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Abstract:

Endogenous replicative stress could be one trigger leading to tumor initiation: indeed,
activation of the DNA damage response (DDR), considered the result of replicative
stress, is observed in pre-cancerous cells; moreover, in hereditary breast cancers,
almost all of the genes affected relate to the DDR. The most frequently mutated gene in
hereditary breast cancers, BRCA1, is essential for homologous recombination (HR), a
fundamental process for maintaining genome stability that permits the reactivation of
blocked replication forks . Recent studies have established links between DDR and the
oncogenic kinase AKT1, which is upregulated in about 50% of sporadic breast cancers.
More specifically, the activation of AKT1 shows a deficient phenotype in BRCA1 and
HR, revealing molecular similarities between hereditary and sporadic breast cancers.
However, these results reveal a paradox regarding the physiological role of AKT1: in
non-tumor cells, AKT1 promotes cellular proliferation, but consequently endangers
genome integrity during replication if HR is inhibited. Since HR could itself lead to genetic
instability, we propose that, under physiological conditions, moderate activation of
AKT1 does not inhibit but prevents an excess of HR. The regulation of AKT1 would
represent a fine transitory system for controlling HR and maintaining genomic integrity.

Therefore, endogenous stresses must play crucial roles in
the etiology of cancer. For example, mutating the BRCA1
or BRCA2 genes confers a hereditary predisposition to
breast cancer in the absence of exposure to exogenous
genotoxic agents.

The coordination of a complex network of metabolic
pathways ensures continued maintenance, duplication,
and transmission of the genome. These metabolic
pathways control the DNA damage response pathway
(DDR) and bring together replication, recombination,
DNA repair, chromosome segregation, and cell cycle
control. However, in some common tightly-regulated
processes, such as meiosis and the generation of the
immune repertory, this network must allow/favor genetic
diversity. Therefore, very precise regulation is necessary
to control the equilibrium between genetic stability and
diversity, while avoiding genetic instability. A defect in
any of the actors in these pathways could result in genetic
instability and a predisposition to tumor formation.
Certain types of cancers correspond to areas
exposed to oncogenic agents (often genotoxic), such as
UV radiation for skin cancer or tobacco for throat or lung
cancer. However, we emphasize that many cancers develop
without substantial exposure to exogenous carcinogens.
www.impactjournals.com/oncotarget

The replication/recombination
interface, genetic instability,
and cancer.
Among endogenous stresses, the spontaneous
blocking of replication forks could constitute a risk for
spontaneous tumor initiation. In fact, DNA replication
forks are regularly blocked by a variety of endogenous
stresses that can result from bulging regions in the DNA,
regions of hybrid DNA/RNA, and from endogenous
metabolism of the cell [1]. Furthermore, the prolonged
arrest of these replication forks leads to the formation
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of double-strand breaks (DSBs) in the DNA, which can
be taken care of by HR and non-homologous end-joining
(NHEJ) [2-4]. It is therefore notable that the presence of
DNA breaks and activation of the DDR pathway have
been observed in the pre-cancerous stages of non-treated
cells. This activation of the DDR pathway is considered
the response to spontaneous replicative stress [5,6].
One example illustrating this point of view is Bloom
syndrome, which results in an increased predisposition to
spontaneous tumor formation in all tissues, even those that
are not directly exposed. Bloom syndrome is caused by
inactivation of the BLM protein, a RecQ member of the
helicase family, which plays an important role in resolving
HR intermediates and controlling blocked replication forks
[7-9]. Furthermore, among the 11 genes whose germline
mutations are responsible for predispose to familial breast
cancer, 10 are implicated in the DDR pathway [10,11].

Interestingly, the most frequently mutated genes, BRCA1
and BRCA2, play essential roles in HR [12,13], an
essential process for maintaining genome integrity. The
ubiquitous existence of this process in all living organisms
highlights its biological importance. HR allows the repair
of DSBs in DNA (Figure 1), as well as the reactivation of
blocked replication forks (Figure 2) [14-16].
About one century ago, Theodor Boveri proposed
that tumors arose from clonal development of a single
aneuploid cell. He also proposed that this aneuploidy
arose from unequal chomosome segregation, due to the
presence of supernumerary centrosomes [17,18]. More
recently, aneuploidy has been observed in precancerous
lesions and tissues adjacent to tumors, suggesting a role
in tumorigenesis [19-23]. This observation is therefore
similar to activation of the DDR pathway and the
detection of DSBs (see above). Centrosome duplication

Figure 1: A Model for double-strand break repair by homologous recombination [78]. a) A DSB in the DNA generates regions
of ssDNA. This step is promoted by the RAD50/MRE11/NBS1 complex associated with CtIP in mammals [79-82]. b) ssDNA is covered by the
RPA (Replication protein A) protein. c) RAD52 (in yeast) or BRCA2 (in mammals) displaces RPA from the ssDNA and loads the key protein
for HR, RAD51. d) The ssDNA-RAD51 complex finds the intact homologous double-stranded DNA and promotes the exchange of identical
strands and the hybridization of complementary strands. e) DNA polymerase fills in the gap and moves the displacement loop (D-loop). f) The
cruciform junctions (Holliday junctions) are then formed. g) The resolution of the Holliday junctions depends on the direction of resolution and
can proceed via the following two mechanisms: without crossing over or with crossing over (exchange of adjacent DNA sequences).
www.impactjournals.com/oncotarget
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and genome replication should be coordinated to ensure
faithful chrosomes segregation and exogenous stress that
arrest replication generates supernumerary centrosomes
[24-26]. It remains to be determined whether endogenous
replicative stress and the presence of supernumerary
centrosomes, which leads to aneuploidy, are connected at
the molecular level and by what mechanisms. HR could
be the link between these two processes. In fact, cells
deficient in HR demonstrate both replicative stress, as
characterized by a slowing of the replication speed [27]
and an increased frequency of cells with supernumerary
centrosomes [28-32]. It should be noted that these defects
have been observed regardless of the HR gene affected,
among them the tumor suppressor genes BRCA1 and
BRCA2.

Finally, it is important to emphasize that the
communication between replication and recombination
could represent an effective target for anti-cancer
therapeutics. In fact, PARP inhibitors generate replicative
stress, leading to the formation of DSBs; tumors deficient
in HR, such as those with defects in BRCA1 or BRCA2,
would therefore be highly sensitive to these inhibitors
[33,34].

Familial
versus
sporadic
breast cancers: AKT1 and the
deregulation of BRCA1.
At present, the majority of mutations that confer

Figure 2: Examples of the role of HR in restarting blocked replication forks [14-16]. a. A DSB can be generated by the collapse
of a replication fork, for example due to a nick in the matrix. HR allows replication to restart by reinitiating it on the sister chromatid. b. When
a fork reaches a blocking lesion, it can be reverted by generating a so-called “chickenfoot” structure. b-1. This structure has a DSB that can
be used to initiate HR upstream of the blockage (given that the sequences are homologous). b-2. Alternatively, the cruciform structure can be
resolved by specific endonucleases, which also generate DSBs. Replication can then be reactivated by HR using the sister chromatid.
www.impactjournals.com/oncotarget

693

Oncotarget 2010; 1: 691 - 699

a predisposition to familial breast cancer affect genes
implicated in DDR, specifically at the interface of
replication and recombination. The most frequently
mutated gene, BRCA1, plays an important role in HR
[12,35]. This overrepresentation of genes implicated in a
particular pathway highlights the importance of the DDR
pathway and the communication between replication
and recombination in the etiology of breast cancer. This
begs the question of whether the etiology of sporadic
breast cancers shares the same mechanisms as those of
hereditary breast cancers. This question is perhaps more
relevant because sporadic cases of breast cancer are far
more common than hereditary cases; in fact, hereditary
breast cancer are consider to represent 5 to 10 %, and
mutation of BRCA1 1 to 2%, of all cases [36,37].
The extremely diverse characteristics of tumors grouped
in a common category (for example, the set of spontaneous
breast cancers) represent an important obstacle to
understanding the underlying molecular mechanisms in an
unifying view. However, it is noteworthy that, in a number
of studies, the oncogenic kinase AKT1 has been shown to
be upregulated in 40-60% of sporadic breast cancers and
40% of sporadic ovarian cancers [38-40]. Furthermore,
AKT1 can phosphorylate BRCA1 in vitro [41]. Therefore,
it is important to determine whether the activation of
AKT1 in sporadic cancers leads to a phenotype similar to
that observed in familial cancers. AKT1 is involved
in the PI3 Kinase/PTEN/AKT1 signaling pathway and
responds to extracellular stimuli, including growth factors
and hormones [42]. PTEN is a tumor suppressor gene and
an antagonistic inhibitor of AKT1 (inactivation of PTEN
leads to the activation of AKT1). It is noteworthy that i)
PTEN is one of the mutated genes in familial breast cancers
[43,44], and decreased amount of the PTEN protein is
observed in 25% of breast cancers [45]; ii) mutations in
PTEN are associated with Cowden syndrome, in which
the probability of developing breast cancer reaches 30%
[46]; iii) the inactivation of PTEN leads to an increase
in genetic instability [47-50]; iv) cells lacking PTEN
show elevated levels of spontaneous DSBs [49,50] and
decreased expression of the recombinase RAD51 [50-52],
which lead to the defective repair of DSBs by HR; and
v) tumors or cells lacking PTEN are sensitive to PARP
inhibitors [52,53].
Rencently, several studies have been demonstrating
a relationship between AKT1 and DDR. For instance,
AKT1 destabilizes p53 via the phosphorylation of Mdm2
[54]; AKT1 controls the basal expression of XRCC1 [55];
the activation of AKT1 leads to the sequestration of CHK1
to the cytoplasm [47-49], and AKT1 phosphorylates and
prevents the activation of CHK1 by ATR/ATM [56];
finally, AKT1 reduces the abundance of γ-gH2AX foci
[57,58] in asynchronous cells, and inhibits the activation
of CHK1 and the repair of DSBs at the end of G2 [59].
More directly related to the questions discussed here,
the overexpression of AKT1 has been shown to promote
www.impactjournals.com/oncotarget

the sequestration of BRCA1 and RAD51 to the cytoplasm
[38,60]. This sequestration of BRCA1 and RAD51 to
the cytoplasm has been observed both in cultured cell
lines and in 60% of sporadic breast cancer tumors, in
which it is correlated with the level of AKT1 activation
[38]. Delocalizing BRCA1 and RAD51 to the cytoplasm
inhibits the nuclear functions of BRCA1, such as the
recruitment to sites of damage after exposure to ionizing
radiation and the control of HR. Consistent with the
phenotype of cells that are mutated in components of HR,
cells overexpressing AKT1 have a higher frequency of
supernumerary centrosomes [60]. Furthermore, the AKT1
signaling pathway negatively regulates the expression of
BRCA1 mRNA [61]. Therefore, the over-activation of
AKT1, which occurs in about half of all sporadic breast
cancers, leads to a phenotype similar to that of brca1/cells, without the need for mutating the BRCA1 gene.
Moreover, it seems, that a lack of BRCA1 is linked to a
constitutive activation of the AKT1 signaling pathway.
Because BRCA1 is the most frequently mutated gene in
hereditary breast cancers, the relationship between AKT1
and BRCA1 could constitute the missing molecular link
between sporadic and familial breast cancers.
Conversely, BRCA1 negatively regulates AKT1 by
inducing its degradation [61]. In addition, a lack of BRCA1
activates the AKT1 pathway by causing disappearance of
the PTEN protein, which is observed in 82% of hereditary
breast cancers linked to BRCA1 [62].
Epidemiological studies have concluded that
hormone substitution leads to an increased risk for breast
cancer [63-65]. Because AKT1 activity is inducible by
hormones [66,67], it is tempting to speculate that, for
certain people, hormonal treatments could lead to high and
chronic activation of AKT1, thus altering the functions of
BRCA1, and therefore to predispose to breast cancer.
The negative impact of AKT1 on HR and on BRCA1
localization, resulting in a BRCA1-deficient phenotype
(without requiring mutation in the BRCA1 gene) suggests
that tumors with hyperactivated AKT1 might be sensitive
to PARP inhibitors. In agreement with this model, PTEN
deficient tumors are hypersensitive to PARP inhibitors
[52]. Therefore the high frequency of AKT1 activation in
sporadic breast cancer opens promizing new avenues for
therapy. However, because AKT1 activation also protects
against cell death and because of the highly pleiotropic
regulation of AKT1, the molecular characterization of
AKT1 impact on HR becomes an essential issue.

The paradox of AKT1: a rheostat
of HR?
The inhibition of HR by AKT1 is mechanistically
consistent with its role in breast cancer, i.e., under
pathological conditions. However, under physiological
conditions, this reveals a paradox, notably in response
to growth factors, because AKT1 plays a role in cellular
694
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1- Level and duration of AKT1 activation.

proliferation (for a review, see [68]). A number of studies
have demonstrated that the PI3K pathway is involved in the
G1 to S phase transition via i) the inactivation of GSK3β,
and the stabilization of cyclin D and c-myc, ii) inhibition
of the Forkhead family of transcription factors leading to a
decrease in p27Cip1, and iii) inactivation of p21 and p27 via
direct phosphorylation by AKT1 [68]. Because cellular
proliferation requires genome replication, the inhibition
of HR by the activation of AKT1 thus presents a risk to
maintaining genome stability. Two possible solutions can
resolve this paradox:

We must point out that the level and duration of
AKT1 activation are very different between physiological
and pathological conditions. The activation of AKT1
is moderate and mostly transient under physiological
conditions, but is stronger and constant (generally due
to upstream deregulation, e.g., the inactivation of PTEN)
under pathological conditions, thus accounting for the
pathological phenotype. For example, the activation of
AKT1 by a growth factor (heregulin β1) or by hormones
(IGF-1 and estrogen) (in other words, physiological

Figure 3: Genetic instability linked to excess of homologous recombination. A. Chromosomal rearrangements resulting from
crossing over (CO). 1. CO between repetitive sequences on two chromosomes or during an unequal sister chromatids exchange, resulting in
an amplification on one molecule and a deletion on the other. 2. Intra-chromatid CO between two direct repeats, resulting in excision of the
internal fragment. 3. Intra-chromatid CO between inversely oriented sequences, resulting in inversion of the internal fragment. 4. and 5. Interchromosomal CO. Depending on the orientation of the sequence with respect to the centromere (blue or red circles), the process will generate a
translocation (4) or a dicentric chromosome and an acentric chromosome (5). B. Genetic modifications resulting from gene conversion without
crossing over. Top: between two heteroalleles, leading to a loss of heterozygosity. Bottom: gene conversion between a pseudogene (hatchmarked), which often contains stop codons, and a gene, resulting in inactivation of the gene. Mutations are shown in red.
www.impactjournals.com/oncotarget
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therefore allow for a subtle and transitory regulation of
HR. Under physiological conditions, AKT1 would play a
role as a rheostat to precisely regulate HR. For example,
in human fibroblasts, the growth factor FGF (fibroblast
growth factor) activates AKT1 and represses excess HR
without inhibition of HR; in fact, the level of HR never
decreases by more than 50% of the level in non-stimulated
cells [38]. In contrast, the strong and constant activation
of AKT1 must strongly affect the subtle regulation of
HR, leading to an important disequilibrium and the
complete inhibition of HR, thus promoting an abnormal
or pathological condition.
The characterization of the molecular mechanisms
that allow AKT1 to modulate HR, and more generally
DNA repair, represents an important focus of future
research. Uncovering these processes will allow better
understanding of the mechanisms that maintain genetic
stability and result in spontaneous tumor development and
to optimize cancer therapy.

activation mechanisms) promotes the nuclear localization
of BRCA1 [69,70]. Moreover it is also reasonable to
suggest that the consequences of AKT1 activation may
vary based on cell type.

2- Risk of excess HR initiation on genetic stability
If HR is an essential process for maintaining genome
integrity, it is also a double-edged sword, because it can
also generate genetic instability:
A On one hand, defects in HR lead to
genetic instability and increased mutagenesis.
On the other hand, the genome contains many
repetitive sequences, and HR between these sequences
can lead to chromosomal rearrangements and therefore
genetic instability (Figure 3). Severe chromosomal
rearrangements, such as deletions, inversions, duplications,
and translocations requiring repetitive sequences have
been observed in various human pathologies [71-74].
B Unresolved HR intermediates are toxic
and can generate genetic instability [75].
Therefore, maintaining genome stability benefits
from the avoidance of excess HR initiation. This point is
especially crucial during the S phase, because HR occurs
preferentially during the S phase [76,77]. In addition,
the substrate for HR is single-stranded DNA (ssDNA)
covered with the RPA protein (Figure 1). Because RPA
is a protein implicated in replication, RPA complexed
to ssDNA is present throughout the genome during
replication. If HR were initiated every time that RPA
bound to ssDNA, it would lead to complete disruption
of the genome. Therefore, it is necessary to precisely
control recombination to maintain genome stability and
avoid genetic instability, particularly during S phase.
Signaling downstream of the ssDNA-RPA complex might
be different in the replication vs. the HR intermediates,
following the resection step. Moreover, helicases have been
shown participate to the maintenance of genome stability
by disrupting abortive HR intermediate [75]. However, it
is necessary to precisely control recombination at multiple
levels to maintain genome stability, particularly during S
phase. We propose that AKT1 is an upstream regulator by
preventing the excess of HR initiation.

ACKNOWLEDGEMENTS
This work was supported by grants from La Ligue
Nationale contre le Cancer “Equipe labellisée LA LIGUE
2008” and ANR (l’Agence Nationale pour la Recherche).
JG-B was supported by ARC (l’Association pour la
Recherche contre le Cancer).

CONFLICT OF INTEREST
The authors declare no conflict of interest.

REFERENCES

3- A potential role for AKT1 under physiological
conditions.
The previous explanations suggest that in nonstressed cells, the transient and moderate activation of
AKT1 avoids excess HR, which could be harmful to
genome stability, without completely repressing it. The
activation of AKT1 by extracellular factors (growth
factors, hormones, interleukins), which depends on the
combination and concentration of these extracellular
factors, and of the cellular receptors of these factors, should
www.impactjournals.com/oncotarget

696

1.

Hyrien O Mechanisms and consequences of replication
fork arrest. Biochimie 2000; 82: 5-17.

2.

Petermann E, Orta ML, Issaeva N, Schultz N, Helleday T
Hydroxyurea-stalled replication forks become progressively
inactivated and require two different RAD51-mediated
pathways for restart and repair. Mol Cell 2010; 37: 492502.

3.

Saintigny Y, Delacote F, Vares G, Petitot F, Lambert S,
Averbeck D, Lopez BS Characterization of homologous
recombination induced by replication inhibition in
mammalian cells. EMBO J 2001; 20: 3861-3870.

4.

Seigneur M, Bidnenko V, Ehrlich SD, Michel B RuvAB
acts at arrested replication forks. Cell 1998; 95: 419-430.

5.

Bartkova J, Horejsi Z, Koed K, Kramer A, Tort F, Zieger
K, Guldberg P, Sehested M, Nesland JM, Lukas C, Orntoft
T, Lukas J, Bartek J DNA damage response as a candidate
anti-cancer barrier in early human tumorigenesis. Nature
2005; 434: 864-870.

6.

Gorgoulis VG, Vassiliou LV, Karakaidos P, Zacharatos
P, Kotsinas A, Liloglou T, Venere M, Ditullio RAJ,
Kastrinakis NG, Levy B, Kletsas D, Yoneta A, Herlyn M,
Oncotarget 2010; 1: 691 - 699

Kittas C, Halazonetis TD Activation of the DNA damage
checkpoint and genomic instability in human precancerous
lesions. Nature 2005; 434: 907-913.

SH Increased risk of local recurrence is associated with
allelic loss in normal lobules of breast cancer patients.
Cancer Res 2002; 62: 1000-1003.

7.

Bernstein KA, Gangloff S, Rothstein R The RecQ DNA
helicases in DNA Repair. Annu Rev Genet 21: 393-417.

8.

Chu WK, Hickson ID RecQ helicases: multifunctional
genome caretakers. Nat Rev Cancer 2009; 9: 644-654.

24. Bettencourt-Dias M, Glover DM Centrosome biogenesis
and function: centrosomics brings new understanding. Nat
Rev Mol Cell Biol 2007; 8: 451-463.

9.

Sengupta S, Linke SP, Pedeux R, Yang Q, Farnsworth J,
Garfield SH, Valerie K, Shay JW, Ellis NA, Wasylyk B,
Harris CC BLM helicase-dependent transport of p53 to sites
of stalled DNA replication forks modulates homologous
recombination. EMBO J 2003; 22: 1210-1222.

25. Hut HM, Lemstra W, Blaauw EH, Van Cappellen GW,
Kampinga HH, Sibon OC Centrosomes split in the presence
of impaired DNA integrity during mitosis. Mol Biol Cell
2003; 14: 1993-2004.
26. Nigg EA Centrosome aberrations: cause or consequence of
cancer progression? Nat Rev Cancer 2002; 2: 815-825.
27. Daboussi F, Courbet S, Benhamou S, Kannouche P,
Zdzienicka MZ, Debatisse M, Lopez BS A homologous
recombination defect affects replication-fork progression
in mammalian cells. J Cell Sci 2008; 121: 162-166.

10. Erkko H, Pylkas K, Karppinen SM, Winqvist R Germline
alterations in the CLSPN gene in breast cancer families.
Cancer Lett 2008; 261: 93-97.
11. Walsh T, King MC Ten genes for inherited breast cancer.
Cancer Cell 2007; 11: 103-105.

28. Bertrand P, Lambert S, Joubert C, Lopez BS Overexpression
of mammalian Rad51 does not stimulate tumorigenesis
while a dominant-negative Rad51 affects centrosome
fragmentation, ploidy and stimulates tumorigenesis, in p53defective CHO cells. Oncogene 2003; 22: 7587-7592.

12. Moynahan ME, Chiu JW, Koller BH, Jasin M Brca1
controls homology-directed DNA repair. Mol Cell 1999; 4:
511-518.
13. Moynahan ME, Pierce AJ, Jasin M BRCA2 is required for
homology-directed repair of chromosomal breaks. Mol Cell
2001; 7: 263-272.

29. Daboussi F, Thacker J, Lopez BS Genetic interactions
between RAD51 and its paralogues for centrosome
fragmentation and ploidy control, independently of the
sensitivity to genotoxic stresses. Oncogene 2005; 24: 36913696.

14. Cox MM, Goodman MF, Kreuzer KN, Sherratt DJ,
Sandler SJ, Marians KJ The importance of repairing stalled
replication forks. Nature 2000; 404: 37-41.

30. Griffin CS, Simpson PJ, Wilson CR, Thacker J Mammalian
recombination-repair genes XRCC2 and XRCC3 promote
correct chromosome segregation. Nat Cell Biol 2000; 2:
757-761.

15. Kuzminov A Collapse and repair of replication forks in
Escherichia coli. Mol Microbiol 1995; 16: 373-384.
16. Michel B, Flores MJ, Viguera E, Grompone G, Seigneur
M, Bidnenko V Rescue of arrested replication forks by
homologous recombination. Proc Natl Acad Sci U S A
2001; 98: 8181-8188.

31. Kraakman-van der Zwet M, Overkamp WJ, van Lange RE,
Essers J, van Duijn-Goedhart A, Wiggers I, Swaminathan
S, van Buul PP, Errami A, Tan RT, Jaspers NG, Sharan
SK, Kanaar R, Zdzienicka MZ Brca2 (XRCC11) deficiency
results in radioresistant DNA synthesis and a higher
frequency of spontaneous deletions. Mol Cell Biol 2002;
22: 669-679.

17. T. B Zur Frage der Entstehung maligner Tumoren. Jena:
Gustav Fischer 64p 1914;
18. Boveri T Concerning the origin of malignant tumours by
Theodor Boveri. Translated and annotated by Henry Harris.
J Cell Sci 2008; 121 Suppl 1: 1-84.

32. Xu X, Weaver Z, Mol Cell, 389-395), Li C, Gotay J,
Wang XW, Harris CC, Ried T, Deng CX Centrosome
amplification and a defective G2-M cell cycle checkpoint
induce genetic instability in BRCA1 exon 11 isoformdeficient cells. Mol Cell 1999; 3: 389-395.

19. Deng G, Lu Y, Zlotnikov G, Thor AD, Smith HS Loss
of heterozygosity in normal tissue adjacent to breast
carcinomas. Science 1996; 274: 2057-2059.
20. Lakhani SR, Chaggar R, Davies S, Jones C, Collins N, Odel
C, Stratton MR, O’Hare MJ Genetic alterations in ‘normal’
luminal and myoepithelial cells of the breast. J Pathol 1999;
189: 496-503.

33. Bryant HE, Schultz N, Thomas HD, Parker KM, Flower D,
Lopez E, Kyle S, Meuth M, Curtin NJ, Helleday T Specific
killing of BRCA2-deficient tumours with inhibitors of
poly(ADP-ribose) polymerase. Nature 2005; 434: 913-917.

21. Larson PS, de las Morenas A, Bennett SR, Cupples LA,
Rosenberg CL Loss of heterozygosity or allele imbalance
in histologically normal breast epithelium is distinct from
loss of heterozygosity or allele imbalance in co-existing
carcinomas. Am J Pathol 2002; 161: 283-290.

34. Farmer H, McCabe N, Lord CJ, Tutt AN, Johnson DA,
Richardson TB, Santarosa M, Dillon KJ, Hickson I,
Knights C, Martin NM, Jackson SP, Smith GC, Ashworth
A Targeting the DNA repair defect in BRCA mutant cells
as a therapeutic strategy. Nature 2005; 434: 917-921.

22. Larson PS, de las Morenas A, Cupples LA, Huang K,
Rosenberg CL Genetically abnormal clones in histologically
normal breast tissue. Am J Pathol 1998; 152: 1591-1598.

35. Scully R, Plug A, Chen J, Xiao Y, Weaver D, Feunteun
J, Ashley T, Livingston DM Association of BRCA1 with
Rad51 in mitotic and meiotic cells. Cell 1997; 88: 265-275.

23. Li Z, Moore DH, Meng ZH, Ljung BM, Gray JW, Dairkee
www.impactjournals.com/oncotarget

697

Oncotarget 2010; 1: 691 - 699

SN, Bhat A, Yaguchi T, Wadhwa R, Kaul SC, Parsons R,
Khanna KK, Pandita TK Cell cycle checkpoint defects
contribute to genomic instability in PTEN deficient cells
independent of DNA DSB repair. Cell Cycle 2009; 8: 21982210.

36. Group ABCS Prevalence and penetrance of BRCA1 and
BRCA2 mutations in a population-based series of breast
cancer cases. Anglian Breast Cancer Study Group. Br J
Cancer 2000; 83: 1301-1308.
37. Cancer CGoHFiB Familial breast cancer: collaborative
reanalysis of individual data from 52 epidemiological
studies including 58,209 women with breast cancer and
101,986 women without the disease. Lancet 2001; 358:
1389-1399.

48. Puc J, Keniry M, Li HS, Pandita TK, Choudhury AD,
Memeo L, Mansukhani M, Murty VV, Gaciong Z, Meek
SE, Piwnica-Worms H, Hibshoosh H, Parsons R Lack of
PTEN sequesters CHK1 and initiates genetic instability.
Cancer Cell 2005; 7: 193-204.

38. Plo I, Laulier C, Gauthier L, Lebrun F, Calvo F, Lopez BS
AKT1 inhibits homologous recombination by inducing
cytoplasmic retention of BRCA1 and RAD51. Cancer Res
2008; 68: 9404-9412.

49. Puc J, Parsons R PTEN Loss Inhibits CHK1 to Cause
Double Stranded-DNA Breaks in Cells. Cell Cycle 2005;
4: 927-929.
50. Shen WH, Balajee AS, Wang J, Wu H, Eng C, Pandolfi
PP, Yin Y Essential role for nuclear PTEN in maintaining
chromosomal integrity. Cell 2007; 128: 157-170.

39. Sun M, Wang G, Paciga JE, Feldman RI, Yuan ZQ, Ma
XL, Shelley SA, Jove R, Tsichlis PN, Nicosia SV, Cheng
JQ AKT1/PKBalpha kinase is frequently elevated in
human cancers and its constitutive activation is required
for oncogenic transformation in NIH3T3 cells. Am J Pathol
2001; 159: 431-437.

51. Fouladkou F, Landry T, Kawabe H, Neeb A, Lu C, Brose
N, Stambolic V, Rotin D The ubiquitin ligase Nedd41 is dispensable for the regulation of PTEN stability and
localization. Proc Natl Acad Sci U S A 2008; 105: 85858590.

40. Yang H, Wen YY, Zhao R, Lin YL, Fournier K, Yang
HY, Qiu Y, Diaz J, Laronga C, Lee MH DNA damageinduced protein 14-3-3 sigma inhibits protein kinase B/Akt
activation and suppresses Akt-activated cancer. Cancer Res
2006; 66: 3096-3105.

52. Mendes-Pereira AM, Martin SA, Brough R, McCarthy
A, Taylor JR, Kim JS, Waldman T, Lord CJ, Ashworth A
Synthetic lethal targeting of PTEN mutant cells with PARP
inhibitors. EMBO Mol Med 2009; 1: 315-322.

41. Altiok S, Batt D, Altiok N, Papautsky A, Downward J,
Roberts TM, Avraham H Heregulin induces phosphorylation
of BRCA1 through phosphatidylinositol 3-Kinase/AKT in
breast cancer cells. J Biol Chem 1999; 274: 32274-32278.

53. McEllin B, Camacho CV, Mukherjee B, Hahm B,
Tomimatsu N, Bachoo RM, Burma S PTEN loss
compromises homologous recombination repair in
astrocytes: implications for glioblastoma therapy with
temozolomide or poly(ADP-ribose) polymerase inhibitors.
Cancer Res 2010; 70: 5457-5464.

42. Datta SR, Brunet A, Greenberg ME Cellular survival: a
play in three Akts. Genes Dev 1999; 13: 2905-2927.
43. Li J, Yen C, Liaw D, Podsypanina K, Bose S, Wang SI,
Puc J, Miliaresis C, Rodgers L, McCombie R, Bigner
SH, Giovanella BC, Ittmann M, Tycko B, Hibshoosh H,
Wigler MH, Parsons R PTEN, a putative protein tyrosine
phosphatase gene mutated in human brain, breast, and
prostate cancer. Science 1997; 275: 1943-1947.

54. Feng J, Tamaskovic R, Yang Z, Brazil DP, Merlo A,
Hess D, Hemmings BA Stabilization of Mdm2 via
decreased ubiquitination is mediated by protein kinase B/
Akt-dependent phosphorylation. J Biol Chem 2004; 279:
35510-35517.
55. Toulany M, Dittmann K, Fehrenbacher B, Schaller M,
Baumann M, Rodemann HP PI3K-Akt signaling regulates
basal, but MAP-kinase signaling regulates radiationinduced XRCC1 expression in human tumor cells in vitro.
DNA Repair (Amst) 2008; 7: 1746-1756.

44. Steck PA, Pershouse MA, Jasser SA, Yung WK, Lin H,
Ligon AH, Langford LA, Baumgard ML, Hattier T, Davis
T, Frye C, Hu R, Swedlund B, Teng DH, Tavtigian SV
Identification of a candidate tumour suppressor gene,
MMAC1, at chromosome 10q23.3 that is mutated in
multiple advanced cancers. Nat Genet 1997; 15: 356-362.

56. King FW, Skeen J, Hay N, Shtivelman E Inhibition of Chk1
by activated PKB/Akt. Cell Cycle 2004; 3: 634-637.

45. Saal LH, Holm K, Maurer M, Memeo L, Su T, Wang X, Yu
JS, Malmstrom PO, Mansukhani M, Enoksson J, Hibshoosh
H, Borg A, Parsons R PIK3CA mutations correlate with
hormone receptors, node metastasis, and ERBB2, and
are mutually exclusive with PTEN loss in human breast
carcinoma. Cancer Res 2005; 65: 2554-2559.

57. Kao GD, Jiang Z, Fernandes AM, Gupta AK, Maity
A Inhibition of phosphatidylinositol-3-OH kinase/Akt
signaling impairs DNA repair in glioblastoma cells
following ionizing radiation. J Biol Chem 2007; 282:
21206-21212.

46. Starink TM, van der Veen JP, Arwert F, de Waal LP, de
Lange GG, Gille JJ, Eriksson AW The Cowden syndrome:
a clinical and genetic study in 21 patients. Clin Genet 1986;
29: 222-233.

58. Toulany M, Kehlbach R, Florczak U, Sak A, Wang S, Chen
J, Lobrich M, Rodemann HP Targeting of AKT1 enhances
radiation toxicity of human tumor cells by inhibiting DNAPKcs-dependent DNA double-strand break repair. Mol
Cancer Ther 2008; 7: 1772-1781.

47. Gupta A, Yang Q, Pandita RK, Hunt CR, Xiang T, Misri S,
Zeng S, Pagan J, Jeffery J, Puc J, Kumar R, Feng Z, Powell
www.impactjournals.com/oncotarget

59. Xu N, Hegarat N, Black EJ, Scott MT, Hochegger H,
698

Oncotarget 2010; 1: 691 - 699

70. Nelson AC, Lyons TR, Young CD, Hansen KC, Anderson
SM, Holt JT AKT regulates BRCA1 stability in response to
hormone signaling. Mol Cell Endocrinol 2010; 319: 129142.

Gillespie DA Akt/PKB suppresses DNA damage processing
and checkpoint activation in late G2. J Cell Biol 2010; 190:
297-305.
60. Plo I, Lopez B AKT1 represses gene conversion induced
by different genotoxic stresses and induces supernumerary
centrosomes and aneuploidy in hamster ovary cells.
Oncogene 2009; 28: 2231-2237.

71. Amor M, Parker KL, Globerman H, New MI, White PC
Mutation in the CYP21B gene (Ile-172----Asn) causes
steroid 21- hydroxylase deficiency. Proc Natl Acad Sci U S
A 1988; 85: 1600-1604.

61. Xiang T, Ohashi A, Huang Y, Pandita TK, Ludwig T, Powell
SN, Yang Q Negative Regulation of AKT Activation by
BRCA1. Cancer Res 2008; 68: 10040-10044.

72. Bollag RJ, Waldman AS, Liskay RM Homologous
recombination in mammalian cells. Annu Rev Genet 1989;
23: 199-225.

62. Saal LH, Gruvberger-Saal SK, Persson C, Lovgren K,
Jumppanen M, Staaf J, Jonsson G, Pires MM, Maurer M,
Holm K, Koujak S, Subramaniyam S, Vallon-Christersson
J, Olsson H, Su T, Memeo L, Ludwig T, Ethier SP, Krogh
M, Szabolcs M, Murty VV, Isola J, Hibshoosh H, Parsons
R, Borg A Recurrent gross mutations of the PTEN tumor
suppressor gene in breast cancers with deficient DSB
repair. Nat Genet 2008; 40: 102-107.

73. Chen JM, Cooper DN, Chuzhanova N, Ferec C, Patrinos
GP Gene conversion: mechanisms, evolution and human
disease. Nat Rev Genet 2007; 8: 762-775.
74. Purandare SM, Patel PI Recombination hot spots and
human disease. Genome Res 1997; 7: 773-786.
75. Gangloff S, Soustelle C, Fabre F Homologous recombination
is responsible for cell death in the absence of the Sgs1 and
Srs2 helicases. Nat Genet 2000; 25: 192-194.

63. Beral V Breast cancer and hormone-replacement therapy in
the Million Women Study. Lancet 2003; 362: 419-427.

76. Saintigny Y, Delacote F, Boucher D, Averbeck D, Lopez
BS XRCC4 in G1 suppresses homologous recombination
in S/G2, in G1 checkpoint-defective cells. Oncogene 2007;
26: 2769-2780.

64. Chlebowski RT, Hendrix SL, Langer RD, Stefanick ML,
Gass M, Lane D, Rodabough RJ, Gilligan MA, Cyr MG,
Thomson CA, Khandekar J, Petrovitch H, McTiernan A
Influence of estrogen plus progestin on breast cancer and
mammography in healthy postmenopausal women: the
Women’s Health Initiative Randomized Trial. JAMA 2003;
289: 3243-3253.

77. Saleh-Gohari N, Helleday T Conservative homologous
recombination preferentially repairs DNA double-strand
breaks in the S phase of the cell cycle in human cells.
Nucleic Acids Res 2004; 32: 3683-3688.

65. Rossouw JE, Anderson GL, Prentice RL, LaCroix AZ,
Kooperberg C, Stefanick ML, Jackson RD, Beresford
SA, Howard BV, Johnson KC, Kotchen JM, Ockene J
Risks and benefits of estrogen plus progestin in healthy
postmenopausal women: principal results From the
Women’s Health Initiative randomized controlled trial.
JAMA 2002; 288: 321-333.

78. Szostak JW, Orr-Weaver TL, Rothstein RJ, Stahl FW The
double-strand-break repair model for recombination. Cell
1983; 33: 25-35.
79. Chen L, Nievera CJ, Lee AY, Wu X Cell cycle-dependent
complex formation of BRCA1.CtIP.MRN is important for
DNA double-strand break repair. J Biol Chem 2008; 283:
7713-7720.

66. Bernard L, Legay C, Adriaenssens E, Mougel A, Ricort JM
Estradiol regulates the insulin-like growth factor-I (IGF-I)
signalling pathway: a crucial role of phosphatidylinositol
3-kinase (PI 3-kinase) in estrogens requirement for growth
of MCF-7 human breast carcinoma cells. Biochem Biophys
Res Commun 2006; 350: 916-921.

80. Limbo O, Chahwan C, Yamada Y, de Bruin RA, Wittenberg
C, Russell P Ctp1 is a cell-cycle-regulated protein that
functions with Mre11 complex to control double-strand
break repair by homologous recombination. Mol Cell 2007;
28: 134-146.
81. Takeda S, Nakamura K, Taniguchi Y, Paull TT Ctp1/CtIP
and the MRN complex collaborate in the initial steps of
homologous recombination. Mol Cell 2007; 28: 351-352.

67. Lehnes K, Winder AD, Alfonso C, Kasid N, Simoneaux
M, Summe H, Morgan E, Iann MC, Duncan J, Eagan
M, Tavaluc R, Evans CHJ, Russell R, Wang A, Hu F,
Stoica A The effect of estradiol on in vivo tumorigenesis
is modulated by the human epidermal growth factor
receptor 2/phosphatidylinositol 3-kinase/Akt1 pathway.
Endocrinology 2007; 148: 1171-1180.

82. Sartori AA, Lukas C, Coates J, Mistrik M, Fu S, Bartek J,
Baer R, Lukas J, Jackson SP Human CtIP promotes DNA
end resection. Nature 2007; 450: 509-514.

68. Liang J, Slingerland JM Multiple roles of the PI3K/PKB
(Akt) pathway in cell cycle progression. Cell Cycle 2003;
2: 339-345.
69. Hinton
CV,
Fitzgerald
LD,
Thompson
ME
Phosphatidylinositol 3-kinase/Akt signaling enhances
nuclear localization and transcriptional activity of BRCA1.
Exp Cell Res 2007; 313: 1735-1744.

www.impactjournals.com/oncotarget

699

Oncotarget 2010; 1: 691 - 699

