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To maintain genome stability, mam-
malian cells have developed a deli-

cate, yet efficient, system to sense and
repair damaged DNA, including two evo-
lutionarily conserved DNA damage
repair (DDR) pathways: homologous
recombination (HR) and non-homolo-
gous-end-joining (NHEJ). Deregulation
in these repair pathways may lead to
genomic instability and subsequent
human diseases, including cancer. On the
other hand, hyper-activation of the onco-
genic Akt signaling pathway has been
observed in almost all solid tumors.
Emerging evidence has begun to reveal a
possible role of active Akt in regulating
DDR, possibly through suppression of
HR. However, whether and how Akt reg-
ulates NHEJ remains largely undefined.
To this end, we recently reported that
Akt impairs NHEJ by phosphorylating
XLF at T181, to trigger its dissociation
from the functional DNA ligase IV
(LIG4)/XRCC4 complex. Here, we pro-
vide an additional perspective discussing
how Akt is activated upon DNA damage
to regulate DNA repair pathways as well
as the cellular apoptotic responses.

DDR Pathways in Eukaryotic Cells

In normal somatic cells, many DNA-
damaging lesions occur daily. These DNA
lesions may result from either endogenous
cellular processes such as DNA replication
and transcription, or various exogenous
challenges, including ionizing radiation
(IR) and ultraviolet (UV) light. The dam-
aged DNA may lead to genomic instabil-
ity by forming mismatched DNA base

pairs, single-strand breaks (SSBs), or dou-
ble-strand breaks (DSBs) that are the most
lethal type of DNA lesions. To antagonize
these threats triggered by various types of
DNA damage, cells have evolved multiple
DDR repair mechanisms specific for dif-
ferent types of DNA lesions. To date, at
least five major DDR pathways have been
identified in eukaryotic cells, including
base excision repair (BER), nucleotide
excision repair (NER), mismatch repair
(MMR), HR and NHEJ (Fig. 1).1

The BER and NER pathways are
mechanistically similar. BER predomi-
nantly corrects a single damaged base,
while NER fixes more complex lesions,
such as pyrimidine dimers and intra-
strand crosslinks. In the BER pathway, the
mismatched bases could be recognized
and excised by DNA glycosylases such as
uracil-DNA glycosylase (UNG), resulting
in an apurinic/apyrimidinic (AP) site,
which can be further processed by the AP
endonuclease, APEX1. The DNA poly-
merase b (Polb) then fills the nucleotide
gaps followed by the rejoining of the
DNA ends by an enzyme complex com-
prising of DNA ligase III (LIG3) and
XRCC1.2 The NER pathway is more
complicated and comprised of more than
30 proteins, including XPA, XPG,
XRCC1, XPC-Rad23B-CEN2, DDB1-
XPE, and the DNA polymerase d or e
(Pold or Pole).3 On the other hand, the
MMR pathway is responsible for correct-
ing mismatched bases generated during
DNA replication, thereby preventing the
accumulation of mutations in newly
duplicated genes. The major components
of the MMR pathway include the recogni-
tion complex MSH2-MSH6 and MutL,
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the excision proteins ExoI and the DNA
synthesis enzymes Pold and PCNA.4

Importantly, HR and NHEJ pathways
are mainly responsible for the repair of
DSBs, the most abundant and lethal types
of DNA damage in cells. HR-mediated
repair is considered as an error-free mech-
anism and requires similar or identical
parental DNA strands as repair templates,
thereby is relatively restricted to the S and
G2 phases of the cell cycle. On the other
hand, NHEJ-directed DSBs repair is con-
sidered error-prone and actually occurs in
all phases of the cell cycle. Mechanisti-
cally, HR is in large mediated by BRCA1,
Mre11-Rad50-Nbs1 (MRN), CtIP,
Rad51, Exo1 and BRCA2, whereas NHEJ
is carried out sequentially by a set of core
complexes including 53BP1, Ku70/Ku80,
DNA-PKcs and LIG4/XRCC4/XLF.
More recently, PAXX, homologous to
XLF and XRCC4, was identified to be
essential for NHEJ by directly binding

Ku70/Ku80,5,6 further expanding our
understanding of the signaling cascades
mediating DNA damage responses.
Importantly, these pathways are tempo-
rally and spatially regulated to direct the
cells to make correct choices to repair dif-
ferent types of DNA lesions.7

Akt Is Activated in Response
to DNA Damage

Akt, also known as protein kinase B
(PKB), is a serine/threonine kinase that
plays a critical role in promoting cell pro-
liferation, survival and metabolism.8 In
response to stimulation by various growth
factors, such as insulin or IGF-1, Akt is
activated through PDK1 and mTORC2-
mediated phosphorylation at Thr308 and
Ser473, respectively.8 More recently, accu-
mulating evidence indicates that Akt can
also be activated upon DNA damage in

a PIKK family member
ATM, ATR or DNA-PKcs-
dependent manner (Fig. 2).
Viniegra et al. demonstrated
that ATM is a major
upstream activator of Akt in
response to insulin or
g-radiation.9 As such, cells
derived from ataxia telangi-
ectasia (AT) patients or
ATM-KO mice with low
ATM activity are defective
in Akt-Ser473 phosphoryla-
tion upon insulin or g-radi-
ation treatment.9 On the
other hand, Caporali et al.
demonstrated that TMZ, a
methylation agent activating
the MMR pathway, depends
on ATR, but not ATM, to
trigger Akt activation.10 Fur-
thermore, Bozulic et al.
found that DNA-PKcs is
required for the activation
of Akt and co-localizes with
Akt-pS473 at DNA damage
sites in response to g-radia-
tion or doxorubicin.11

Although these studies sug-
gest that ATM, ATR and
DNA-PK are involved in
activating Akt in response to
various DNA damaging

agents, it is still unclear whether these kin-
ases directly phosphorylate Akt, or act
through other adaptor proteins to indi-
rectly promote Akt activation. Interest-
ingly, Fraser et al. demonstrated that in
prostate and lung cancer cells, DSB-
induced Akt phosphorylation is dependent
on the MRE11-ATM-RNF168 signaling
pathway, but not DNA-PKcs, PI3K, or
ATR.12 Therefore, the activation of Akt
in response to DNA damage may be
DNA lesion and cell context-dependent,
which warrants additional in-depth
investigation.

Akt Modulates DNA Repair
Pathways

Cumulative studies have demonstrated
that Akt plays a critical role in regulating
DDR through directly phosphorylating
multiple DNA damage repair factors in

Figure 1. Five major DNA repair mechanisms have been identified in eukaryotic cells, including BER (A), NER (B),
MMR (C), HR (D) and NHEJ (E). These pathways are comprised of multi-subunit complexes, which deal with different
types of DNA lesions. On the other hand, oncogenic Akt regulates these pathways in part by phosphorylating DNA
repair factors, such as phosphorylating hPMS2, BRCA1 and XLF to impair MMR, HR and NHEJ, respectively.
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response to genotoxic
agents.13 Specifically, Akt
negatively regulates MMR
through directly interacting
with, and phosphorylating
hPMS2 at Thr156, to pro-
mote hPMS2 cytoplasmic
translocation and degrada-
tion (Fig. 1C). In keeping
with this conclusion, inacti-
vation of Akt by siRNA or
an Akt inhibitor leads to
increased nuclear accumula-
tion of hPMS2.14 Similarly,
hyper-activated Akt was also
observed to impair HR.
Overexpression of the con-
stitutively active Akt inhib-
ited BRCA1 foci formation
at DNA damage sites
through inducing the cyto-
plasmic retention of
BRCA1 and Rad51
(Fig. 1D).15,16 However,
Akt-dependent phosphory-
lation of the two canonical
Akt sites, Thr509 and
Ser615 within the nuclear
localization sequence of
BRCA1, didn’t significantly
affect Akt-induced BRCA1
cytoplasmic translocation.
These results thus argue for
a yet undefined molecular
mechanism underlying Akt-
mediated cytoplasmic trans-
location and inactivation of
BRCA1 and Rad51,15,17

which warrants further
investigation.

In contrast to the reported suppressive
role of Akt in the MMR and HR repair
processes, the function of Akt in the regu-
lation of NHEJ is largely unknown. Nota-
bly, it has been reported that Akt could
interact with and activate DNA-PK in the
initiation step of NHEJ, as well as dis-
charge DNA-PK from the DNA damage
site at the late repair stage, suggesting
both an activation and a suppression func-
tion for Akt in regulating NHEJ.18,19

However, the detailed mechanistic role of
Akt in regulating NHEJ remains elusive.
To this end, we have recently identified
that Akt1 is the physiological upstream
kinase for XLF phosphorylation at

Thr181, but not other components of
NHEJ we examined, including XRCC4
and LIG4.20 More importantly, phos-
phorylation of XLF at Thr181 dissociated
it from the LIG4/XRCC4 complex, and
triggered its interaction with 14-3-3 for
XLF cytoplasmic retention (Fig. 1E). Fur-
thermore, the SCFb-TRCP E3 ligase could
target the cytoplasmic, Thr181-phosphor-
ylated-XLF for ubiquitination and subse-
quent degradation in a CKI-dependent
manner. As a result, Akt-mediated XLF
phosphorylation largely impairs NHEJ,
leading to DSB accumulation and subse-
quent genomic instability.20

Notably, previous studies have demon-
strated that DNA repair pathways are

functionally redundant and deficiency in
one pathway may be compensated by
others.21 Therefore, Akt might be only
one node within a regulator network that
dictates the choice of DNA repair path-
ways by regulating the activity of various
repair factors. To this end, we have
recently discovered that the activity of Akt
is cell cycle-dependent, with peaked activ-
ity in late S and G2/M phases,22 thus Akt
may govern NHEJ and HR efficiencies in
a cell cycle-dependent manner. Specifi-
cally, in the G1-phase with low Akt activ-
ity, NHEJ is the predominant repair
mechanism for DSBs, whereas higher
activity of Akt in the S/G2 phase may sup-
press NHEJ by phosphorylating XLF,

Figure 2. In response to DNA damage agents, Akt is activated through different mediators, including ATM, ATR,
DNA-PK and RNF168. In turn, activated Akt inhibits DNA repair pathways, resulting in genomic instability, such as
gene mutation, deletion and recombination. At the same time, Akt blocks the DNA damage stress-induced apoptosis
to promote cell survival. As a result, these 2 events allow cells to select for favorable genetic alterations to facilitate
tumorigenesis.

www.tandfonline.com 263Nucleus



thereby HR is primarily responsible for
the DSB repair. However, additional in-
depth studies are warranted to further
examine this hypothesis.

Interestingly, a recent report also iden-
tified a Cdk1-dependent phosphorylation
and inactivation mechanism on Xlf1, the
fission yeast homolog of XLF/Cernun-
nos.23 Similar to the cellular effects of our
identified Akt-mediated XLF phosphory-
lation event in mammalian cells, Hentges
et al. demonstrated that phosphorylation
of Xlf1 in fission yeast by Cdk1 inhibits
NHEJ.23 Hence, NHEJ can override HR
when Cdk1-mediated Xlf1 phosphoryla-
tion is inhibited, arguing for a critical role
of phosphorylation of XLF in suppression
of NHEJ. Intrigued by the similar conse-
quences of XLF phosphorylation events,
we have aligned human XLF and fission
yeast Xlf1 sequences and interestingly
observed that neither the mammalian Akt
site (Thr181), nor the yeast Cdk1 sites
(Thr180 and Ser192) are conserved
between these two species (Fig. 3). More-
over, the Cyclin A/Cdk2-mediated Akt
phosphorylation sites (Ser477/Thr479)22

are also not present in fission yeast Gad8
(homologous to mammalian Akt), indi-
cating the cell-cycle dependent activation
mechanism for Akt may not be present in
yeast as well. Together, these results

suggest that the Akt-mediated regulatory
mechanism by governing XLF phosphory-
lation and suppression of NHEJ may be
an event acquired during evolution.

As in a uni-cellular organism like fis-
sion yeast, a single cell carries all cellular
processes, while in multi-cellular organ-
isms such as human, cells are subtyped
and differentiated for maintaining only a
certain subset of cellular functions, we
speculate that the additional layer of regu-
lation provided in mammals (the Cdk-
Akt-XLF axis in mammals versus the
Cdk-XLF axis in fission yeast) would
allow each molecule in the cell within a
multi-cell organism to be more tightly
controlled to afford more diverse cellular
functions. In this scenario, the Akt-medi-
ated XLF phosphorylation mechanism
may develop during the transition from
single cell organism toward multi-cell
organism. However, in-depth evolution-
ary and molecular studies are necessary to
rigorously examine this hypothesis.

Akt Prevents Cellular Apoptosis
Triggered by DNA Damage Stress

Previous studies have demonstrated
that Akt promotes cellular survival in large
part by inhibiting apoptosis. To this end,
activated Akt could directly phosphorylate

and inhibit the function of pro-apoptotic
Bcl-2 family members, including Bad,
Bax, caspase-9, GSK-3 and FOXO1.24

Non-repaired DNA lesions are reported
to either cause genetic mutations, or trig-
ger apoptosis and subsequent cell death.25

Importantly, we found that upon treat-
ments by etoposide or bleocin to induce
DSBs, Akt promotes the phosphorylation
of XLF and at the same time, Akt also
phosphorylates pro-apoptotic proteins
including Bad and GSK-3b to exert an
anti-apoptosis function. These observa-
tions suggest that Akt may suppress
NHEJ and simultaneously block DNA
damage-induced apoptosis, thereby pro-
viding a time window that allows cells to
accumulate cancerous mutations without
rendering cell death (Fig. 2).20 Interest-
ingly, we also observed that Akt-mediated
XLF phosphorylation is not critical for
cell survival following treatments with
apoptotic agents such as Taxol or ABT-
737 that do not trigger DNA damage,
indicating the specificity of Akt activation
and subsequent phosphorylation of XLF
events in preventing apoptosis in response
to DNA damage.

Concluding Remarks

Altogether, our results
demonstrate that upon
DNA damage, activated
Akt phosphorylates XLF
to suppress NHEJ, which
leads to an accumulation
of genetic alterations that
may facilitate tumorigene-
sis in part by inactivating
tumor suppressor genes
and/or activating onco-
genes. On the other hand,
Akt could also protect cells
from apoptosis triggered
by DNA damage stress,
allowing cells to buy time
to accumulate driver
mutations to facilitate
tumorigenesis. Together,
our study provides a possi-
ble molecular mechanism
for the hyper-activated
Akt event in promoting
genomic instability and

Figure 3. Alignment of the XLF protein sequence in human and fission yeast. The canonical Akt site (T181) in human
and the Cdk1 sites (T180 and S192) in yeast are not conserved between these two species.
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tumorigenesis. Nonetheless, additional
investigation is necessary to examine
whether Akt also modulates other DNA
damage repair mechanisms in addition to
HR and NHEJ, as well as to fully under-
stand the role(s) of Akt in the regulation
of DNA repair. In addition, given the
intensive cross-talk between the Akt and
DDR pathways, it will be critical to pin-
point the upstream kinase cascades
through which distinct types of DNA
damage utilize activation of the Akt onco-
protein. Further understanding of these
pathways will provide the rationale and
guidance for future application of Akt
inhibitors to combat human cancers.
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