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Summary

DNA replication is executed only when cells have sufficient metabolic resources and undamaged
DNA. Nutrient limitation and DNA damage cause a metabolic checkpoint and DNA damage
checkpoint, respectively. Although SIRT1 activity is regulated by metabolic stress and DNA
damage, its function in these stress-mediated checkpoints remains elusive. Here we report the
SIRT1-TopBP1 axis functions as a switch for both checkpoints. Under glucose deprivation, SIRT1
is activated and deacetylates TopBP1, resulting in TopBP1-Treslin disassociation and DNA
replication inhibition. Conversely, SIRT1 activity is inhibited under genotoxic stress, resulting in
increased TopBP1 acetylation that is important for the TopBP1-Rad9 interaction and activation of
the ATR-Chk1 pathway. Mechanistically, we showed that acetylation of TopBP1 changes the
conformation of TopBP1, thereby facilitating its interaction with distinct partners in DNA
replication and checkpoint activation. Taken together, our studies identify SIRT1-TopBP1 axis as
a key signaling mode in the regulation of metabolic checkpoint and DNA damage checkpoint.

Introduction

To maintain genomic integrity, cells have evolved distinct cell-cycle checkpoints to arrest

the cell cycle when conditions are not suitable for cell proliferation and division. Checkpoint
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disruption results in cell death and genomic instability, and contributes to human cancers
(Bartek and Lukas, 2003; Hartwell and Weinert, 1989). Metabolic and DNA damage
checkpoints are two major signaling pathways for cells to cope with unfavorable changes in
cellular microenvironments. A metabolic checkpoint represents a molecular mechanism that
senses metabolic stress induced by nutrient deprivation, and transduces these stress signals
into a proper cellular response, including cell cycle control (Holley and Kiernan, 1974;
Jones et al., 2005). Understanding the interconnection between metabolic stress and cellular
signaling has emerged as a focus in the study of metabolic disorders and cancer. The DNA
damage checkpoint is initiated in response to genotoxic stress to ensure the fidelity of
genetic information. This checkpoint triggers cell cycle arrest, allowing the cell time to
repair the damage before continuing to divide. In response to replication stress, ATR is
activated and initiates signal transduction cascades that employ Chk1 kinase and Cdc25
phosphatases to block the firing of replication origins, arrest cell cycle progression, and
facilitate DNA damage repair (Lopes et al., 2001; Santocanale and Diffley, 1998).

SIRT1 is widely regarded as an important regulator of energy homeostasis and is involved in
a wide variety of cellular processes including metabolic diseases, cancer, and aging
(Bordone and Guarente, 2005; Brooks and Gu, 2009; Haigis and Sinclair, 2010). The
dependence of SIRT1 on nicotinamide adenosine dinucleotide (NAD™) links its activity with
cellular metabolism and energy levels (Canto et al., 2009; Cohen et al., 2004). For instance,
nutrient deficiency, including limited glucose, increases SIRT1 activity in HepG2 cells
(Escande et al., 2010). On the other hand, DNA damage and oxidative stress cause a tighter
association between SIRT1 and DBC1 and result in inhibition of SIRT1 activity (Yuan et
al., 2012; Zannini et al., 2012). Although both nutrient limitation and DNA damage regulate
SIRT1 activity, the function of SIRT1 in metabolic checkpoint and DNA damage checkpoint
remains elusive. Here we report a divergent role of SIRT1 in regulating these checkpoints.
SIRT1 positively regulates a metabolic checkpoint induced by glucose deprivation, while
negatively regulating the DNA damage checkpoint. Importantly, we identified TopBP1 as a
major SIRT1 downstream target to mediate these checkpoint processes. Furthermore, we
showed that the acetylation of TopBP1 regulated by SIRT1 changes the conformation of
TopBP1, thereby facilitating its interaction with distinct partners under distinct stress
conditions. Thus, our studies identify an acetylation-dependent regulatory mechanism of the
SIRT1-TopBP1 axis in several aspects of genome maintenance events.

SIRT1 regulates metabolic checkpoint

Metabolic checkpoints are cellular mechanisms that sense metabolic stress induced by
nutrient deprivation and transduce these stress signals into a proper cellular response, such
as cell-cycle control (Holley and Kiernan, 1974; Jones et al., 2005; Wang and Green, 2012).
SIRT1 is known as a major metabolic regulator activated by energy stresses such as glucose
starvation or caloric restriction (Bordone and Guarente, 2005; Brooks and Gu, 2009; Chen et
al., 2005). However, neither its involvement in metabolic checkpoint nor the molecular
mechanism that mediates such an effect is clear. Here we used glucose deprivation as a
means to put cultured cells into a nutrient-deprived environment, thereby inducing metabolic
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stress. We challenged Sirt1*/* and Sirt1~/~ mouse embryonic fibroblasts (MEFs) with
glucose deprivation and examined cell cycle progression. As shown in Figure S1A, low
glucose treatment dramatically reduced the S phase population in Sirt1*/* MEFs. In contrast,
no apparent decrease was detected in Sirtl~~ MEFs. BrdU incorporation was also
dramatically decreased in Sirt1** but not Sirtl1~~ MEFs in response to glucose deprivation
(Figure LA—C). On the other hand, other nutrient deficiencies, such as amino acid or serum
depletion, induced a metabolic checkpoint in both Sirt1*/* and Sirt1™”~ MEFs (Figure S1B).
These results suggested that SIRT1 is specifically involved in a glucose-deprivation-induced
metabolic checkpoint. Metabolic checkpoints have been reported to maintain cell viability
until the metabolic stress is resolved (Gurumurthy et al., 2010; Jones et al., 2005; Wang et
al., 2013a). Consistent with these previous reports, glucose deprivation induced a mild
increase in apoptosis in Sirt1** MEFs, while apoptosis in Sirt1”~ MEFs was dramatically
more severe (Figure 1D-E). These results suggest a critical role of SIRT1 in glucose-
deprivation-induced metabolic stress response.

SIRT1 specifically interacts with and deacetylates TopBP1

To elucidate the potential molecular mechanism that mediates the effect of SIRT1 on
metabolic checkpoint, we used cells stably expressing FLAG-SIRT1 to perform tandem
affinity purification and mass spectrometry analysis. In addition to known SIRT1 interacting
proteins such as DBC1 and USP22 (Kim et al., 2008; Lin et al., 2012; Zhao et al., 2008), we
identified TopBP1 as a major SIRT1-associated protein (Figure 1F and S1C). We confirmed
the SIRT1-TopBPL1 interaction by co-immunoprecipitation (Co-IP). As shown in Figure 1G,
SIRT1 Co-IPed with TopBP1. Reciprocal IP with TopBP1 antibodies also brought down
SIRT1 (Figure 1H). Among the Sirtuin family members, only SIRT1 specifically interacted
with TopBP1 (Figure S1D). Given the known role of TopBP1 in DNA replication, we
hypothesized that SIRT1 might regulate metabolic checkpoint through TopBP1.

The interaction of TopBP1 and SIRT1 prompted us to examine a potential role for SIRT1 in
the regulation of TopBP1 acetylation. We found that nicotinamide (NAM, a pan-Sirtuin
family inhibitor) and SIRT1 depletion led to increased TopBP1 acetylation in cells
expressing FLAG-TopBP1 (Figure 2A-B). Depletion of SIRT1 also led to an increase in
acetylation of endogenous TopBP1 and p53, a known SIRT1 substrate (Figure 2C).
Furthermore, WT SIRT1, but not a catalytic-inactive SIRT1 mutant (H363Y), led to a
significant decrease in TopBP1 acetylation in vivo and in vitro (Figure 2D and S2A).
Collectively, these results suggest that SIRT1 is a bona fide TopBP1-interacting protein and
mediates deacetylation of TopBP1.

Acetylation is a dynamic process that can be controlled by deacetylases and
acetyltransferases. Next, we tried to identify the acetyltransferases that are responsible for
TopBP1 acetylation. Acetylation of TopBP1 was detected after ectopic expression of p300
and to a less extent CBP, but not other acetyltransferases, which include PCAF, Tip60, and
hMOF (Figure 2E and S2B). We also detected a specific interaction between TopBP1 and
p300 (Figure 2F). Furthermore, deletion of the HAT domain of p300 abolished the ability of
p300 to mediate TopBP1 acetylation (Figure S2C). Next, to identify the potential acetylation
sites regulated by SIRT1, TopBP1 acetylation was analyzed by mass spectrometry in control
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or SIRT1-depleted cells. Acetylation signals increased in seven lysines of TopBP1 when
SIRT1 was depleted, among which three lysine residues (475, 789, and 825) were greatly
enriched (Figure 2G and S2F-G). Depletion of SIRT1 increased the acetylation of WT
TopBP1; however, in cells expressing single or double TopBP1 mutants, TopBP1
acetylation levels were only partially increased following SIRT1 depletion (Figure S2H-1).
No apparent acetylation was observed when all 3 sites were mutated (3KR) (Figure 2H).
Similarly, expression of p300 increased the acetylation of WT TopBP1 but not the TopBP1
3KR mutant (Figure 2I). These results demonstrate that K475, K789, and K825 are the
major acetylation sites regulated by SIRT1 and p300.

Acetylation regulates TopBP1 function in DNA replication

TopBP1 enhances CDC45 chromatin loading at DNA replication origins and promotes
replicative helicase activation and DNA replication initiation. We thus explored the potential
role of TopBP1 acetylation in DNA replication. We found that acetylation of TopBP1 in S
phase was apparently higher than in G1 phase, which was associated with a decreased
interaction between SIRT1 and TopBP1 in S phase (Figure 3A-B). We next tested whether
TopBP1 acetylation in S phase is important for its function in DNA replication. Knockdown
of TopBP1 in cells with shRNA decreased BrdU incorporation and the S phase population
(Figure 3C and S3A). Reconstituting these cells with WT TopBP1 restored BrdU
incorporation and the S phase population to an extent similar to that in control cells, while
reconstituting cells with 3KR mutants failed to do so (Figure 3C and S3A). Similarly,
CDC45 loading was significantly reduced in TopBP1 depleted cells, which was restored by
the expression of WT TopBP1 or the acetylation-mimetic 3KQ mutant, but not the 3KR
mutant (Figure 3D). Because SIRT1 deacetylates TopBP1, the impact of SIRT1 on DNA
replication was also examined. The levels of chromatin-bound CDC45 were significantly
elevated in Sirt1~~ MEFs (Figure S3B). On the other hand, overexpression of SIRT1
decreased BrdU incorporation, CDC45 loading, and S phase populations, which could be
reversed by expressing the TopBP1 3KQ mutant (Figure 3E-F and S3C). These results
suggest that TopBP1 acetylation, regulated by SIRT1, is important for DNA replication. We
next investigated how TopBP1 acetylation regulates DNA replication. CDK phosphorylated
Treslin was demonstrated to interact with the N terminal BRCT1 and 2 domains of TopBP1,
and the TopBP1-Treslin interaction is required for the recruitment of Cdc45 and for DNA
replication activation in human cells (Kumagai et al., 2010, 2011; Mueller et al., 2011). We
investigated whether TopBP1 acetylation regulates the interaction between TopBP1 and
Treslin. As shown in Figure 3G, mutation of TopBP1 acetylation sites greatly decreased the
TopBP1-Treslin interaction. To exclude the possibility of a disruption of protein
conformation induced by mutating the acetylation sites, we examined the interaction
between TopBP1 and other reported TopBP1 binding partners, such as EDD (Honda et al.,
2002). EDD binds the center region of TopBP1 containing BRCT5-6 but not the N terminal
BRCT1-2 required for TopBP1 binding. We found that TopBP1 acetylation mutants and WT
TopBP1 bound EDD equally well (Figure S3D). TopBP1, when deacetylated by SIRT1 in
vitro, no longer effectively pulled down Treslin in cells (Figure S3E). Furthermore, we
found that Treslin-bound TopBP1 was preferentially acetylated on K825 compared to
TopBP1 that did not bind Treslin (Figure S3F). To further confirm that acetylation of
TopBP1 regulates TopBP1-Treslin binding, we used phosphorylated Treslin peptides

Mol Cell. Author manuscript; available in PMC 2015 December 04.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Liuetal.

Page 5

corresponding to reported TopBP1 binding sites to perform a pull-down assay (Kumagai et
al., 2011). The phospho-Ser1000 Treslin peptide pulled-down more WT TopBP1 than the
3KR mutant (Figure 3H), demonstrating that the acetylation of TopBP1 facilitates its
binding to Treslin. Furthermore, overexpression of SIRT1 decreased the TopBP1-Treslin
interaction, which can be reversed by 3KQ mutation (Figure 31), suggesting that SIRT1
regulates the TopBP1-Treslin interacton through deacetylating TopBP1. To further clarify
which TopBP1 acetylation site is essential for DNA replication, we generated single or
double acetylation site mutants (K-R or K-Q) and examined TopBP1-Treslin interaction or
CDC45 chromatin loading. As shown in Figure S3G-I, single or double acetylation mutants
showed partial effects on TopBP1-Treslin interaction or CDC45 chromatin loading
compared with the triple mutant, suggesting that all three sites are important for TopBP1
function in DNA replication. Taken together, our results demonstrate that acetylation of
TopBP1 is important for its function in DNA replication by enhancing the TopBP1-Treslin
interaction, CDC45 loading, and cell-cycle progression. Moreover, SIRT1 may regulate
DNA replication through deacetylating TopBP1.

TopBP1 acetylation regulates metabolic checkpoint

SIRT1 activity is regulated under conditions of metabolic stress (Canto et al., 2009; Cohen
et al., 2004; Escande et al., 2010). Therefore, one mechanism by which SIRT1 regulates
metabolic checkpoint might be through decreasing TopBP1 acetylation, resulting in
decreased TopBP1-Treslin interaction, and blocking DNA replication initiation. We found
that TopBP1 acetylation decreased in response to low glucose treatment (Figure 4A).
However, in SIRT1-depleted cells, TopBP1 acetylation remained constant, suggesting that
SIRT1 regulates TopBP1 acetylation during metabolic stress. To assess whether TopBP1
acetylation is important for metabolic checkpoint, we expressed WT TopBP1, 3KR, or 3KQ
in cells depleted of endogenous TopBP1 and examined their effect on glucose deprivation
induced metabolic checkpoint. In TopBP1-depleted cells reconstituted with WT TopBP1,
the ability to enter S phase became progressively impaired as extracellular glucose was
reduced in a time and glucose concentration dependent manner (Figure 4B—C). In contrast,
cells reconstituted with 3KQ demonstrated a defect in metabolic checkpoint as a high
percentage of cells failed to arrest and continued to enter S phase under limited glucose
conditions (Figure 4B—C). This phenocopied what we observed in Sirt1™~ cells (Figure 1A-
C). Moreover, knocking-down SIRT1 in cells with WT TopBP1 led to a defect in glucose
deprivation induced metabolic checkpoint; conversely, in TopBP1 3KQ reconstituted cells,
SIRT1 knockdown did not cause a further defect in metabolic checkpoint (Fig 4F and S4A).
In addition, under both normal and glucose-limited conditions, depletion of p300 in cells
decreased BrdU incorporation, which could be reversed by 3KQ mutation (Figure S4B).
Furthermore, the effect of WT, 3KR, or 3KQ TopBP1 on glucose-dependent checkpoint
correlated with their distinct interactions with Treslin and their effect on CDC45 chromatin
loading (Figure 4D-E). Next, we examined apoptosis in cells reconstituted with TopBP1
WT or acetylation mutants. As shown in Figure 4G and S4C, glucose deprivation
dramatically induced apoptosis in cells expressing 3KQ mutant but not WT TopBP1. Taken
together, these results suggest that the acetylation of TopBP1, regulated by SIRT1 and p300,
is critical for glucose deprivation dependent metabolic checkpoint activation.
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TopBP1 acetylation regulates the DNA damage response

In addition to its function in DNA replication, TopBP1 is required for ATR and Chk1
activation after genotoxic stress (Kumagai et al., 2006). First, we investigated whether
TopBP1 acetylation can be regulated by genotoxic stress. Hydroxyurea (HU) dramatically
elevated TopBP1 acetylation (Figure 5A-B). The increase in TopBP1 acetylation after DNA
damage stress correlated with the decreased interaction between SIRT1 and TopBP1 (Figure
5C). Furthermore, the elevated interaction between TopBP1 and p300 after HU treatment
might contribute to the increase in TopBP1 acetylation as well (Figure S5A). Genotoxic
stress-induced TopBP1 acetylation was blocked by 3KR mutation (Figure 5D), indicating
that the same lysine residues identified above may also be the major acetylation sites for
TopBP1 in response to genotoxic stress.

In response to replication stress, TopBP1 is recruited to DNA damage sites to promote the
ATR-Chk1 pathway activation (Kumagai et al., 2006). We next explored whether TopBP1
acetylation regulates its chromatin recruitment at DNA damage sites following genotoxic
stress. Compared to WT TopBP1, replication stress-induced focus formation was much
weaker in the 3KR mutant (Figure 5E). Similarly, WT TopBP1 was efficiently loaded on
chromatin, whereas the 3KR mutant exhibited a defect in chromatin accumulation (Figure
S6A). Furthermore, reconstituting cells with WT TopBP1 rescued defective Chkl
phosphorylation caused by TopBP1 depletion, while reconstituting with the 3KR mutant
failed to do so (Figure 5F). Consistently, cells reconstituted with the 3KR mutant were more
sensitive to replication stress compared with cells reconstituted with WT TopBP1 (Figure
5G). These results suggest that TopBP1 acetylation is important for its recruitment to DNA
damage sites and the activation of the ATR-Chk1 pathway.

SIRT1 regulates TopBP1 function in the DNA damage response

Since SIRT1 regulates TopBP1 deacetylation, its impact on DNA damage induced ATR-
Chk1 activation was also examined. Depletion of SIRT1 dramatically enhanced Chk1l
phosphorylation induced by HU or UV (Figure S6B). Similarly, Chk1 phosphorylation is
significantly increased in Sirt1~/~ MEFs (Figure 5H). This is consistent with the increased
TopBP1 acetylation and its role in Chk1 activation. Next, we explored whether SIRT1
regulates the focus formation and chromatin recruitment of TopBP1 after replication stress.
As shown in Figure S6C, TopBP1 focus formation was greatly reduced when SIRT1 was
cotransfected in U20S cells. This is consistent with the role of TopBP1 acetylation in its
focus formation. Conversely, SIRT1-depleted cells displayed an apparent increase in
TopBP1 chromatin loading following HU treatment (Figure S6D). We further investigated
whether SIRT1 regulates Chk1 activation through deacetylating TopBP1. SIRT1
knockdown increased Chk1 phosphorylation after HU treatment compared to control
shRNA (Figure S6E, lane 2 versus lane 1). However, in TopBP1 depleted cells, no apparent
Chk1 phosphorylation was detected even when SIRT1 was depleted. In addition, SIRT1
downregulation could only increase Chk1 phosphorylation in cells expressing WT TopBP1,
but not the 3KR mutant (Figure S6E, lane 5-8). Conversely, SIRT1 overexpression
decreased Chk1 phosphorylation in cells expressing WT TopBP1 but not the 3KQ mutant
(Figure 51). Collectively, these data demonstrate that SIRT1 negatively regulates the ATR-
Chk1 pathway through deacetylating TopBP1. Activation of ATR-Chk1 signaling is
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essential for the DNA damage checkpoint. Next, we examined whether the SIRT1-TopBP1
axis regulates DNA damage checkpoint. As shown in Figure 5J, depleted of SIRT1 resulted
in a more sustained cell cycle checkpoint activation in cells expressing WT TopBP1, while
in cells expressing the 3KQ mutant, SIRT1 depletion could not induce further effects. These
data suggest SIRT1 is able to regulate DNA damage induced cell-cycle checkpoint through
deacetylating TopBP1.

Acetylation regulates TopBP1 interaction with Rad9

Since TopBP1 acetylation regulates its chromatin loading in response to DNA damage, we
next investigated the underlying mechanism. TopBP1 was shown to interact with Rad9 of
the 9-1-1 complex via its N terminal tandem BRCT domain and phosphorylate Ser387 of
Rad9; this interaction is important for TopBP1 chromatin loading and the ATR-Chk1
activation (Delacroix et al., 2007; Lee and Dunphy, 2010; Lee et al., 2007). First, we
determined whether Rad9 is essential for TopBP1 loading in response to replication stress in
mammals. As shown in Figure 6A—C, TopBP1 chromatin loading and focus formation after
HU treatment were severely compromised upon Rad9 depletion. Given that TopBP1 focus
formation requires Rad9 and TopBP1 acetylation, we next determined whether TopBP1
acetylation regulates the TopBP1-Rad9 interaction. We found that replication stress
increased the interaction between WT TopBP1 and Rad9; however, the increased interaction
was abolished in the case of the acetylation-defective TopBP1 mutant (Figure 6D). In
contrast, the acetylation-mimetic TopBP1 showed enhanced and constitutive interaction
with Rad9 (Figure 6D). Furthermore, we performed a pull-down assay using Flag-TopBP1
that was deacetylated by SIRT1 in vitro. As shown in Figure S7A, deacetylated TopBP1
ineffectively pulled down Rad?9 in cells. These results suggest that TopBP1 acetylation is a
major mechanism of stress-induced TopBP1-Rad9 interaction. To further clarify which
TopBP1 acetylation site is essential for the DNA damage response, we examined the
TopBP1-Rad9 interaction and Chk1 phosphorylation using single or double acetylation site
mutants. As shown in Figure S7B-D, single or double acetylation site mutants showed
partial effects on TopBP1-Rad9 interaction and Chk1 phosphorylation compared with the
triple mutant, suggesting all three sites are important for TopBP1 function in the DNA
damage response. Furthermore, phospho-Ser387 Rad9 peptide was able to pull down WT
TopBP1, but not 3KR or 7KR mutant, in cells treated with HU (Figure 6E). Overall, these
results suggest that TopBP1 acetylation facilitates its binding to Rad9 and its subsequent
chromatin loading.

Acetylation regulates intramolecular interactions in TopBP1

It is interesting that TopBP1 acetylation is important for its BRCT domain to bind both
phosphorylated Treslin and Rad9. We speculated that the TopBP1 N-terminal BRCT
domains that are responsible for binding phosphorylated Treslin and Rad9 are not available
to recognize these phospho-motifs when TopBP1 is not acetylated. TopBP1 acetylation
might induce a conformational change which exposes the N-terminal BRCT domains to bind
Treslin and Rad9. To test this possibility, we first examined whether the N-terminal BRCT
domains of TopBP1 interact with other regions of TopBP1. GST pull-down results indicated
that the N-terminal BRCT1 and 2 domain was able to interact with the C-terminal region of
TopBP1 (Figure 7A). This raised the possibility of an intramolecular interaction between the
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N-terminus and C-terminus of TopBP1. To test whether this intracellular interaction can be
regulated by TopBP1 acetylation, we performed a Duo-link in situ assay using WT TopBP1
and its mutants. Duo-link in situ assay is an antibody-based method in which two antigens
(HA-tagged N-terminal TopBP1 and FLAG-tagged C-terminal TopBP1) are immunolabeled
first with two primary antibodies and then with different species-specific secondary
antibodies conjugated to complementary oligonucleotides. When two antibody molecules
are in close proximity, the complementary DNA strands can be ligated, amplified, and
visualized with a fluorescent probe (Figure 7B and S7E). Under unstressed conditions, the
N-terminal region of WT TopBP1 interacts with its C-terminal region, as demonstrated by
positive Duo-Link signals in untreated cells (Figure 7C). HU treatment resulted in a loss of
Duo-Link signals, suggesting a disassociation between the N-terminus and C-terminus of
TopBP1. Conversely, glucose deprivation led to enhanced Duo-Link signals, suggesting
increased intracellular interaction of TopBP1. In cells expressing the 3KR mutant, Duo-Link
signals were not affected by HU stress or glucose starvation, suggesting a lack of
conformational change when TopBP1 acetylation is abolished. In cells expressing the 3KQ
mutant, there was no Duo-Link signal even in the absence of stress, suggesting TopBP1 is
always in an open conformation. We also examined the possibility that TopBP1 acetylation
affects intermolecular interactions. We found that TopBP1 could form oligomers; however,
the oligomerization was not affected by metabolic stress or replication stress (Figure S7F).
In addition, mutation of TopBP1 acetylation sites did not affect TopBP1 oligomerization.
These results suggest that TopBP1 acetylation does not affect intermolecular interactions,
and TopBP1 intermolecular interactions cannot explain the phenotypes we observed.
Collectively, these results suggest that TopBP1 acetylation disrupts its intramolecular
interactions, causes a conformational change, and exposes its N-terminal BRCT domains to
allow for its interaction with Rad9 or Treslin.

Discussion

Here, our study demonstrates that SIRT1 differentially regulates metabolic checkpoint and
DNA damage checkpoint through deacetylating TopBP1. Our studies identify an
acetylation-dependent regulatory mechanism of the SIRT1-TopBP1 axis in several aspects
of genomic maintenance events. TopBP1 and Treslin cooperate in the loading of Cdc45 onto
replication origins (Kumagai et al., 2010, 2011; Zegerman and Diffley, 2007, 2010). Here
we found that TopBP1 acetylation regulated by SIRT1 is essential for the TopBP1-Treslin
interaction and DNA replication (Figure 3). The acetylation of TopBP1 provides a new
mechanism to regulate DNA replication under both normal and stress conditions. Under
normal conditions, TopBP1 is acetylated in S phase, which allows TopBP1 binding to
Treslin and initiation of DNA replication. Under nutrient deprivation conditions, SIRT1
activity is upregulated (Canto et al., 2009; Cohen et al., 2004; Escande et al., 2010) and
TopBP1 acetylation is decreased, leading to a decrease in TopBP1-Treslin interaction and
the activation of metabolic checkpoint. To our knowledge, this is the first report showing the
critical role of the SIRT1-TopBP1 pathway in the control of cellular metabolic checkpoint
by nutrient availability. Other regulatory mechanisms of metabolic checkpoint may also be
involved during limited glucose conditions as cells expressing an acetylation-mimetic
mutant (3KQ) cannot completely block this metabolic checkpoint. A previous report showed
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SIRT1 deacetylates Mcm10 and regulates DNA replication (Fatoba et al., 2013). It is
possible that SIRT1 may also regulate metabolic checkpoint through Mcm10, and further
studies are required to confirm this. Recent evidence also suggests that the LKB1-AMPK-
Raptor cascade mediates metabolic checkpoints in response to various energy stresses
(Gwinn et al., 2008; Inoki et al., 2003; Jones et al., 2005). It has been noted that there is a
similarity between AMPK and SIRT1 in sensing energy stress and nutrient status, regulating
mitochondria function, modulating glucose/lipid homeostasis, and controlling the activity of
many common target molecules such as PGC-1a, FOXOs, and p53 (Canto and Auwerx,
2009; Finley and Haigis, 2009). Furthermore, the activities of SIRT1 and AMPK are
reciprocally modulated (Canto et al., 2009; Canto et al., 2010; Lan et al., 2008). Therefore,
additional studies are required to examine the potential crosstalk between AMPK and the
SIRT1-TopBP1 pathway in controlling metabolic checkpoint.

While SIRT1-mediated TopBP1 deacetylation is important for metabolic checkpoint
activation, this reaction is blocked following replication stress. Replication stress results in
dissociation of TopBP1 and SIRT1 and increases TopBP1 acetylation (Figure 5).
Meanwhile, decreased SIRT1 activity in response to DNA damage may also contribute to
the increased TopBP1 acetylation (Yuan et al., 2012; Zannini et al., 2012). Increased
TopBP1 acetylation in turn facilitates Rad9 binding and checkpoint activation. The
interaction between the 9-1-1 complex and TopBP1 involves Ser-387 of Rad9 and the N-
terminal region of TopBP1 (Delacroix et al., 2007; Lee and Dunphy, 2010; Lee et al., 2007).
Interestingly, Ser-387 of Rad9 in human cells is constitutively phosphorylated by casein
kinase 2 (St Onge et al., 2003), which apparently does not require the presence of DNA
damage or stalled DNA replication forks. Despite this, the TopBP1-Rad9 interaction is
enhanced by replication stress. These results indicate that an additional DNA-damage-
dependent regulatory mechanism must exist to coordinate the TopBP1-Rad9 interaction and
ATR-Chk1 activation in response to genotoxic stress. Our findings of genotoxic-induced
acetylation of TopBP1 could explain the inducible interaction between TopBP1 and Rad9
and this represents a new regulatory mechanism for checkpoint activation. Although SIRT1
has previously been shown to maintain genomic stability (Oberdoerffer et al., 2008; Wang et
al., 2008), our studies also suggest that SIRT1, when overexpressed or hyperactivated, might
compromise genomic stability, at least in the context of replication stress. A recent study
also linked SIRT1 with higher acquisition of genetic mutations in cancers (Wang et al.,
2013b).

Based on our results, we propose that acetylation of TopBP1 changes its conformation,
exposing its N-terminal BRCT domains that are required for Treslin and Rad9 interactions.
However, further structural studies and conformational analyses of TopBP1 are necessary to
better understand the precise mechanism. An intriguing question is how TopBP1 determines
its distinct binding partners under different conditions. A possible scenario is that during
normal replication, TopBP1 is acetylated and interacts with Treslin to facilitate DNA
replication initiation. Although acetylated TopBP1 could also interact with Rad9, unlike the
Treslin-TopBP1 complex, the Rad9-TopBP1 complex is not recruited to chromatin in the
absence of replication stress. Under nutrient limitation conditions, SIRT1 activity is
switched on, which in turn abolishes the TopBP1-Treslin interaction and arrests the cell
cycle. On the other hand, SIRT1 activity is switched off during DNA damage, which
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facilitates the TopBP1-Rad9 interaction, activates the ATR-Chk1 pathway, and causes cell-
cycle arrest. Activated Chk1 inactivates S-phase CDK, thereby reducing Treslin
phosphorylation that is required for TopBP1 binding (Sanchez et al., 1997). Consistent with
this, the TopBP1-Treslin interaction greatly decreases in a checkpoint-dependent manner
(Boos et al., 2011). Once the DNA damage checkpoint response is terminated, acetylated
TopBP1 may associate with Treslin again and promote the initiation of DNA replication.
The on and off function of the SIRT1-TopBP1 axis in response to different cellular stresses
makes it a key switch that enables cells to regulate biological events more efficiently and
specifically. The SIRT1-TopBP1 pathway must therefore be tightly regulated and
dysfunction of this pathway might compromise many aspects of cell metabolism and
proliferation.

Experimental Procedures

Cell Culture, plasmids and antibodies

293T cells were cultured in RPMI 1640 medium supplemented with 10% fetal bovine serum
(FBS). HCT116 and U20S cells were cultured in McCoy’s 5A supplemented with 10%
FBS. Mouse embryonic fibroblasts (MEFs) were cultured in DMEM containing 15% FBS.
TopBP1 was cloned into pIRES-EGFP and p3XFLAG-CMV ™-13 vector. All site mutants
were generated by site-directed mutagenesis (Stratagene) and verified by sequencing. WT
SIRT1 and its mutants have been previously described (Kim et al., 2008). Acetyltransferases
p300, CBP, PCAF, Tip60 and hMOF constructs were kindly provided by Dr. Jianyuan Luo
(University of Maryland).

Antibodies against phosphoChk1 (345), CDC45, and a-Tubulin were purchased from Cell
Signaling. TopBP1 and Treslin antibody were obtained from Bethyl laboratories. Anti-p53
and Chk1 antibody were purchased from Santa Cruz. Rad9 antibodies have been previously
described (Delacroix et al., 2007). Anti-FLAG (m2), anti-HA, and anti-p-actin antibodies
were purchased from Sigma. Anti-acetylated lysine antibodies were purchased from
Rockland and Millipore. Acetyl lysine antibody agarose was purchased from Immunechem.

RNA Interference

SIRT1 shRNAs and TopBP1 shRNA (NM_007027.3-4768s21c1) targeting 3'UTR region
were purchased from Sigma. The sequences for SIRT1 shRNA are
GCAAAGCCTTTCTGAATCTAT and GCGGGAATCCAAAGGATAATT. The TopBP1
3’'UTR shRNA sequence is GATAGATTTGGGTAGTAATTT. Rad9 shRNA was
purchased from Open Biosystems.

BrdU incorporation, phospho-histone-H3 staining, and fluorescent microscopy

Cells growing on coverslips were incubated with 20 uM bromodeoxyuridine (BrdU) for 30
min. Cells were washed with PBS for two times and fixed by 3% paraformaldehyde for 15
min. Then cells were permeabilized with 0.5% Triton for 10 min and 4M HCI for 30 min.
Cells were then washed three times with 1xPBS containing 0.5% Tween-20 and incubated
with the mouse anti-BrdU primary antibody (Roche Pharmaceuticals) at 37°C for 25 min.
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The cells were washed and labeled with FITC-conjugated goat anti-mouse 1gG. The nuclei
were stained with 4’ and 6-diamidino-2-phenylindole (DAPI).

phospho-histone-H3 staining was performed as pervious described (Luo et al., 2009). Cells
were fixed by 3% paraformaldehyde and permeabilized with 0.5% Triton. Then cells were
incubated with mouse anti-phospho-histone-H3 (anti-PH3) monoclonal antibody (Cell
Signaling Technology, Beverly, MA, USA) at 37°C for 25 min. The cells were washed and
labeled with FITC-conjugated goat anti-mouse 1gG. The nuclei were stained with DAPI.

BrdU-incorporated cells or pH3 staining cells were examined with a Fluorescence
microscope (ECLIPSE 80i; Nikon) using a 4x NA 0.10 objective lens (Nikon). For each
condition, randomly selected 600 cells were counted. Images were captured with a camera
(SPOT 2 Megasample; Diagnostic Instruments, Inc.) and processed using SPOT software
(version 4.6; Diagnostic Instruments, Inc.).

Immunofluorescence staining

Cells grown on coverslips were fixed in Acetone-Methanol (1:1) at —20 °C for 20 min.
Slides were washed in phosphate-buffered saline and blocked with 5% goat serum for 1 hour
at room temperature, then incubated with primary antibodies at 37 °C for 30 min. After
washing with PBS twice, cells were incubated with FITC or rhodamine-conjugated
secondary antibodies at 37°C for 30 min. Nuclei were counterstained with 4’6-diamidino-2-
phenylindole (DAPI). After a final wash with PBS, coverslips were mounted with glycerin
containing paraphenylenediamine.

Duo-link in situ assay

U20S with stable TopBP1 depletion were transfected with WT, 3KR, and 3KQ TopBP1. At
24 hour after transfection, cells were treated with vehicle or HU (10mM) for 3 hours and
fixed with 3% paraformaldehyde solution in PBS containing 50mM sucrose at room
temperature for 15 min. After permeabilization with 0.5% Triton X-100 buffer containing
20mM HEPES pH 7.4, 50mM NaCl, 3mM MgCl, and 300mM sucrose at room temperature
for 5 min, cells were incubated for 1 hour in blocking solution. The slides were incubated
with the mixture of primary antibodies containing anti-HA mouse monoclonal antibody
(targeting N-terminal region of TopBP1) and anti-FLAG rabbit polyclonal sera (targeting C-
terminal region of TopBP1). Control experiments used no primary antibody. Intramolecular
interactions were detected and visualized by proximity ligation assay and rolling circle
amplification using duo-link in situ kit according to the manufacturer’s instructions (Olink
Bioscience).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. SIRT1 induces cell cycle arrest in response to glucose deprivation
(A-B) Sirt1*/* and Sirt1~~ MEFs synchronized in GO/G1 were released and treated with

various concentrations of glucose. Cells that had progressed into S phase after 24 hours were
determined by BrdU incorporation. The representative image is shown in (A) and the
quantification of BrdU staining cells is shown in (B). (C) Sirt1*/* and Sirt1~/~ MEFs were
treated with 1 mM glucose for various times. Cells were fixed and stained with anti-BrdU
antibody. (D) Sirt1*/* and Sirt1~~ MEFs were incubated with media containing various
concentrations of glucose for 48 hours and the apoptosis cell ratio was measured using
FACS. (A-D) The data presented are mean + SD for three independent experiments. **P <
0.01 (one-way ANOVA test). (E) Cells as (D) were lysed and cell lysates were blotted with
the indicated antibodies. (F) List of SIRT1-associated proteins identified by mass
spectrometric analysis. (G-H) HEK293T cell lysates were subjected to immunoprecipitation
with control 1gG, anti-SIRT1 (G), or anti-TopBP1 (H) antibodies. The immunoprecipitates
were then blotted with the indicated antibodies. See also Figure S1.
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(A) HEK293T cells transfected with empty vector or FLAG-TopBP1 were either treated
with vehicle or Nicotinamide (10 mM) for 16 hours. TopBP1 acetylation was determined by
IP and Western blot. (B) HEK293T cells stably expressing control or SIRT1 shRNA were
transfected with the indicated plasmids. TopBP1 acetylation was determined by IP and

Western blot. (C) Endogenous TopBP1 acetylation was examined in cells. (D) SIRT1

deacetylated TopBP1 in vitro. Acetylated FLAG-tagged TopBP1 was purified from cells
cotransfected with FLAG-TopBP1 and HA-p300 and incubated with purified SIRT1 WT or
HY mutant. Acetylated TopBP1 was detected by immunoblotting with anti-acetyl lysine
antibody. (E) HEK293T cells were transfected with indicated acetyltransferases. TopBP1
acetylation was then examined. (F) Endogenous interaction between TopBP1 and p300 was
examined by anti-p300 or anti-TopBP1 immunoprecipitation and immunoblotting. (G) List
of the Acetyl-sites analyzed by mass spectrum. (H) HEK293T cells stably expressing control

or SIRT1 shRNA were transfected with indicated constructs. TopBP1 acetylation was
examined. (I) HEK293T cells were transfected with the indicated constructs. TopBP1

acetylation was examined. See also Figure S2.
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Figure 3. Acetylation regulates TopBP1 function in DNA replication

(A-B) U20S cells synchronized in GO/G1 were released to G1 or S phase. TopBP1

Page 17

acetylation (A) or the SIRT1-TopBP1 interaction (B) was then examined. (C) U20S cells
stably expressing control or TopBP1 shRNA were reconstituted with indicated constructs.
One portion of the cells was lysed and blotted with the indicated antibodies (lower panel),
the other portion was stained with anti-BrdU antibody. The data presented are mean + SD
for three independent experiments. **P < 0.01. (D) U20S cells stably expressing control or
TopBP1 shRNA were transfected with indicated constructs. Cells synchronized in G0/G1
were released to S phase. Cells were collected at the indicated time and chromatin fractions
were prepared. Immunoblotting was performed with the indicated antibodies. (E) U20S
cells transfected with the indicated constructs were stained with anti-BrdU antibody. The
data presented are mean + SD for three independent experiments. **P < 0.01. (F) Cells as in
(E) synchronized in GO/G1 were released to S phase and chromatin fractions were prepared.
Western blotting was performed. (G) Cells treated as in (D) were collected and TopBP1-
Treslin interaction was examined. (H) Cells were treated as in (D) and whole cell lysates
were incubated with nonphosphorylated (Pep) or phosphorylated (p-Pep) Ser1000 Treslin

peptide covalently linked to beads. Immunoblotting was performed with anti-FLAG

antibody. (I) Cells treated as in (F) were collected and TopBP1-Treslin interaction was

examined. See also Figure S3.
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Figure 4. TopBP1 acetylation regulates metabolic checkpoint
(A) Cells stably expressing control or SIRT1 shRNA were transfected with indicated

constructs. Cells were treated with various concentrations of glucose for 24 hours. TopBP1
acetylation was examined. (B) Cells stably expressing control or TopBP1 shRNA were
transfected with indicated constructs. Cells were cultured at various concentrations of
glucose. Cells that had progressed into S phase after 24 hours were determined by BrdU
incorporation. (C) Cells as in (B) were treated with 1mM glucose. Cells that had progressed
into S phase were determined by BrdU incorporation at the indicated times. (B—C) The data
presented are mean £ SD for three independent experiments. (D) Cells as in (B) left
untreated or treated with 1mM glucose were collected after 24 hours and the TopBP1-
Treslin interaction was examined. (E) Cells were treated as in (D). Whole cell lysates and
chromatin fractions were prepared and blotted with the indicated antibodies. (F) Cells
transfected with the indicated constructs were cultured at the indicated concentrations of
glucose for 24 hours. Cells were stained with anti-BrdU antibody. (G) Cells as in (B) were
examined for apoptosis using FACS. (F-G) The data presented are mean + SD for three
independent experiments. See also Figure S4.
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Figure 5. TopBP1 acetylation regulates DNA damage response
(A) U20S Cells transfected with FLAG-TopBP1 were left untreated, or treated with 10 mM

HU, and TopBP1 acetylation was examined. (B) Cells were left untreated or treated with
HU, endogenous TopBP1 acetylation was examined. (C) Cells transfected with indicated
constructs were left untreated or treated with HU and the SIRT1-TopBP1 interaction was
examined. (D) Cells were transfected with indicated constructs and then treated with HU or
left untreated. TopBP1 acetylation was then examined. (E) Cells stably expressing TopBP1
shRNA were transfected with indicated constructs. Thirty hours later, cells were left
untreated or treated with UV (40 J/m?) or HU(10 mM). Immunostaining was performed with
the indicated antibodies. The quantification of TopBP1 Foci was shown in the lower panel.
The data presented are mean £ SD for three independent experiments. **P < 0.01 (F) Cells
transfected as in (E) were left untreated (NT) or treated with HU and Chk1 phosphorylation
was examined. (G) Cells as (E) were treated with HU and the colony formation assay was
performed. The data presented are mean + SD for three independent experiments. (H)
Sirt1*"* and Sirt1~~ MEFs were treated with UV, HU, or left untreated. p-Chk1 and Chk1
were detected by western blotting. (I) U20S cells transfected with the indicated constructs.
were left untreated or treated with HU and Chk1 phosphorylation was examined, (J) Cells
transfected with the indicated constructs were treated with UV for different time points.
Mitotic index was measure by staining cells with p-H3 S10 antibody. The data presented are
mean + SD for three independent experiments. See also Figure S5.
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Figure 6. Acetylation regulates TopBP1 interaction with Rad9
(A) U20S cells were transfected with control or Rad9 shRNA. Rad9 levels were examined

by western blot. (B) U20S cells stably expressing control or Rad9 shRNA were transfected
with WT TopBP1. Cells were left untreated or treated with UV or HU. Immunostaining was
performed with the indicated antibodies. The quantification of TopBP1 Foci was shown in
the lower panel. The data presented are mean + SD for three independent experiments. **P
< 0.01(C) U20S cells stably expressing control or Rad9 shRNA were left untreated or
treated with HU and harvested at the indicated time. Soluble and chromatin fractions were
prepared and immunoblotted with indicated antibodies. (D) Cells stably expressing TopBP1
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shRNA were transfected with the indicated constructs and left untreated or treated with HU.
The TopBP1-Rad9 interaction was examined. (E) Cells stably expressing TopBP1 shRNA
were transfected with the indicated constructs. and left untreated or treated with HU. Whole-
cell lysates were incubated with nonphosphorylated (P) or phosphorylated (p-P) Ser387
Rad9 peptide covalently linked to beads. Immunoblotting was performed. See also Figure
S6 and S7.
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Figure 7. Acetylation regulates the intramolecular interaction in TopBP1
(A) HEK293T cells transfected with indicated constructs were pulled-down with GST or

GST-BRCT1-2 and analyzed by western blotting. (B) A diagram of Duo-link in situ assay.
(C) WT, 3KR, or 3KQ mutants were expressed in U20S cells stably expressing TopBP1
shRNA. Cells were left untreated or treated with HU or low glucose. Duo-link in situ assay
was performed. The quantification of Duo-link positive staining cells is shown in the right
panel. The data presented are mean + SD for three independent experiments. *P<0.05;
**P<0.01 See also Figure S7.
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