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Background: TOR complex 2 (TORC?2) is a conserved protein complex that regulates multiple aspects of cell survival and

proliferation.

Results: DNA metabolism and DNA damage response are impaired upon disruption of TORC2.
Conclusion: TORC?2 affects replication-associated damages, independent of checkpoint activation.
Significance: TORC2 is required to maintain genome stability in fission yeast, a function that may be evolutionarily conserved.

DNA damage can occur due to environmental insults or
intrinsic metabolic processes and is a major threat to genome
stability. The DNA damage response is composed of a series of
well coordinated cellular processes that include activation of the
DNA damage checkpoint, transient cell cycle arrest, DNA dam-
age repair, and reentry into the cell cycle. Here we demonstrate
that mutant cells defective for TOR complex 2 (TORC2) or the
downstream AGC-like kinase, Gad8, are highly sensitive to
chronic replication stress but are insensitive to ionizing radia-
tion. We show that in response to replication stress, TORC2 is
dispensable for Chkl-mediated cell cycle arrest but is required
for the return to cell cycle progression. Rad52 is a DNA repair
and recombination protein that forms foci at DNA damage sites
and stalled replication forks. TORC2 mutant cells show
increased spontaneous nuclear Rad52 foci, particularly during S
phase, suggesting that TORC2 protects cells from DNA damage
that occurs during normal DNA replication. Consistently, the
viability of TORC2-Gad8 mutant cells is dependent on the pres-
ence of the homologous recombination pathway and other pro-
teins that are required for replication restart following fork rep-
lication stalling. Our findings indicate that TORC2 is required
for genome integrity. This may be relevant for the growing
amount of evidence implicating TORC2 in cancer development.

TOR is an atypical protein kinase that was isolated as the
target of the immunosuppressive and anticancer drug rapamy-
cin. TOR belongs to the PIKK (phosphatidylinositol kinase-
related kinase) family of proteins and plays central roles in
growth, proliferation, and survival (1, 2). Other members of this
family include the ATM and ATR protein kinases, which have
well established roles in maintaining genome integrity (3).
Abnormal regulation of the human homologue, mTOR, is the
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cause of several human diseases, including cancer, multiple
hamartoma syndrome, diabetes, and obesity (1, 2). TOR pro-
teins can be found in two distinct evolutionarily conserved
complexes, known as TORC1® and TORC2. TORC1 is the
main target for inhibition by rapamycin, whereas TORC2 is
insensitive or far less sensitive to the drug (4 —6). The ability to
inhibit TORC1 by rapamycin facilitated extensive studies of the
TORCI1 complex, whereas the cellular roles of TORC2 are less
well understood. However, recent studies have revealed key
roles of TORC2 in metabolism, cell survival, and proliferation
(reviewed in Ref. 2). Accordingly, TORC2 deregulation has
been implicated in cancer and metabolic disorders (1, 2). Sev-
eral features of TORC2 appear highly conserved in evolution,
including the composition of the subunits that make up the
complex and several cellular functions, such as actin organiza-
tion and protein synthesis (7). More recently, it was suggested
that activation of TORC2 by association with the ribosomes is
also conserved (8).

The fission yeast Schizosaccharomyces pombe contains two
TOR homologues, Torl and Tor2 (9). These were numbered
based on their order of discovery. Later, it was found that Torl
interacts with Ste20 (Rictor) and Sin1 to form TORC2, whereas
Tor2 interacts with Mip1 (Raptor) to form TORCI1 (10, 11). As
in human cells, S. pormbe TORCI1 is negatively regulated by the
TSC complex (12, 13). TORC1 is essential for cell growth. Dis-
ruption of TORC1 (e.g. tor2-ts alleles) results in a phenotype
that closely mimics nitrogen starvation in wild type cells, indi-
cating a major positive role in growth and proliferation in
response to nutrient availability (10, 11, 14—17). TORC2 is not
essential for growth, and disruption of TORC2 (e.g. Atorl)
results in pleiotropic defects. These include an inability to
respond to starvation and severe sensitivity to a variety of
stresses, including osmotic, oxidative, and temperature stress; a
delay in mitotic entry; and a decrease in amino acid uptake
(18-24). Interestingly, in fission yeast, TORC1 and TORC2
oppositely regulate several cellular functions, including expres-
sion of nitrogen starvation-induced genes, sexual development,

3 The abbreviations used are: TORC1 and -2, TOR complex 1 and 2, respec-
tively; HU, hydroxyurea; MMS, methyl-methane sulfonate; IR, ionizing radi-
ation; HR, homologous recombination; CPT, camptothecin; Ch16,
minichromosome 16.
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and mitotic entry (16, 25). However, an underlying mecha-
nism(s) for TORC2 activity in cell biology is largely missing in
fission yeast as well as in other model systems. TORC2 medi-
ates most if not all of its functions via phosphorylation and
activation of the AGC kinase, Gad8 (19, 26). Accordingly, dele-
tion of gad8™ results in a very similar phenotype to that of Ator1
mutants (19, 21, 26). More recently, it was also shown that in
fission yeast, TORC2 is activated by the Rab family GTPase,
Ryhl (27).

Recently, our genome-wide expression profiling of Atorl
cells revealed an extensive overlap between gene expression in
Atorl and in cells mutated for chromatin remodelers (21). Con-
sistently, we found that TORC2 is required for gene silencing at
heterochromatic regions, such as the mating type locus and the
subtelomeric regions. TORC2 mutant cells (AtorI or Aste20) or
Agad8 cells also show elongated telomeres (21). Like many
chromatin-modulating mutants, the TORC2-Gad8 module is
required for cell survival under DNA-damaging conditions.
Loss of function of TORC2 or Gad8 results in severe sensitivity
to chronic exposure to hydroxyurea (HU) or to methyl-meth-
ane sulfonate (MMS). Initial studies showed that TORC2
mutant cells transiently arrest cell cycle progression in
response to HU but fail to dephosphorylate and activate Cdc2
upon removal of HU (21). Unexpectedly, about 40% of TORC2
mutant cells (Atorl) arrested in HU with septa, indicating a
delay in cytokinesis. Because this delay may represent an effect
of HU that is not linked with DNA damage (28, 29), we set out to
examine the effect of additional DNA-damaging agents on
TORC2 mutant cells and to explore in more detail the DNA
damage-sensitive phenotype of TORC2-Gad8 mutant cells.

We show here that, in striking contrast to the extreme sen-
sitivity to replication stresses, such as HU, MMS, or camptoth-
ecin, TORC2-Gad8 mutant cells are not sensitive to ionizing
radiation (IR), which produces double strand breaks that are
repaired at the G, phase of the cell cycle. We show that in the
absence of TORC2-Gad8, cells spontaneously accumulate
Rad52 foci, which may represent DNA damage sites (30, 31).
Consistent with accumulation of DNA damage, we uncovered
synthetic genetic interactions between mutations in TORC2-
Gad8 and mutations in the homologous recombination (HR)
pathway. TORC2 mutant cells are sensitive to chronic but not
transient replication stress. This sensitivity is independent of
checkpoint activation through Chk1 phosphorylation, but ter-
mination of the checkpoint signal is delayed. We suggest that
the inability of TORC2 mutant cells to cope with chronic DNA-
damaging conditions represents a failure to terminate the
checkpoint signal, either through a direct mechanism or due to
accumulation of unrepaired lesions.

EXPERIMENTAL PROCEDURES

Yeast Techniques—S. pombe strains are described in Table 1.
All experiments were performed by using standard genetic and
molecular yeast techniques as described (32). Yeast cells were
cultured in YES medium at 30 °C, as described previously (9),
unless otherwise indicated. For cell survival assays, HU (H8627,
Sigma), MMS (129925, Sigma) or camptothecin (CPT) (C9911,
Sigma) was added at the indicated concentrations. For UV and
ionizing radiation, logarithmic growing cells were serially
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diluted, plated on YES medium, and exposed to UV using a UV
Stratalinker 1800 cross-linker (Stratagene) or exposed to ioniz-
ing radiation using y-radiation at 7.4 grays/min from a cesium-
137 source.

Microscopy—Fluorescence imaging of nuclei and septa was
carried out as described previously (33). Cells were visualized
using a Nikon eclipse E600 fluorescence microscope and pho-
tographed using a Nikon digital camera (DXM1200) and the
ACT1 software. Rad52-YFP-expressing strains were cultured
in yeast extract and imaged live using a Leica SP5 confocal
microscope. For quantification of foci, at least 750 nuclei were
scored in three independent experiments.

Western Blotting—For Western blot analysis, proteins were
extracted with TCA as described previously (34) and resolved
by SDS-PAGE using 8% acrylamide gels. Proteins were trans-
ferred to nitrocellulose membranes and blocked with 5% milk
in TBST (0.05% Tween). Chk1 activation was detected by prob-
ing the membrane with anti-HA antibody (catalog no. 7392,
Santa Cruz Biotechnology, Inc. (Santa Cruz, CA)). Cdc2 was
detected by anti-PSTAIRE (catalog no. 53, Santa Cruz).

Spontaneous Recombination Frequency—Recombination
frequencies were determined by fluctuation tests as described
previously (35) with the following modifications. For each
strain, 12 independent colonies were used for each assay, and
each assay was repeated independently at least three times. For
each assay, single colonies grown on YE medium were resus-
pended in sterile water, and cells were plated onto EMMG with-
out adenine for the selection of Ade™ recombinants and onto
complete EMMG (supplemented with adenine, uracil, leucine,
and histidine at a final concentration of 225 mg/liter each) for
determination of cell titers. The Ade™ recombinants on the
selective plates were replica-plated onto EMMG lacking ade-
nine and histidine to determine the proportion of conversion
type (Ade™ His™) and deletion type (Ade™ His ™) recombinants.
For each strain, the average recombinant rate was determined
using the median method as described (36).

Minichromosome 16 (Ch16) Loss Assay—Cells from individ-
ual Ade™ colonies were plated on adenine-limiting YE plates,
incubated at 30 °C for 3—4 days and then at 4 °C for 1-2 over-
night periods to allow deepening of the red color in Ade™ col-
onies. The frequency of chromosome loss was determined as
the number of colonies with a red sector equal to half of the
colony divided by the sum of white and sectored colonies.

RESULTS

TORC2-Gad8 Is Required for Survival of DNA Damage in S
Phase—We previously reported that Atorl, Aste20, Asinl, or
Agad8 strains, defective in the TORC2-Gad8 pathway, are
highly sensitive to chronic exposure to HU or MMS (21) (see
also Fig. 1). These two drugs are known to interfere with S phase
progression, either by depletion of dNTPs in the case of HU or
via blocking the progression of the replication fork by DNA
alkylation in the case of MMS. We further assessed the sensi-
tivity of TORC2-Gad8 mutant cells to additional DNA-damag-
ing agents: CPT, UV, and IR. The cytotoxicity associated with
CPT is highly S phase-specific. CPT stabilizes covalent DNA-
topoisomerase I complexes by preventing the religation step of
topoisomerase I, thus leading to collision of DNA replication
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TABLE 1
Strains used in this study
Strain Genotype Source

TA000 972 h~ Laboratory stock
TA298 torl:his1™ leul-32 ura4-D18 ade6-M216 his1-102 h™ pIRT2-tor1+ Laboratory stock
TA390 torl:ura4” urad-DI18 Laboratory stock
TA788 swil:kanMX leul-32 ura4-DI18 h~ P. Russell
TA789 swi3:kanMX leul-32 ura4-D18 h* P. Russell
TA795 torl:urad™ swil:kanMX leul-32 ura4-D18 Laboratory stock
TA815 rad3:ura® leul-32 ura4-D18 ade6-704 h~ P. Russell
TA817 mus81:kanMX leul-32 ura4-D18 h™ P. Russell
TAS818 swil:KanMX rad22-YFP:KanMX leul-32 ura4-D18 h™ P. Russell
TA819 rad22-YFP:KanMX leul-32 ura4-D18 h~ P. Russell
TA820 chk1:9myc2HA6HA:ura4™ leul-32 ura4-D18 h™~ P. Russell
TA847 torL:ura4™ mus81:kanMX leul-32 ura4-D18 Laboratory stock
TA880 torl:his chk1:9myc2HA6HA:urad™ leul-32 ura4-D18 Laboratory stock
TA881 torl:ura4™ rad22" YFP:kanMX leul-32 ura4-D18 Laboratory stock
TA891 leul-32 ura4-D18 ade6 M210 chr16 R23 h- S. Whitehall
TA905 rghl:ura4”™ leul-32 ura4-D18 h~ YGRC”
TA991 torl:his1™ rqhl: ura4™ ade6-M210 leul-32 ura4-D18 hisl1-102 Laboratory stock
TA1047 topl:LEU2 leul-32 ura4-D18 his1-102 h™ Laboratory stock
TA1051 top1:LEU2 rad3:ura4™ leul-32 ura4-D18 Laboratory stock
TA1058 topl:LEU2 torl:his1™ his1-102 leul-32 ura4-D18 Laboratory stock
TA1095 torl:ura4™ leul-32 ura4D-18 ade6-M210 chr16 R23 Laboratory stock
TA1106 torl:ura4”™ swil:KanMX rad22-YFP:KanMX leul-32 ura4-D18 ade6-216 Laboratory stock
TA1114 ste20:kanMX6 leul-32 ura4-D18 h- K. Shiozaki
TA1132 gad8:ura4” ura4-D18 Laboratory stock
TA1138 sinl:kanMX6 Laboratory stock
TA1148 gad8:ura4™ leul-32 ura4-D18 ade6-M216 h™ pREPI-gad8" Laboratory stock
TA1153 ste20:kanMX6 leul-32 ura4-D18 ade6-M210 h™ pREPI-ste20:myc Laboratory stock
TA1172 gad8:ura4”™ rad22-YFP:KanMX leul-32 ura4-D18 ade6-M216 Laboratory stock
TA1174 rad22:ura4”™ ura4D-18 smt-0 h™~ A. Carr
TA1183 torl:urad”™ swid:kanMX leul-32 ura4-D18 ade6-M210 h~ Laboratory stock
TA1186 leul-32 ura4-D18 his3-D1 ade6-M375int:pUC8/his3" /ade6-L469 h~ F. Osman
TA1196 ste20:kanMX6 rad22-YFP:KanMX leul-32 ura4-D18 ade6 Laboratory stock
TA1215 gad8:ura4™ leul-32 ura4-D18 ade6-M210 chr16 R23 Laboratory stock
TA1223 rhpS1:ura leul-32 ura4-D18 smt-0 h~ P. Russell
TA1225 mms22:KanMX leul-32 ura4-D18 h™ P. Russell
TA1226 mms1:KanMX leul-32 ura4-D18 h™* P. Russell
TA1240 ste20:kanMX6 leul-32 urad4-DI18 ade6-M210 chri6 R23 Laboratory stock
TA1252 ryhl:KanMX leul-32 h~ K. Shiozaki
TA1253 satl:KanMX leul-32 h~ K. Shiozaki
TA1254 satd:KanMX leul-32 h~ K. Shiozaki
TA1280 torl:ura4™ leul-32 ura4-D18 his3-D1ade6-M375int::pUCS/his3" /ade6-L469 Laboratory stock
TA1283 rhp51:urad™ leul-32 ura4-D18 his3-D1~ ade6-M37Sint:pUC8/his3" /ade6-L469 smt-0 Laboratory stock
TA1285 ste20:kanMX6 leul-32 urad4-DI18 his3-D1 ade6-M375int:pUC8/his3" /ade6-L469 Laboratory stock
TA1327 gad8:ura4™ leul-32 ura4-DI18 his3-D1 ade6-M375int:pUC8/his3™ /ade6-L469 Laboratory stock
TA1360 gad8::ura4 topl::LEU2 leul-32 ura4-D18 Laboratory stock
TA1501 brcl:hphMX6 leul-32 h* P. Russell
TA1550 ste20:kanMX6 brcl:hphMX6 lenl-32 Laboratory stock
TA1552 gad8:ura4™ brel:hphMXG6 leul-32 Laboratory stock

“ Yeast Genetic Resource Center, Japan.

forks with the drug-enzyme-DNA complex (37, 38). UV irradi-
ation halts DNA replication by producing cyclobutane pyrimi-
dine dimers that block the progression of replicative poly-
merases (39, 40). In contrast, the primary toxic effect of IR is
the induction of double strand breaks, which are repaired in
G, phase (41). We found that deletion of each of the genes
encoding specific TORC2 components resulted in cells that
are highly sensitive to chronic exposure to CPT (Fig. 1A4).
The sensitivity of Atorl or Agad8 deletion strains to CPT is
rescued by deletion of top1™, which encodes topoisomerase
I (Fig. 1B), indicating that TORC2 mutant cells are sensitive
to CPT due to its toxic effect when associated with Topl.
Deletion mutants in the TORC2-Gad8 pathway were also
mildly sensitive to UV irradiation (Fig. 1A4). In striking con-
trast, Atorl, Aste20, Asinl, or Agad8 mutant strains are as
resistant as wild type cells to high doses of IR, unlike the
strong sensitivity of Arad3 mutant cells to these conditions
(Fig. 1A). Because HU, MMS, and CPT are known to impair
fork replication progress, these findings suggest that the
TORC2-Gad8 pathway is particularly required for tolerance
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of genotoxins that interfere with DNA replication. The mild
sensitivity to UV, in contrast to strong sensitivity to HU,
MMS, or CPT, is reminiscent of mutations in Rpa3, encoding
replication protein 3 homologue in S. pombe, which was
recently identified as critical for mediating RPA functions
required for repair or tolerance of DNA lesions in S phase
(42).

Recently, upstream regulators of the TORC2 complex were
identified in fission yeast. Ryhl, a Rab GTPase, was found to
regulate TORC2-dependent phosphorylation of Gad8, and the
proteins Satl and Sat4 were found to act as a guanine nucleo-
tide exchange factor complex for Ryh1 (43). Cells lacking Sat1,
Sat4, or Ryhl share several phenotypes with TORC2-Gad8
mutant cells, such as sterility, inability to arrest in G; in
response to nitrogen limitation, and sensitivity to various stress
conditions (43, 44). Similar to TORC2-Gad8 mutant cells, the
Aryhl, Asatl, and Asat4 strains were sensitive to CPT, HU, or
MMS but not to IR (Fig. 1C). Thus, it is likely that Ryh1 and its
guanine nucleotide exchange factor complex function up-
stream of TORC?2 in inducing tolerance to replication stress.
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FIGURE 1. The TORC2-Gad8 pathway is required for survival under chronic replicative stress. A-C, 10-fold serial dilution of logarithmic growing cells was
plated onto YE-rich medium, containing the indicated DNA-damaging agents or irradiated by UV or IR. Plates were incubated at 30 °C for 3-4 days.

Because cells that lack Ryh1 or its guanine nucleotide exchange
factor complex are not as sensitive as TORC2-Gad8 mutant
cells to HU, additional upstream regulators may be involved.
TORC2-Gad8 Is Required for Inactivation of the DNA Dam-
age Checkpoint—In contrast to the sensitivity of TORC2-Gad8
mutant cells to chronic exposure to low doses of MMS or CPT
(Fig. 1A), Atorl or Agad8 mutant cells did not lose viability in
response to a short exposure to higher doses of these drugs (Fig.
2, A and B). The resistance of Atorl or Agad8 mutant cells to
short exposure to DNA-damaging drugs is in contrast to the
rapid loss of viability of the Arad3 mutant cells (Fig. 2, A and B).
Arad3 mutant cells rapidly lose viability in the presence of
MMS or CPT because they fail to activate the DNA damage
checkpoint and proceed into mitosis before their DNA is com-
pletely repaired (45). The insensitivity of TORC2 mutant cells
to a relatively short exposure to DNA damage suggests that

19652 JOURNAL OF BIOLOGICAL CHEMISTRY

TORC?2 is not required for the initial activation of the DNA
damage checkpoint. Consistently, we found that Aforl or
Agad8 cells arrest growth in response to MMS or CPT, as elon-
gated cells, indicative of a transient delay in entry into mitosis
(46) (Fig. 20).

Exposure of cells to DNA damage, at any phase of the cell
cycle, activates the main DNA damage checkpoint kinase, Rad3
(ATR). This leads to the activation of downstream effector
kinases (47). In response to CPT, Chk1 (also known as Chkl in
higher eukaryotes) becomes activated by phosphorylation and
is essential for propagating the checkpoint activation signal
(38). Atorl mutant cells show phosphorylation of Chkl in
response to CPT, although there is a slight delay in the kinetics
of phosphorylation compared with wild type cells (Fig. 2D).
Because TORC2 mutant cells do not lose viability upon short
exposure to CPT (Fig. 2B) and show the expected cell cycle
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FIGURE 2. TORC2-Gad8 is required for deactivation of the DNA damage checkpoint but not for its activation. A and B, Tor1 or Gad8 are dispensable for
maintaining cellular viability in response to short exposure to MMS (A) or CPT (B). Cells were grown to log phase and shifted to 0.03% MMS or to 30 um CPT for
6 h. Samples were taken every hour to determine cell viability by assessing plating efficiency on rich medium. C, logarithmic growing cells were transferred to
rich medium containing either 30 um CPT or 0.03% MMS. Samples of the indicated strains, before and after a 6-h exposure to the drugs, were stained with
Hoechst and Calcofluor to visualize nuclei and septa, respectively. D, Tor1 is dispensable for Chk1 phosphorylation in response to CPT. Wild type or AtorT cells
containing an HA-tagged Chk1 were grown to log phase and treated with 30 um CPT. Protein extract from each of the indicated time points was analyzed by
Western blot. The resulting membranes were probed with anti-HA to visualize Chk1 and with anti-Cdc2 as a loading control. E, the dephosphorylation of Chk1
is delayed in a Ator7 mutant. Cells were arrested for 3 h in 30 um CPT, washed thoroughly, and resuspended in fresh medium. Protein samples from the

indicated time points were analyzed by Western blot as described above.
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FIGURE 3. Elevated levels of Rad52-YFP foci in TORC2-Gad8 mutants. A and B, spontaneous Rad52-YFP foci occurin Ator1, Aste20, or Agad8 cells. Cells were
cultured in YE liquid medium at 30 °C until mid-log phase, stained with Hoechst and Calcofluor, and visualized live by confocal microscopy. The numbers
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a transient exposure to CPT. Cells were grown to mid-log phase and arrested in CPT. After 3 h, cells were collected and resuspended in fresh YE medium. Cells
were photographed live, at the indicated time points, and the Rad52-YFP foci were counted as described above.

arrest phenotype (Fig. 2C), it appears that the checkpoint acti-
vation signal is properly propagated in these mutant cells. In
contrast, upon removal of CPT, dephosphorylation of Chkl is
markedly delayed in Ator! mutant cells (Fig. 2E). This delay in
dephosphorylating Chkl may suggest that TORC2 mutant cells
are defective in reentry into the cell cycle following DNA dam-
age induction.

TORC2-Gad8 Mutant Cells Accumulate Spontaneous
Nuclear Rad52 Foci—Rad52 (also referred to as Rad22 in
S. pombe; homologue of Saccharomyces cerevisiae Rad52) is a
DNA repair protein that binds to single-stranded DNA and
plays a key role in DNA repair by homologous recombination.
Rad52 stimulates DNA annealing and enhances Rad51 (also
referred to as Rhp51in S. pombe)-catalyzed strand invasion (48,
49). Accumulation of Rad52 nuclear foci under normal growth
conditions occurs in cells defective for DNA damage repair or
replication functions (30, 31) and is induced in wild type cells in
response to various DNA damages.

Quantitative analysis of wild type cells showed that ~10% of
the nuclei contained at least one Rad52-YFP focus, in agree-
ment with previous reports (50, 51). No wild type nuclei con-
tained multiple Rad52-YFP foci (Fig. 3, A and B). In contrast,
~29%, 24, and 29% of the nuclei in Atorl, Aste20, and Agad8
mutant cells contained at least one Rad52-YFP focus, respec-
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tively (Fig. 3, A and B). In addition, 9, 4, and 6% of the nuclei in
Atorl, Aste20, and Agad8, respectively, displayed more than
one focus per nucleus (Fig. 3B). The majority of cells in the S
and early G, phases of the cell cycle displayed Rad52-YFP foci
(Fig. 3C), consistent with the idea that TORC2-Gad8 mutant
cells accumulate Rad52-YFP foci because of spontaneous DNA
damage that occurs during S phase. Alternatively, Rad52-YFP
foci may form normally in the mutants during replication but
disassemble with slow kinetics, leading to their apparent
accumulation.

In order to distinguish between the above possibilities, we
examined the dissolution rate of the Rad52-YFP foci by moni-
toring the time-dependent disappearance of CPT-induced
Rad52-YFP foci. Following treatment with CPT, the wild type
cells showed a sharp increase in the percentage of nuclei with
Rad52-YFP foci, from an average of ~13% under normal
growth conditions up to ~72% (Fig. 3D). By 6 h after removal of
CPT, the percentage of nuclei displaying Rad52-YFP foci
dropped to an average of ~50%. Atorl or Agad8 mutant cells
also show an increase in the number of nuclei that contain
Rad52-YFP foci following CPT treatment, from ~33 to ~86%
for Ator!l mutant cells or from ~28 to ~85% for Agad8 mutant
cells. Following CPT removal, Atorl or Agad8 mutant cells
show a similar rate of decrease in the number of Rad52-YFP foci
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as wild type cells, reaching their corresponding Rad52-YFP
focus basal level by 16 h after the release from CPT arrest (Fig.
3D). Notably, Atorl or Agad8 mutant cells show a delay of 2 h
before disassembly of the foci. This delay may be associated
with the delay in deactivation of Chk1 following the removal of
CPT in Atorl cells (Fig. 2E).

Because neither Torl nor Gad8 play a central role in the
disappearance of CPT-induced DNA damage foci, we suggest
that TORC2 and Gad8 are not key factors in DNA damage
repair. Rather, the accumulation of Rad52 foci in Atorl or
Agad8 mutant cells may represent defects in replication fork
progression, which are lethal upon prolonged exposure to DNA
replication stress.

Mutations in Components of TORC2-Gad8 Reduce the Rate
of Spontaneous Recombination—To further probe into the
mechanism that causes elevated levels of Rad52-YFP foci in
TORC2-Gad8 mutants, we determined the frequency of spon-
taneous recombination in these mutants. For this purpose, we
created Atorl, Aste20, Agad8, and Arad51 mutant strains con-
taining non-tandem direct repeats of ade6 ™ heteroalleles flank-
ing a functional 4is3" gene (35). As shown in Fig. 44, sponta-
neous mitotic intrachromosomal recombination can be scored
by the recovery of ade6™ recombinants. These are classified
into those obtained by gene conversion (Ade™ His™), and those
created by an event that results in deletion (Ade™ His ™) (35). A
Arad51 mutant strain, which served as a control, displayed a
3-fold increase in spontaneous recombination rate and almost
completely lacked conversion type recombinants, as described
previously (35). In contrast, TORC2-Gad8 mutant cells exhib-
ited a 2.5—5-fold reduction in spontaneous recombination rate,
compared with wild type cells (Fig. 4B). Atorl, Aste20, and
Agad8 mutant cells are hyporecombinant for both conversion
and deletion type recombinants. Therefore, the TORC2-Gad8
pathway is required for normal levels of mitotic recombination
between direct repeats.

Our data indicate that elevated levels of Rad52-YFP foci do
not necessarily correlate with high recombination rates
between direct repeats. Similar results were obtained from
studies of Brcl, a six-BRCT domain protein (52). Abrcl cells
show elevated levels of spontaneous Rad52-YFP foci (53) but
reduced spontaneous recombination rates between direct
repeats (52). Genetic interaction analysis between Aste20 or
Agad8 mutant cells and Abrcl1 revealed that the double mutant
cells are viable but show additive effects with respect to sensi-
tivity to MMS or CPT (Fig. 4C). Thus, TORC2-Gad8 works, at
least partially, independently of Brcl.

The Homologous Recombination Pathway Is Essential in the
Absence of TORC2-Gad8—Deletion of chk1™, cdsI™, or mrcl™
in the background of AtorI resulted in double mutant cells that
are viable but show stronger sensitivity to replication stress
compared with each of the parental single mutant strains (21)
(Table 2). Deletion of rad3 or rad17 in the background of Ator1
resulted in the double mutant cells that are as sensitive to rep-
lication stress as the single mutants Arad3 or Aradl7 (21)
(Table 2), indicating an epistatic interaction between Torl and
the main checkpoint genes.

We extended our genetic interaction analysis by combining
mutations in TORC2-Gad8 with mutations affecting different
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FIGURE 4. Spontaneous recombination rates are reduced in TORC2-Gad8
mutants compared with wild type. A, schematic representation of the
recombination substrate and of the two types of the resulting Ade* recom-
binants. Gene conversion results in Ade* His*, whereas deletion leads to the
formation of Ade™ His~ colonies. B, recombination frequencies of the indi-
cated strains (per 10* cells). Conversion types (black) or deletion types (gray)
were determined by replica plating. C, genetic interactions between muta-
tions in TORC2-Gad8 components and deletion of Brc1. 10-fold serial dilu-
tions of logarithmic growing cells were platted on YE-rich medium, contain-
ing the indicated concentrations of MMS or CPT. Plates were incubated at
30 °C for 3-4 days.

aspects of the DNA damage response: homologous recombina-
tion, rad52 and rad51 (also referred to as rip51) (54); replica-
tion restart, mus81, mmsl, mms22, and rqghl (55-57); and fork
stabilization, swil and swi3 (58). If viable, double mutant strains
were tested for their sensitivity to prolonged exposure to repli-
cation stress and compared with the parental strains. Our find-
ings are summarized in Table 2.

Most notably, we found significant negative interactions
between deletion mutations in TORC2 and deletion mutations
inrad52, rad51, mus81, mmsl1, or mms22. The negative genetic
interactions between TORC2 mutants and Arad51 or Arad52
were the most severe, because tetrad analysis of the meiotic
progeny revealed a highly synthetic sick to synthetic lethal phe-
notype of the resulting double mutant cells (Fig. 54). Double
mutant colonies did not form at the expected frequency,
whereas double mutant spores that did germinate had a severe
growth defect; the resulting colonies were extremely small and
contained many elongated and misshapen cells (data not
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TABLE 2

Summary of genetic interactions involving Ator1

Cells deleted for tor1™* were crossed with the indicated alleles. During vegetative growth, double mutant cells were phenotypically similar to the single mutant Azor! (None)
or showed a synthetic lethal (SL) or sick (SS) interaction. If viable, double mutant strains were tested for their sensitivity to prolonged exposure to replication stress (HU,
MMS, or CPT) and compared with the parental strains. The resulting double mutants showed negative genetic interactions (+) or strong negative genetic interactions
(+++). Epistatic interactions were found with Arad3 or Arad17 in response to HU and MMS, as previously published (marked with an asterisk) (21).

Allele Function Untreated Replication stress
Arad3* ATR checkpoint kinase, activates Chk1 and Cds1 None Epistatis of rad3
Aradl7* RFC-related checkpoint protein None Epistatis of rad17
Achkl1* DNA damage checkpoint kinase None +
AcdsI* DNA replication checkpoint kinase None +
Amrcl* Mediator of replication checkpoint 1 None +
Aswil Replication fork protection complex subunit None +
Aswi3 Replication fork protection complex subunit None +
AradS2 DNA recombination protein SL ND
AradS1 RecA family recombinase SL ND
Arghl RecQ type DNA helicase None +
Amus81 Holliday junction resolvase SS +++
Ammsl DNA repair protein in complex with mms22 SS +++
Amms22 DNA repair protein in complex with mms1 SS +++
Abrcl BRCT domain protein None +++

* E E H O tor1 O torl
= K I\ rads2 /\ radsl
AlG [ torirads2 [0 torl radsi
A E é HE O ste20 O ste20
Cl P I\ rads2 /N radsi
© L] L ste20rads2 O ste20 radsi
1 O gads8 O  gads
I\ rads2 /\  rad5l
O O] gad8 rads2 [0 gad8 radsl

B mus81
O torl
/\ mus8l
O torImus81
O torl
N\ rghl
[ torlrghl
D
Wild type C @ %
torl B
mms22
mms1
mus81
torlmms22
torlmms1
torImus81 §
E P
Wild type
torl
rqhl
torlrghl

FIGURE 5. TORC2-Gad8 mutants show synthetic sick interactions with components of the homologous recombination pathway. A and B, tetrad analysis
of heterozygous diploids with the indicated mutations. Representative spores from five asci are shown for each cross. C, strains were grown to log phase in rich
medium and visualized by light microscopy. Bar, 20 um. D and E, 10-fold serial dilution of logarithmic growing cells were plated on YE-rich medium in the
presence or absence of the indicated DNA-damaging agents and incubated at 30 °C for 3—-4 days.
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FIGURE 6. Genetic interactions between TORC2 and the Swi1-Swi3 fork replication protection complex. A, mutations in tor7* and swil* show epistasis
with respect to spontaneous Rad52-YFP foci level. Strains growing logarithmically in rich medium were stained with Hoechst and imaged live. The percentage
of cells containing Rad52-YFP foci was calculated as described in the legend to Fig. 3. B, Tor1 and Swi1 show additive sensitivity to replication stress.

shown). Thus, we conclude that the major HR genes are essen-
tial for the viability of TORC2 or gad8 mutant cells.

Synthetic sick interactions were observed for crosses with
Amus81, Ammsl, and Amms22 (Fig. 5, B—D). The resulting
double mutant strain AtorIAmus81 produced small colonies
(Fig. 5B, top) with a heterogeneous population that contained
many elongated cells (Fig. 5C). In addition, Ator!Amus81 dis-
played a synergistic interaction in response to a prolonged
exposure to MMS or CPT (Fig. 5D). Similar results were
obtained for the AtoriAmmsl or AtorlAmms22 double
mutants; double mutant colonies were significantly smaller
than the corresponding single mutants (Fig. 5D) and displayed a
significant increased sensitivity to prolonged replicative stress
(Fig. 5D). The negative synthetic genetic interactions between
TORC2-Gad8 mutant cells and Arad52, Arad51, Amus81,
Ammsl, or Amms22, together with the finding of elevated levels
of Rad52-YFP foci in TORC2-Gad8 mutant cells, suggest that
TORC2-Gad8 mutant cells experience elevated levels of DNA
damage during replication that depend on the HR pathway for
repair.

In contrast, cells lacking Torl do not depend on the Rqhl
helicase for viability (Fig. 5B, bottom). The Rqhl protein is a
member of the RecQ DNA helicase family, homologous to the
budding yeast Sgs1 protein and mammalian BLM and WRN
(59). Arghl mutants are hypersensitive to DNA-damaging
agents and defective in the recovery from S phase arrest (59).
The double mutant AtoriArghl colonies are indistinguishable
from the AtorI and the Arghl single mutant colonies (Fig. 5B,
bottom). In response to MMS, HU, or CPT the double mutant
cells, Ator1Arqhl, showed only a mild additive sensitivity (Fig.
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5E). Thus, it appears that in the absence of Tor1, cells accumu-
late DNA damage during replication that depends on the HR
machinery for repair but not on Rqhl.

Swil and Swi3 represent another type of mechanism
required for maintenance of genome stability. Swil and Swi3
form the replication fork protection complex. Deletion of
swil™ or swi3™ results in increased sensitivity to replication
stress and elevated levels of spontaneous Rad52-YFP foci along
with increased cell length (51, 58, 60). The AtorlAswil or
Ator1Aswi3 double mutant cells were indistinguishable from
the parental single mutant parents with respect to cell length
(data not shown). Moreover, Atorl1Aswil double mutants do
not show an additive increase in the number of spontaneous
Rad52-YFP foci when compared with the AtorI or Aswil single
mutant cells (Fig. 6A4). Thus, TORC2 and Swil/Swi3 may work
in a common pathway for the suppression of spontaneous DNA
damage during cell proliferation. However, AtorlAswil or
Ator1Aswi3 double mutant cells were more sensitive to replica-
tion stress induced by HU, MMS, or CPT than the respective
single mutants (Fig. 6B). This indicates that TORC2 and the
fork protection complex play distinct roles in the presence of
external DNA-damaging agents.

Deletion of Torl, Ste20, or Gad8 Causes an Increase in
Minichromosome Loss Rate—Genomic instability may be man-
ifested in an increase in chromosome loss (50, 61). Thus, we
examined whether spontaneous Rad52-YFP foci observed in
Atorl, Aste20, or Agad8 are translated into genomic instability,
as was observed in mms22 or rad51 mutant cells (50, 62, 63).
We used Atorl, Aste20, and Agad8 strains that carried a copy of
the artificial Ch16. Chl16 is a highly stable 530-kb linear
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TABLE 3

TORC2-Gad8 is required for the maintenance of an artificial
minichromosome

Ch16-containing colonies were plated on adenine-limited plates, and the number of
half-sectored colonies was determined. The number of colonies counted is indi-
cated in parentheses.

Strain Ch16 loss £S.D. No. of colonies
%
Wild type 0.02 0.0 14,071
Atorl 0.15 £0.07 15,988
Aste20 0.48 +0.07 5841
Agad8 0.21 +£0.03 9941

minichromosome that contains a centric region of chromo-
some III (64). Ch16 carries an ade6-M216 point mutation that
is capable of complementing an ade6-M210 mutation, thus
leading to an ade™ phenotype. The spontaneous loss of Ch16
was monitored in wild type, Atorl, Aste20, or Agad8 cells by
plating colonies on medium with limiting amounts of adenine.
Under these conditions, cells that have lost the minichromo-
some become auxotrophic for adenine and accumulate a red
pigment. We scored half-sectored colonies in order to deter-
mine the frequency of minichromosome loss. We found that
Atorl, Aste20, and Agad8 show spontaneous chromosome loss
frequencies that are 10-fold higher than wild type (Table 3),
indicating that TORC2 mutant cells are constantly experienc-
ing genomic instability.

DISCUSSION

Disruption of TORC2 in fission yeast results in cells that are
unable to respond properly to variety of stress conditions,
including nutritional, osmotic, oxidative, and temperature
stresses. More recently, we discovered that TORC2 is also
required for survival in the presence of the DNA-damaging
agents HU or MMS (21). Here we explored the role of TORC2
under DNA-damaging conditions. We demonstrate that
TORC?2 is required to maintain genome stability during DNA
replication and has a key role in cell survival under prolonged
replication stress conditions. These new findings uncover new
aspects of TORC2 biological functions and add a new player to
the arena of signaling pathways that affect survival under DNA-
damaging conditions.

In S. pombe, the DNA damage and replication stress check-
points are both activated by Rad3 (ATR homologue), which in
turn activates its downstream protein kinases, Chkl (in
response to MMS or CPT) or Cdsl1 (in response to HU) (47, 65,
66). Several observations support a model in which TORC2-
Gads8 is dispensable for the initial stages of the DNA damage
response. This includes cell cycle elongation of TORC2-Gad8
mutant cells in response to DNA damage (Fig. 2C), activation of
Chk1 by phosphorylation in response to CPT (Fig. 2D), and an
increase in Rad52-YFP foci in response to replication stress,
indicative of proficient sensing of the damage at the level of the
DNA (Fig. 3D). Consistently, unlike DNA damage checkpoint
mutants, TORC2-Gad8 mutant cells are resistant to short
exposure to DNA-damaging conditions and do not die due to
illegitimate entry into mitosis.

An important observation is that transient exposure to rep-
licative stress does not impair the viability of TORC2-Gad8
mutant cells. Additionally, TORC2-Gad8 mutant cells are
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insensitive to IR. The resistance of TORC2-Gad8 mutant cells
to transient exposure to replicative stress is in contrast to the
sensitivity of HR mutants, such as rad52 and rad51, to such
conditions (67). Moreover, following a transient CPT treat-
ment, which markedly elevates the number of Rad52 foci, we
detected no major defects in returning to basal Rad52 foci levels
in Ator1 or Agad8 mutant cells (Fig. 3D). Thus, it is unlikely that
TORC2-Gad8 plays a major role in DNA damage repair. This
leaves us with the question of why TORC2-Gad8 mutants
are highly sensitive to continuous replication damage. We
observed two major defects of TORC2-Gad8 mutant cells that
are relevant for the DNA damage-sensitive phenotype. One is
elevated spontaneous Rad52 foci, particularly in S phase (Fig.
3C), and the second is a delay in dephosphorylation and thus
deactivation of Chk1 (Fig. 2E). The presence of Rad52 foci may
represent defects in DNA replication (e.g. incompletion of rep-
lication, as has been suggested previously (52). The number of
Rad52 foci is elevated to very high levels in TORC2-Gad8
mutant cells in response to replication stress (Fig. 3D). It is thus
plausible that under repeated rounds of replication in the pres-
ence of replication stress, cells accumulate lesions that eventu-
ally prevent deactivation of the checkpoint and lead to cell
death. The mechanism required for signal termination follow-
ing DNA damage recovery is currently poorly understood.
However, an interesting possibility is that dephosphorylation of
Chkl is dependent on Dis2, a specific protein phosphatase
(PP1) (68). We plan to determine in future experiments
whether Torl (TORC2) and Dis2 may functionally interact.

The sensitivity of forl mutant cells under prolonged expo-
sure to replication stress is reminiscent of that of mutant genes
affecting the replication fork protection complex, Swil-Swi3.
Like TORC2 mutant cells, Aswil exhibits an elevated level of
Rad52-YFP foci (51, 58). In addition, similar to Atorl, Aswil
and Aswi3 are synthetic sick with a null mutation in Mus81 (Fig.
5B) (58). The level of Rad52-YFP foci is not further elevated in
the double mutant Afor1Aswil cells, suggesting that under nor-
mal growth conditions, TORC2 and the replication protection
complex may work in a common pathway (Fig. 6A4). However,
loss of Swil or Swi3 induced Chk1 phosphorylation during veg-
etative growth (51), whereas no such activation was observed in
TORC2 mutants (Fig. 2, D and E). Thus, the Rad52-YFP foci
observed in TORC2-Gad8 mutant cells may represent a form of
DNA damage that is not recognized by the checkpoint machin-
ery. Under replicative stress, AtorIAswil cells show additive
interactions, suggesting that these proteins may also work
through independent pathways.

The phenotype of disruption of the TORC2-Gad8 pathway
also resembles the phenotype of Abrcl mutant cells. Brcl has
also been implicated in response to replication-associated DNA
damage (53). Abrcl mutant cells are sensitive to prolonged but
not acute exposure to replication stressors and show an ele-
vated level of spontaneous Rad52-YFP foci, which, as in TORC2
mutant cells, are not associated with activation of Chkl. In
addition, as in TORC2 mutant cells, spontaneous recombina-
tion rates are decreased in Abrcl mutant cells (52). As sug-
gested above, Rad52 foci may not represent sites of recombina-
tion but incompletion of replication under conditions of
replication stress.
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Our findings show that TORC2-Gad8 is critical for the sup-
pression of genomic instability by preventing chromosome loss
(Table 3). In the absence of Ste20, we observed a higher rate of
minichromosome loss compared with Atorl or Agad8 mutant
cells. ste20" and watl™ /pop3*, a common component for
TORC1 and TORC?2, have previously been isolated in a screen
for genes that show negative genetic interactions with Sepa-
rase/Cutl (69). Cutl is a conserved protease essential for ana-
phase progression (70). Recently, the temperature-sensitive
allele tor1-D was shown to have negative interactions with cut1
(Separase) mutants, as well as being sensitive to Cutl overex-
pression (25). This suggests that TORC2 and Separase/Cutl
share an essential function, consistent with our observed
increase in chromosome loss rates (Table 3).

In conclusion, our studies suggest that the TORC2-Gad8
pathway is required for genomic instability, in particular during
replication, and contributes to cell survival under constant rep-
lication stress. These novel roles of TORC2 in fission yeast may
be conserved human cells and thus may be relevant for the
growing amount of evidence implicating TORC2 in cancer
development.
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