and Fbl18, and to a lesser extent, Fbl3a (Figure S4A). Furthermore, the presence of 

a putative β-TRCP-recognizable degron (169ESGxT173) in human XLF indicated a possible 

role for SCFβ-TRCP in regulating XLF stability. In support of this notion, depletion of β-

TRCP1 (Figure 4C–D and Figure S4B–C) or Cullin 1 (Figure 4E and Figure S4D–E) 

resulted in elevated abundance of endogenous XLF. More importantly, XLF interacted with 

Cullin 1 at endogenous levels (Figure S4F) and displayed a significantly reduced interaction 

with the R474A-β-TRCP1 mutant that is deficient in interacting with substrates (Gao et al., 

2011) (Figure 4F).

Given that substrate phosphorylation is required for β-TRCP to target its substrate(s) for 

ubiquitination and subsequent degradation (Frescas and Pagano, 2008), assessing upstream 

kinases previously reported to be associated with SCFβ-TRCP-mediated proteolysis revealed 

that both CKIδ and CKIγ2 may participate in XLF degradation (Figure 4G). Importantly, 

CKI-mediated phosphorylation of WT-XLF, but not the degron-deficient XLF mutant 

(S170A/T173A, AA) (Figure 4H), triggered its association with β-TRCP1 in vitro (Figure 

S4G), further supporting CKI as a modifying enzyme to trigger XLF recognition by 

SCFβ-TRCP. In addition, T181E-, but not WT- nor T181A-XLF displayed an enhanced 
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ability to bind CKI in cells (Figure 4I), indicating that Akt-mediated XLF phosphorylation 

not only translocates XLF into the cytoplasm, but also may prime XLF for subsequent CKI 

phosphorylation. In echoing this notion, compared with WT-XLF, T181E-XLF displayed a 

stronger interaction with β-TRCP1 (Figure 4J). More importantly, physiological insulin 

stimulation led to a significantly shortened half-life of endogenous XLF (Figure S4H), 

which could in part be reversed by inhibiting CKI (Figure S4I), depleting endogenous β-

TRCP1 or Cullin 1 (Figure S4I), or by reducing Akt activity through serum starvation 

(Figure S4J).

Consistent with S170/T173 being the major CKI phosphorylation sites to trigger XLF 

recognition and subsequent degradation by β-TRCP1, mutation of both residues to alanines 

largely diminished CKI-dependent phosphorylation of XLF in vitro (Figure S4K), and 

attenuated XLF interaction with β-TRCP1 in cells (Figure S4L). Furthermore, compared 

with WT-XLF, AA-XLF was deficient in ubiquitination triggered by SCFβ-TRCP (Figure 

4K), and resistant to CKI-induced XLF degradation (Figure 4L). Moreover, CKI-induced 

XLF degradation could be partially blocked by MG132 (Figure 4M), suggesting that XLF is 

largely degraded through the 26S proteasome. Notably, although Akt phosphorylated the 

phospho-degron-deficient XLF-AA mutant (Figure S4M), XLF-AA acquired resistance to β-

TRCP-mediated degradation (Figure 4L), indicating that Akt phosphorylation of XLF-T181 

only primes XLF for its subsequent phosphorylation and ubiquitination triggered by CKI, 

while CKI-mediated phosphorylation of XLF at the ESG degron (on S170 and T173) is the 

rate-limiting event governing XLF degradation (Figure S4N).

Akt-mediated XLF phosphorylation impairs NHEJ repair and V(D)J recombination

To further determine whether phosphorylation-mediated XLF dissociation from the LIG4/

XRCC4 complex and cytoplasmic translocation is functionally important in cells, we 

examined whether Akt-dependent XLF-pT181 affects NHEJ repair in cells and in vitro. To 

this end, we utilized a patient-derived 2BN cell line, which lacks XLF expression (Ahnesorg 

et al., 2006), to generate derivative cell lines stably expressing WT- or T181E-XLF (Figure 

S5A). Compared with WT-XLF, T181E-XLF expressing 2BN cells exhibited delayed and 

deficient DNA repair (Figure 5A–B), suggesting that Akt-mediated XLF phosphorylation 

impairs the NHEJ process. Notably, T181E-XLF expressing cells displayed a reduced 

cellular survival rate post IR-treatments (Figure 5C). As Akt has been well characterized as 

a pro-survival factor, elevated Akt signaling may facilitate tumorigenesis by both impairing 

DNA repair and evading apoptosis (Toulany et al., 2012; Xu et al., 2012). As such, 

accumulation of unrepaired DSBs in the absence of pro-survival protection by Akt may lead 

to an elevated cell death in T181E-XLF expressing cells (Figure S5B).

Consistently, depletion of XLF significantly disrupted NHEJ, but not HR repair (Figure 5D 

and Figure S5C), which could be partially rescued by reintroducing WT-, but not T181E-

XLF (Figure 5E and Figure S5D). In further support of the deleterious role of XLF-pT181 in 

NHEJ, LIG4/XRCC4/XLF complexes isolated from T181E-XLF expressing 2BN cells 

demonstrated a reduced DNA ligase activity in vitro compared to WT-XLF expressing cells 

(Figure 5F). Moreover, siRNA-mediated knockdown of XLF in mouse embryonic stem (ES) 

cells harboring a single copy of NHEJ reporter (Xie et al., 2007; Xie et al., 2009) led to a 
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significant reduction in NHEJ efficiency (Figure 5G), which could be partially rescued by 

re-expressing WT-, but not T181E-XLF (Figure 5G and Figure S5E). To further define a 

physiological role of XLF phosphorylation in regulating NHEJ and cell survival, we 

generated U2OS cell lines depleted of endogenous XLF (Figure S5F) and reconstituted with 

WT- or T181E-XLF (Figure S5G–I). Notably, depletion of endogenous XLF resulted in 

reduced colony formation post-IR treatments (Figure 5H). Importantly, this phenotype was 

partially rescued by re-introducing WT-, but not T181E-XLF (Figure 5H), emphasizing the 

negative role of XLF phosphorylation in NHEJ repair, which led to an accumulation of 

unrepaired DSBs to trigger cell death under DNA damage stress in the absence of Akt 

(Figure S5B). Consistently, depletion of PTEN led to sustained 53BP1 foci in cells 

expressing WT-XLF (Figure S5J, K and N), but not T181A-XLF (Figure 5I and Figure 

S5L–M).

In addition to NHEJ, the LIG4/XRCC4/XLF complex has also been shown to be 

indispensible for V(D)J recombination in B cells, and XLF is functionally redundant with 

ATM in this process (Zha et al., 2011). Notably, compared with WT-XLF, T181E-XLF led 

to attenuated V(D)J recombination in XLF−/−ATMΔ/Δ pre-B cells (Figure S5O–P), further 

indicating a possible negative role of Akt-mediated XLF phosphorylation in regulating 

V(D)J recombination pathways. Similarly, B cell specific knockout of Sin1, the essential 

component of mTORC2 resulting in inactivation of Akt, has been reported to cause 

enhanced V(D)J recombination, supporting a critical role for Akt in negatively regulating 

V(D)J recombination (Lazorchak et al., 2010).

A patient-derived XLF-R178Q mutation displays an enhanced NHEJ repair ability through 
disrupting Akt-mediated XLF phosphorylation at T181

The observation that Akt-mediated phosphorylation of XLF compromised NHEJ suggests 

that human cancers may acquire elevated Akt activity to allow accumulation of genomic 

mutations in part via inactivating both NHEJ and cellular apoptosis pathways. In keeping 

with this notion, Akt has been reported to be tightly associated with resistance to chemo- 

and radio-therapies (Bussink et al., 2008; Kraus et al., 2002). However, as a counteracting 

mechanism, tumors may also develop chemo- or radio-therapeutic resistance in part by 

evading XLF-phosphorylation-mediated inactivation of NHEJ to acquire elevated capacity 

to repair DSBs during chemo- or radio-therapies. Interestingly, an XLF-R178Q mutation 

was identified in a colorectal cancer patient (TCGA case ID: TCGA-F5-6814). Importantly, 

this mutation disrupts the canonical Akt phosphorylation motif and prevents 

phosphorylation on T181 (Figures 6A–B). As a result, R178Q-XLF retains binding LIG4 

and XRCC4 (Figure 6C), and displays cellular resistance to treatment with a 

chemotherapeutic drug, bleocin (Figure 6D). Importantly, similarly to T181A-XLF (Figure 

5I), depletion of PTEN did not lead to sustained 53BP1 foci formation in R178Q-XLF 

expressing cells (Figure 6E–G), confirming that R178Q-XLF displays an enhanced NHEJ 

repair ability in cells. Together these results reveal that the cancer-derived XLF-R178Q 

mutation may confer cellular resistance to chemotherapeutic treatments in part by evading 

Akt-mediated XLF phosphorylation to retain NHEJ repair ability under excessive DNA 

damage stress, typically associated with chemo- or radio-therapies (Figure S6).

Liu et al. Page 7

Mol Cell. Author manuscript; available in PMC 2016 February 19.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



DISCUSSION

The NHEJ pathway serves as a major player in promoting genomic rearrangements (Gu et 

al., 2008). XLF, XRCC4 and LIG4 form a functional NHEJ complex, and mice with 

knockout of any individual component share common features of radio-sensitivity and 

defects in lymphocytes (Boboila et al., 2012; Chiang et al., 2012; Zhu et al., 2002). 

However, how this critical DSB repair complex is regulated in vivo to govern NHEJ remains 

largely unknown. To this end, our data reveals that Akt-mediated phosphorylation of XLF-

T181 significantly impairs the NHEJ repair process, resulting in accumulation of unrepaired 

DSBs (Figure 7). Notably, the fluctuation of XLF phosphorylation inversely correlated with 

the integrity of LIG4/XRCC4/XLF complex post-IR treatment (Figure 3D), which peaked 

before and after the repair of damaged DNA. Our results thus suggest that upon DNA 

damage, inhibition of NHEJ by Akt-dependent phosphorylation of XLF might be released to 

allow repair of damaged DNA, followed by re-establishment of the inhibition by re-

phosphorylation of XLF once the repair is complete (Figure 3D). However, additional in-

depth studies are warranted to examine whether Akt-mediated phosphorylation of XLF may 

serve as a repair termination signal.

Furthermore, XLF phosphorylation was attenuated when Akt activation was largely 

suppressed by serum starvation for 36 hours (Figure S7A), resulting in an enhanced NHEJ 

efficiency compared with non-starved conditions (Figure S7B). Notably, 36-hour starvation 

only moderately affected HR (Figure S7C), in large due to its deficiency in arresting cell 

cycle in G0/G1 phases (Figure S7D). To further examine whether Akt-mediated XLF 

phosphorylation may serve as a general mechanism in suppressing NHEJ in proliferating 

cells, 72-hour serum starvation was employed. However, under this experimental condition, 

we found that DR-U2OS cells could not be fully arrested in G0/G1 in part due to the 

compromised p14Arf/p16INK4a tumor suppressor pathways (Guan et al., 1994; Lukas et al., 

1995; Stott et al., 1998). Notably, compared with cycling cells, XLF phosphorylation was 

reduced in 72-hour starved cells (Figure S7E). 72-hour serum starvation not only 

significantly attenuated HR (Figure S7F), but also led to an enhanced NHEJ repair ability in 

WT-XLF, but not T181A-XLF expressing cells (Figure S7G). These results indicate that 

elevated Akt activity in proliferating cells in large suppresses NHEJ through 

phosphorylating XLF-T181.

As a proto-oncogene, Akt has been well established to promote cell survival through 

blocking apoptosis (Franke et al., 2003). Thus it raises the question whether Akt could 

suppress NHEJ while promoting cell survival. To this end, we observed that under etoposide 

challenge, both XLF and several apoptosis-related Akt substrates were simultaneously 

phosphorylated by Akt (Figure S7I), suggesting that Akt could concurrently suppress NHEJ 

while protecting cells from apoptosis. More importantly, there is a marked decrease of 

pGSK3βpBad and pTSC2 in T181A-XLF expressing cells (Figure S7I), suggesting that the 

Akt phosphorylation-dependent cell survival protection mechanism may be in part deficient 

in cells with enhanced NHEJ ability via expressing T181A-XLF. These observations might 

be attributed to the extensive interplays between the Akt and DNA-PK signaling cascades. 

On one hand, DNA damage activates DNA-PK to trigger Akt activation (Bozulic et al., 

2008). On the other hand, Akt could phosphorylate XLF to suppress NHEJ (Figure 7). In 
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this context, bypassing Akt-mediated suppression of NHEJ, such as in cells expressing 

T181A-XLF, may lead to more efficient repair of damaged DNA, therefore resulting in 

inactivation of DNA-PK and subsequently reduced Akt activity towards its downstream 

targets including GSK3β, Bad and TSC2 (Figure S7I). Consistently, upon DSBs triggered by 

bleocin treatment, PTEN depletion, which leads to Akt activation, protected T181E-XLF, 

but not T181A-XLF expressing cells from undergoing cell death (Figure S7J–K).

Moreover, we observed that under apoptotic stress without triggering DNA damage, such as 

Taxol or ABT-737 treatment, XLF phosphorylation appears not to play a significant role in 

regulating cellular survival (Figure S7L–M). These findings indicate that Akt-mediated XLF 

phosphorylation mainly affects cell fate under DNA damage conditions. Cumulatively, our 

results demonstrate that upon DNA damage, Akt could suppress NHEJ, potentially leading 

to accumulation of genetic mutations; meanwhile Akt could also provide anti-apoptotic 

protection to allow cells to select for favorable mutations, eventually facilitating 

tumorigenesis (Figure S7F). However, further investigation is required to understand the 

dynamic regulation of XLF by various upstream factors, as well as how deficiency in their 

crosstalk regulations may facilitate tumorigenesis.

EXPERIMENTAL PROCEDURES

Immunoblots and immunoprecipitation

Cells were lysed in EBC buffer (50 mM Tris pH 7.5, 120 mM NaCl, 0.5% NP-40) 

supplemented with protease inhibitors (Complete Mini, Roche) and phosphatase inhibitors 

(Calbiochem 524624 and 524625). The protein concentrations of lysates were measured by 

the Beckman Coulter DU-800 spectrophotometer using the Bio-Rad protein assay reagent. 

Same amounts of whole cell lysates were resolved by SDS-PAGE and immunoblotted with 

indicated antibodies. For immunoprecipitation, 1 mg lysates were incubated with the 

indicated antibody (1–2 μg) for 4 hr at 4 °C followed by 1 hr incubation with Protein A 

sepharose beads (GE Healthcare). Immunoprecipitates were washed five times with NETN 

buffer (20 mM Tris, pH 8.0, 100 mM NaCl, 1 mM EDTA and 0.5% NP-40) before being 

resolved by SDS-PAGE and immunoblotted with indicated antibodies.

In vivo homologous recombination assays

DR-U2OS cell lines with the integrated HR reporter DR-GFP and pCBASce-I expressing 

plasmid were kindly provided by Dr. Shiaw-Yih Lin from Memorial Sloan-Kettering Cancer 

Center (New York, NY). Assays were performed as described previously (Nakanishi et al., 

2005; Peng et al., 2009). Briefly, cells were transfected with pCBASce-I and 48 hr later 

were subjected to flow cytometry analysis to quantify GFP positive cells. Cells were 

incubated in sodium butyrate (5 mM) for 16 hr to induce chromatin relaxation before 

analysis by flow cytometry.

In vivo Non-homologous end joining (NHEJ) repair assays

NHEJ repair analysis was performed as described previously (Nakanishi et al., 2005; Peng et 

al., 2009). Briefly, genomic DNA was isolated from mock- or I-SceI-transfected cells. PCR 
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was performed using primers DRGFP-F: CTGCTAACCATGTTCATGCC and DRGFP-R: 

AAGTCGTGCTGCTTCATGTG. PCR products were digested with I-SceI or I-SceI+BcgI.

In vitro ligation assays

In vitro DNA ligation assays were performed according to the protocol as described 

(O’Driscoll et al., 2001) with minor modifications.

Clonogenic survival assays

Cells were seeded in 6-well plates (800 cells/well) for 24 hr and irradiated with dose as 

indicated or treated with bleocin for 24 hr. Bleocin containing medium was then removed 

and replaced with fresh media. Cells were left for 8–12 days until formation of visible 

colonies. Colonies were washed with PBS and fixed with 10% acetic acid/10% methanol for 

20 min, then stained with 0.4% crystal violet/20% ethanol for 20 min. After staining, the 

plates were washed with distilled water and air-dried.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Hyperactivation of Akt leads to impaired DNA damage repair in cells
A. Depletion of PTEN led to elevated Akt activation. Immunoblot (IB) of whole cell lysates 

(WCLs) derived from U2OS cells depleted of PTEN by two independent shRNAs (shGFP as 

a negative control).

B. Representative immuno-fluorescent images of γ-H2AX foci in either shGFP or shPTEN 

U2OS cells generated in (A) upon IR treatment (10 Gy) for the indicated time periods.

C. Quantification of γ-H2AX positive cells in (B). n≥100 cells from each sample were 

counted. Data were shown as mean ± s.d. for three independent experiments. p<0.001 was 

calculated by Student’s t test.

D. Expression of Akt1-E17K led to elevated Akt activation. IB of WCLs derived from 

U2OS cells stably expressing HA-Akt1-E17K via viral infection.

E–F. Representative immuno-fluorescent images of γ-H2AX staining (E) and quantification 

(F) of γ-H2AX positive cells in indicated U2OS cells generated in (D) upon IR treatment 

(10Gy) for the indicated time periods. Data were shown as mean ± s.d. for three independent 

experiments. p<0.001 was calculated by Student’s t test.

G. PTEN depletion did not significantly affect HR. Quantitative summary of the percentages 

of GFP+ cells in I-SceI-transfected U2OS cells depleted of indicated molecules. Data were 

shown as mean ± s.d. for three independent experiments.

H. PTEN depletion attenuated NHEJ. Representative images of PCR products digested by I-

SceI or I-SceI + BcgI. Please refer to the methods section for experimental details.

I. XLF, but not XRCC4 nor LIG4 was phosphorylated by Akt in cells. IB of WCLs and 

Flag-immunoprecipitates (IP) derived from HeLa cells transfected with indicated plasmids.

(see also Figure S1)
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Figure 2. Akt1 phosphorylates XLF at T181
A. Immunoblot (IB) analysis of whole-cell lysates (WCL) and anti-Flag immunoprecipitates 

(IP) derived from Flag-XLF-transfected HeLa cells that were serum-starved for 24 hr and 

then collected after 100 nM insulin stimulation for 30 min. Where indicated, the kinase 

inhibitors (AktVIII, 10 μM; PP242, 1 μM; rapamycin, 20 nM; S6K1-I, 10 μM) were added 

together with insulin.

B. Akt1 phosphorylated XLF in cells. IB analysis of WCLs and Flag-IPs derived from 

HEK293T cells transfected with indicated constructs.

C. IB analysis of WCLs and Flag-IPs derived from HeLa cells depleted of endogenous Akt1 

(shGFP as a negative control) transfected with Flag-XLF. Where indicated, cells were serum 

starved for 24 hr and stimulated by insulin (100 nM) for 30 min before collection.

D. IB analysis of WCLs and endogenous XLF-IPs derived from HEK293 cells. Where 

indicated, cells were serum starved for 24 hr and stimulated by insulin (100 nM) for the 

indicated periods before harvesting.

E. A schematic presentation of the evolutionarily conserved Thr 181 residue in XLF.

F. XLF was phosphorylated on T181. IB analysis of WCLs and Flag-IPs derived from HeLa 

cells transfected with indicated Flag-XLF and serum starved for 24 hr before stimulation by 

insulin (100 nM) for 30 min.

G. IB analysis of WCLs and HA-IPs derived from U2OS cells depleted of PTEN (shGFP as 

a negative control) stably expressing WT- or T181A-XLF by lenti-viral infections.

H. In vitro kinase assays depicting major Akt phosphorylation sites in XLF.

(see also Figure S2)
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Figure 3. XLF phosphorylation on T181 dissociates XLF from the DNA ligase IV/XRCC4 
complex, triggers its binding with 14-3-3 to translocate XLF into the cytoplasm
A. Immunoblot (IB) analysis of whole-cell lysates (WCL) and anti-Flag immunoprecipitates 

(IP) derived from HEK293T cells transfected with the indicated constructs.

B. GST pull down assays to demonstrate that T181E-XLF abolished its interaction with in 

vitro translated (IVT) XRCC4.

C. IB analysis of WCLs and Flag-IPs derived from HeLa cells transfected with indicated 

constructs serum-starved for 24 hr and stimulated by insulin (100 nM) for 30 min.

D. IB analysis of WCLs and Flag-IPs derived from Flag-XLF-transfected HeLa cells treated 

with 10 Gy irradiation and collected after the indicated time periods.

E. A schematic presentation of the evolutionarily conserved putative 14-3-3 binding site 

P183 within XLF.

F. XLF specifically interacted with 14-3-3β. IB analysis of WCLs and HA-IPs derived from 

HeLa cells transfected with Flag-XLF and indicated HA-14-3-3 constructs.

G. T181A-XLF lost binding with 14-3-3β. GST-14-3-3β fusion proteins were used as a bait 

to pull down either WT or T181A-XLF expressed in HEK293T cells.

H. Representative GFP fluorescence images. XLF was tagged with EGFP. Nuclei were 

stained with DAPI.

I. IB analysis of WCLs and HA-IPs derived from HEK293T cells transfected with indicated 

Flag-XLF constructs with HA-14-3-3β.
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J. IB analysis of WCLs and Flag-IPs derived from HEK293T cells transfected with 

indicated constructs.

K–M. T181E-XLF was deficient in binding importin complexes. Importin components α1 

(K), α5 (L) and α7 (M) were translated in vitro and used in GST-XLF pull down assays.

(see also Figure S3)
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Figure 4. Cytoplasmic pT181-XLF is targeted for β-TRCP-mediated ubiquitination and 
degradation in a CKI-dependent manner
A. T181E-XLF displayed a significantly shortened half-life than WT-XLF in cells. 

Immunoblot (IB) analysis of whole cell lysates (WCL) derived from HeLa cells transfected 

with indicated Flag-XLF. 36 hr post transfection, 100 μM cycloheximide (CHX) was added 

and cells were harvested at indicated time points.

B. XLF protein abundance in (A) was quantified by ImageJ and plotted as indicated.

C–D. Depletion of endogenous β-TRCP1 led to upregulated XLF expression in cells. IB 

analysis of WCLs derived from HEK293 (C) or DR-U2OS (D) cells depleted of endogenous 

β-TRCP1 by three independent shRNAs (shGFP as a negative control).

E. Depletion of Cullin 1 led to upregulated XLF expression in cells. IB analysis of WCLs 

derived from PC3 cells depleted of endogenous Cullin 1 by three independent shRNAs 

(shGFP as a negative control).

F. Substrate-binding deficient β-TRCP1 (R474A) displayed reduced interaction with XLF in 

cells. IB analysis of WCLs and HA-IPs derived from HEK293T cells transfected with HA-

XLF and indicated Flag-β-TRCP1 constructs.

G. Specific CKI isoforms promoted XLF degradation in cells. IB analysis of WCLs derived 

from HEK293T cells transfected with Flag-XLF, GFP and indicated Myc-CKI or CKII 

constructs.

H. Sequence alignment to reveal that both S170 and T173 sites are conserved through 

evolution.
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I. CKIδ preferred T181E-XLF to WT-XLF for interaction. IB analysis of WCLs and Flag-

IPs derived from HEK293T cells transfected with indicated constructs. 12 hr before 

harvesting, 20 μM MG132 was added.

J. β-TRCP1 preferred T181E-XLF to WT-XLF for interaction. IB analysis of WCLs and 

Flag- or HA-IPs derived from HEK293T cells transfected with indicated constructs. 12 hr 

before harvesting, 20 μM MG132 was added.

K–L. XLF-S170A/T173A (AA) was deficient in ubiquitination (K) and CKI-mediated 

degradation (L) in cells. IB analysis of WCLs (K, L) and His pull-downs (K) derived from 

HEK293T cells transfected with indicated constructs.

M. IB analysis of WCLs and His pull-downs derived from HEK293T cells transfected with 

indicated constructs. Where indicated, MG132 was added for 12 hr before harvest.

(see also Figure S4)
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Figure 5. Akt-mediated XLF phosphorylation impairs NHEJ and V(D)J recombination
A. Representative immune-fluorescent images of 53BP1 and γ-H2AX staining in indicated 

2BN cells generated in (A) upon IR treatment (3 Gy) for the indicated time periods.

B. Compared with WT-XLF, T181E-XLF expressing 2BN cells retained more 53BP1 foci 

and γ-H2AX foci post-IR treatment (3 Gy). Quantification of 53BP1 foci and γ-H2AX foci 

formation at the indicated time period post IR treatment; results are shown as means ± s.d. 

for three independent experiments. At least 100 cells were scored in each sample for each 

experiment. * indicates p<0.05 by Student’s t test.

C. 1,000 2BN cells stably expressing WT- or T181E-XLF were treated with γ-irradiation of 

indicated doses and seeded on P100 dishes. 30 days later the numbers of formed colonies 

were counted. The graphs show the mean ± s.d. for three independent experiments. * 

indicates p<0.05 by Student’s t test.

D–E. XLF depletion (D) or expressing T181E-XLF (E) significantly affected NHEJ, but not 

HR to repair DSBs induced by I-Sce I in DR-U2OS cells. Left, quantitative summary of the 

percentages of GFP+ cells in I-SceI-transfected cells, which were shown as mean ± s.d. for 

three independent experiments. Right, representative images of PCR products digested by I-

SceI or I-SceI + BcgI. * indicates p<0.05 by Student’s t test.
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F. T181E-XLF containing complexes were deficient in ligating DNA in vitro. HA-

immunoprecipitates derived from 2BN cells stably expressing HA-WT- or HA-T181E-XLF 

were used as the ligase to ligate random blunt-ended 1.5 kb DNA dsDNA fragments 

generated by PCR in vitro.

G. T181E-XLF displayed deficiency in rescuing NHEJ in mouse ES cells. T181E- or WT-

XLF was introduced into mouse ES cells harboring a single copy of NHEJ reporter, 

followed by depletion of endogenous, but not exogenous expressed XLF. NHEJ efficiency 

of resulting cells were measured by FACS. The graphs show mean ± s.d. for three 

independent experiments. * indicates p<0.05 by Student’s t test

H. T181E-XLF could not rescue DNA damage stress-induced cell death. WT- or T181E-

XLF stably expressing U2OS cells depleted of endogenous XLF were treated by the 

indicated doses of IR. 8–12 days post-treatment, survived colonies were counted. The graphs 

show the mean ± s.d. for three independent experiments. * indicates p<0.05 by student’s t 

test.

I. PTEN depletion didn’t significantly affect 53BP1 and γ-H2AX foci formation post-IR 

treatment in XLF-T181A expressing U2OS cells. Quantification of 53BP1 and γ-H2AX foci 

at the indicated time period post IR treatment (10 Gy). Results are shown as means ± s.d for 

three independent experiments. n≥100 cells were scored in each sample for each experiment.

(see also Figure S5)
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Figure 6. A patient-derived XLF-R178Q mutation displays enhanced NHEJ repair ability 
through disrupting Akt-mediated XLF phosphorylation at T181
A. Illustration of how XLF-R178Q disrupted the canonical Akt phosphorylation motif.

B. XLF-R178Q abolished Akt-mediated XLF-T181 phosphorylation. Immunoblot (IB) 

analysis of whole cell lysates (WCL) and Flag-immunoprecipitates (IP) derived from 

HEK293T cells transfected with indicated constructs.

C. XLF-R178Q retained interaction with LIG4 and XRCC4 in cells. IB analysis of WCLs 

and Flag-IPs derived from HEK293T cells transfected with indicated Flag-XLF constructs.

D. R178Q-XLF effectively rescued DNA damage-induced cell death. U2OS cells stably 

expressing WT-, T181E- or R178Q-XLF (with endogenous XLF depleted) were treated with 

indicated doses of bleocin for 24 hr before changing to normal media. 8–12 days post-

treatment, survived colonies were counted and plotted. The graphs show mean ± s.d. for 

three independent experiments. * indicates p<0.05 by Student’s t test.

E. IB of WCLs derived from U2OS cells depleted of PTEN (shGFP as a negative control).

F. Representative immuno-fluorescent images of 53BP1 and γ-H2AX foci in cells generated 

in (E) upon IR treatment (10 Gy) for the indicated time periods.

G. Depletion of PTEN didn’t significantly affect 53BP1 and γ-H2AX foci formation post-IR 

treatment in XLF-R178Q expressing U2OS cells. Quantification of 53BP1 and γ-H2AX foci 

at the indicated time period post-IR treatment (10 Gy) from three independent experiments; 

results are shown as means ± s.d. At least 100 cells were scored in each sample for each 

experiment.

(see also Figure S6)
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Figure 7. A proposed model illustrating how Akt-mediated phosphorylation of XLF leads to 
impaired NHEJ, XLF cytoplasmic translocation and subsequent degradation
XLF complexes with LIG4 and XRCC4 to form a NHEJ complex to repair DSBs. Akt-

mediated phosphorylation of XLF-T181 dissociates XLF from NHEJ repair complex and 

triggers 14-3-3 binding to translocate XLF to cytoplasm, where cytosolic XLF could be 

further phosphorylated by CKI on S170 and T173 to trigger its recognition by β-TRCP for 

subsequent ubiquitination and degradation, thus terminating the NHEJ pathway.

(see also Figure S7)
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