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Abstract

Loss of WRN function causes Werner Syndrome, characterized by increased genomic instability,

elevated cancer susceptibility and premature aging. Although WRN is subject to acetylation,

phosphorylation and sumoylation, the impact of these modifications on WRN’s DNA metabolic

function remains unclear. Here, we examined in further depth the relationship between WRN

acetylation and its role in DNA metabolism, particularly in response to induced DNA damage.

Our results demonstrate that endogenous WRN is acetylated somewhat under unperturbed

conditions. However, levels of acetylated WRN significantly increase after treatment with certain

DNA damaging agents or the replication inhibitor hydroxyurea. Use of DNA repair-deficient cells

or repair pathway inhibitors further increase levels of acetylated WRN, indicating that induced

DNA lesions and their persistence are at least partly responsible for increased acetylation.

Notably, acetylation of WRN correlates with inhibition of DNA synthesis, suggesting that

replication blockage might underlie this effect. Moreover, WRN acetylation modulates its affinity

for and activity on certain DNA structures, in a manner that may enhance its relative specificity

for physiological substrates. Our results also show that acetylation and deacetylation of

endogenous WRN is a dynamic process, with sirtuins and other histone deacetylases contributing

to WRN deacetylation. These findings advance our understanding of the dynamics of WRN

acetylation under unperturbed conditions and following DNA damage induction, linking this

modification not only to DNA damage persistence but also potentially to replication stalling

caused by specific DNA lesions. Our results are consistent with proposed metabolic roles for

WRN and genomic instability phenotypes associated with WRN deficiency.
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INTRODUCTION

Werner Syndrome (WS) is a rare autosomal recessive genetic disease characterized by

increased cancer and early onset or increased frequency of specific age-related phenotypes,

including graying and loss of hair, osteoporosis, and diabetes mellitus type II (Goto 1997;

Chen and Oshima 2002; Orren 2006). In most cases, WS is caused by a deficiency of a

single gene product, WRN, that belongs to the RecQ helicase family (Yu et al 1996) In

general, loss of the genome maintenance functions of RecQ family members results in

higher levels of illegitimate recombination, although the resulting types of chromosomal

instability appear to vary somewhat. Although their precise DNA metabolic roles are still

unclear, germ-line defects in three of the five human known RecQ helicases are associated

with hereditable disease, as defects in WRN, BLM or RECQ4 result in Werner, Bloom or

Rothmund-Thomson syndrome, respectively. Individuals with these diseases are highly

cancer-prone, but those with Bloom and Rothmund-Thomson develop fewer age-related

characteristics than WS patients (Martin and Oshima, 2000). Thus, investigations into WS

and clarification of WRN function are important for understanding the relationships between

genomic instability and the onset of certain human aging phenotypes.

Several laboratories, including ours, have overproduced and purified recombinant WRN

protein and characterized its basic enzymatic properties. Consistent with its strong

homology to RecQ helicases, the central region of WRN confers ATPase activity that

provides the energy for unwinding DNA with a 3′→5′ directionality (Gray et al 1997;

Suzuki et al 1997; Shen et al 1998a). Moreover, the existence of an N-terminal RNase D-

type domain, not present in other human RecQ members, confers to WRN an intrinsic 3′→5′

exonuclease activity (Huang et al 1998; Shen et al 1998b; Mian 1997). WRN possesses four

DNA binding regions: the helicase, RQC, HRDC and exonuclease domains that, together,

appear to confer specificity for particular DNA structures (von Kobbe et al 2003; Orren et al

1999). Specifically, WRN helicase and exonuclease activities prefer to bind and act on DNA

structures formed during replication and recombination, including forks, bubbles, D-loops

and Holliday junctions (Brosh et al 2002; Constantinou et al 2000; Brosh et al 2001;

Mohaghegh et al 2001; Machwe et al 2002; Orren et al 2002). Our laboratory has

demonstrated that, similar to some recombination proteins, WRN also facilitates the pairing

of complementary DNA strands (Machwe et al 2005). This annealing activity acts in concert

with its helicase activity to perform strand exchange as well as to regress model replication

forks (Machwe et al 2005; Machwe et al 2006; Machwe et al 2007; Machwe et al 2011).

Thus, WRN activities and specificity strongly suggest participation in replication- and

recombination-related pathways.

Cellular phenotypes associated with WRN-deficiency are also consistent with the protein

having an important role in the maintenance of genomic integrity. WRN-deficient cells

demonstrate elevated frequency of spontaneous chromosomal aberrations typified by

deletions, insertions, and translocations as well as telomeric abnormalities (Gebhart et al

1988; Fukuchi et al 1989; Honma et al 2002; Crabbe et al 2007; Chang et al 2004; Du et al

2004). Similar to cells derived from other genome instability syndromes, WRN-deficient

cells have been subjected to many DNA damaging regimens. Lack of WRN function confers

hypersensitivity to mitomycin C (MMC), methylmethanesulfonate (MMS), cisplatin, and
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topoisomerase inhibitors such as camptothecin, as well as DNA replication inhibitors

including hydroxyurea (HU) (Gebhart et al 1988; Ogburn et al 1997; Poot et al 1999; Poot et

al 2001; Pichierri et al 2001). However, the sensitivity of WRN-deficient cells to DNA

damaging agents does not appear to reflect a direct role in any recognized DNA damage

removal pathway. Instead, hypersensitivity to HU and agents that induce lesions known to

interfere with DNA replication suggests that WRN might play a role in responding to

blockage of replication. In addition, WRN has been shown to physically and/or functionally

interact with factors involved in DNA replication, including proliferating cell nuclear

antigen (PCNA), Flap endonuclease 1 (FEN-1), replication protein A (RPA), topoisomerase

I (Topo I), and polymerase δ (Lebel and Leder 1999; Rodriguez-Lopez et al 2003; Brosh et

al 2001; Shen et al, 2003; Brosh et al 1999; Laine et al 2003; Kamath-Loeb et al 2000;

Szekely et al 2000). Consistent with this concept, WRN-deficient cells have a prolonged S

phase and replication abnormalities, prominently including asymmetric progression of

replication forks (Rodriguez-Lopez et al 2002; Takeuchi et al 1982; Poot et al 1992).

Furthermore, WRN is redistributed to distinct nuclear foci representing sites of stalled

replication after HU treatment (Constantinou et al 2000), and can remodel replication fork

substrates in vitro, perhaps as an initial step to properly resolve replication blockage

(Machwe et al 2006; Machwe et al 2007; Machwe et al 2011). Thus, the genomic instability,

increased cancer and premature aging phenotypes observed in WS may be the result of

improper resolution of blocked replication and illegitimate recombination caused by loss of

WRN function.

Post-translational modification is an established mechanism by which protein function can

be rapidly modulated. Notably, WRN is subject to several types of modification, including

phosphorylation, acetylation, and sumoylation; phosphorylation and acetylation of WRN

occur following treatment of cells with various DNA damaging agents (Kusumoto et al

2007; Blander et al 2002; Li et al 2010; Pichierri et al 2003; Karmakar et al 2002; Yannone

et al 2001; Cheng et al 2003; Woods et al 2004; Karmakar and Bohr, 2005). Of particular

relevance to this study, Blander and colleagues reported that WRN acetylation in vivo is

promoted by the acetyltransferase p300 and that WRN acetylation correlated with its

translocation from the nucleolus to nuclear foci (Blander et al 2002). Our research and that

of others has shown that acetylation of WRN influences its enzymatic activities and its

stability, and that SIRT1 contributes to deacetylation of ectopically expressed, acetylated

WRN (Li et al 2010; Muftoglu et al 2008; Li et al, 2008). Taken together, these findings

indicate that intracellular WRN acetylation likely modulates WRN trafficking and function

in a manner probably related to its specific role in DNA metabolism. However, some

observations are contradictory and thus many questions remain about WRN acetylation and

its role in vivo.

In this study, we performed a series of experiments to further understand the relationship

between WRN acetylation with its function in DNA metabolism. Our experiments

demonstrate that acetylation of endogenous WRN is detectable without exogenous

treatments but significantly increases after treatment with certain DNA damaging agents,

particularly those known to lead to replication blockage. Interestingly, we demonstrate that

increased WRN acetylation correlates not only with the induction of DNA lesions but also
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their persistence. We further found that WRN acetylation is a dynamic process that, under

normal conditions, is at equilibrium through the opposing actions of acetyltransferases and

deacetylases. Additionally, we analyzed the enzymatic and DNA binding activities of

unmodified and acetylated WRN on a series of physiologically relevant DNA substrates.

Our results demonstrate that WRN acetylation differentially influences affinity and activity

on these DNA substrates in a manner that might alter its physiological specificity. Together,

these findings advance our understanding of the dynamics of endogenous WRN acetylation

in the absence and presence of treatments that disrupt DNA metabolism and further support

the notion that WRN contributes to the maintenance of genomic integrity through its

involvement in response to replication blockage.

RESULTS

DNA damaging agents/replication inhibitors upregulate WRN acetylation

Post-translational modifications play important roles in regulating proteins and their

activities. Previous evidence has shown that WRN is subject to phosphorylation,

sumoylation, and acetylation (Kusumoto et al 2007; Blander et al 2002; Li et al 2010;

Pichierri et al 2003; Karmakar et al 2002; Yannone et al 2001; Cheng et al 2003; Woods et

al 2004; Karmakar and Bohr, 2005), with possible effects on its sub-nuclear localization and

DNA metabolic function. Although several reports have addressed acetylation of WRN,

most have only observed a correlation between treatment of cells with a certain DNA

damaging agent and WRN acetylation, often using ectopically expressed WRN to facilitate

detection. To further understand the mechanism and dynamics of WRN acetylation in a

more physiological setting, we first had to establish a reliable method to assess acetylation

of endogenous WRN protein. To this end, we prepared cell lysates from untreated and

treated SV-40 transformed human fibroblasts, and immunoprecipitated the pool of

acetylated proteins (using an antibody against acetylated lysine) from equal amounts (by

total protein) of these lysates. Immunoprecipitated proteins were analyzed by SDS-PAGE

and Western blotting using an antibody specific for WRN. Using this strategy, we initially

examined endogenous WRN acetylation after treatment of 8-D fibroblasts with the

replication inhibitor hydroxyurea (HU) or one of several DNA damaging agents including

ultraviolet light (UV), mitomycin C (MMC), methylmethanesulfonate (MMS), and cisplatin.

For each DNA damaging agent used, doses and treatment times were chosen based on other

reports (Constantinou et al., 2000; Pichierri et al., 2003; Karmakar and Bohr, 2005; Otterlei

et al., 2006), complemented by dose-response experiments performed in our lab to

determine cytotoxicity. After chemiluminescent development, levels of acetylated WRN

were quantified using imaging analysis. Notably, a low level of endogenous WRN

acetylation was detectable even in untreated cells (Fig. 1a and c, lane 2 in each upper panel).

Importantly, treatment of cells with MMS, HU, MMC, or cisplatin significantly increased

the amount of acetylated WRN (Fig. 1a, lanes 3–6). Quantitation and statistical analysis of

data from multiple independent experiments indicates that the extent of the increase in WRN

acetylation depended upon the agent used (Fig. 1b). Specifically, a 4 h MMS treatment

caused a >3-fold increase in WRN acetylation, while HU, MMC, and cisplatin treatments

each caused 2- to 3-fold increases; each increase was statistically significant when compared

to the untreated samples. Moreover, this effect was not due to increased WRN expression
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after the treatments, since Western analysis indicated that the same amount of WRN was

present in the unprecipitated cell lysates (Fig. 1a, lower panel). On the contrary, UV

irradiation either at 20 or 40 J/m2 did not appear to significantly increase the levels of

acetylated endogenous WRN (Fig. 1c, lanes 2–4, and 1d). Collectively, these results indicate

that MMS, HU, MMC, and cisplatin treatments upregulate endogenous WRN acetylation

while UV irradiation has little to no effect.

Persistent DNA damage upregulates WRN acetylation

Although the experiments above demonstrated a correlation between DNA damaging

treatments and increased WRN acetylation, these treatments are likely to have pleiotropic

effects on cells. Thus, we further examined whether DNA damage itself was responsible for

increased WRN acetylation. As one strategy to investigate this question, we inhibited

removal of the induced damage and then monitored the effect on WRN acetylation, again by

immunoprecipitating the pool of acetylated proteins and probing for the presence of WRN

by Western blotting. Theoretically, if inhibition of damage removal enhanced WRN

acetylation, it would indicate not only that DNA damage was an underlying cause but also

that DNA damage persistence was crucial to the response. We initially focused these

experiments on MMS, since it reproducibly produced the highest increase in levels of

acetylated WRN. MMS causes methylation of DNA bases, yielding 7-methylguanine, 3-

methyladenine, and O6-methylguanine lesions. First, we analyzed the effect of persistence of

O6-methylguanine adducts by inhibiting O6-methylguanine-DNA-methyltranferase

(MGMT), the enzyme that directly removes the methyl group from O6-methylguanine

adducts (Kaina et al 2007), using O6-benzylguanine, a potent inactivator of MGMT (Dolan

et al 1990; Dolan and Pegg 1997; Murakami et al 2007). For these experiments, cells were

pre-treated with O6-benzylguanine for 4 h before MMS treatment for an additional 4 h.

Treatment with O6-benzylguanine alone had no effect on the level of WRN acetylation (Fig.

2a, lane 5 and 2b). Interestingly, co-treatment of cells with O6-benzylguanine followed by

MMS did not appear to increase WRN acetylation over the increase observed with MMS

alone (Fig. 2a, compares lanes 3 and 4). Quantitation of data from multiple independent

experiments is shown in Fig. 2b. This data suggests that O6-methylguanine lesions are not

responsible for triggering WRN acetylation.

Next, we examined the effect of persistence of MMS-induced 7-methylguanine and 3-

methyladenine adducts, that are removed mainly by base excision repair (BER) (Wyatt and

Pittman 2006). The enzyme poly (ADP-ribose) polymerase-1 (PARP1) plays a critical role

in BER by binding gaps and nicks in DNA; it is thought to facilitate access of other

components of the BER process to the damage or a repair intermediate (Woodhouse and

Dianov 2008; Sousa et al 2012). Therefore, we targeted the BER pathway for inhibition

using the drug olaparib, an NAD+ analog that inhibits PARP1 by binding to its catalytic site

and preventing PARP automodification required for its release from DNA and recruitment

of BER proteins (Horton et al 2005; Plummer 2006; Lord and Ashworth 2008). Following

published reports (Weston et al 2010; Löser et al 2010), we pre-treated fibroblasts with

olaparib for 38 h before treatment (or not) with MMS for an additional 4 h. Interestingly, co-

treatment of cells with MMS and olaparib significantly increased WRN acetylation

compared to a 4 h MMS treatment alone (Fig. 2c and d). This increase is not due to olaparib
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treatment itself, because untreated cells and cells treated with olaparib alone had comparable

amounts of acetylated WRN (Fig. 2c, compare lanes 2 and 5, and 2d). Our results indicate

that PARP inhibition only in the context of MMS treatment further increased the level of

WRN acetylation. These findings support the notion that DNA damage (apparently 7-

methylguanine and/or 3-methyladenine lesions) caused by MMS is responsible for inducing

WRN acetylation; furthermore, the persistence of these types of lesions is able to further

enhance WRN acetylation.

Our previous results showed that WRN acetylation is increased after treatment with

cisplatin. The vast majority of cisplatin-induced DNA damage is removed by nucleotide

excision repair (NER) (Sancar 1995; Reed 1998; Trimmer and Essigman 1999), so NER-

deficient cell lines provide another opportunity to examine the effects of persistent DNA

damage generated by cisplatin on WRN acetylation. Here, we compared WRN acetylation

after cisplatin treatment in NER-deficient (1-O, Xeroderma Pigmentosum group A [XPA])

and NER-proficient (8-D), SV40-transformed human fibroblasts. As might be expected, this

cisplatin treatment regimen caused higher levels of genomic instability in the NER-deficient

cells as compared to NER-proficient cells, as evidenced by cytokinesis block micronucleus

assays (data not shown). Our experiments also revealed that the levels of acetylated WRN

are increased after cisplatin treatment in both NER-proficient and NER-deficient cells (Fig.

3a, lanes 2–5). Importantly, cisplatin treatment increased acetylation of WRN to a greater

extent in NER-deficient cells than in NER-proficient cells (Fig. 3a, compare lanes 3 and 5).

Quantitation of data from multiple independent experiments (Fig. 3b) demonstrated that the

level of WRN acetylation was increased 3.8-fold in cisplatin-treated NER-deficient cells

compared to a 2.2-fold increase in NER-proficient cells. Importantly, the increased level of

WRN acetylation in cisplatin-treated, NER-deficient cells is statistically significant not only

from its untreated control but also from the increased WRN acetylation observed in

cisplatin-treated, NER-proficient cells. This is not due to differences in basal or induced

WRN expression between the cell lines, because the parallel analysis of equal amounts of

cell lysates (with an anti-WRN antibody) shows the same amount of total WRN is present

between samples (Fig. 3a, lower panel). Moreover, the amounts of acetylated WRN in the

untreated cell lines are also comparable (Fig. 3a, upper panel, compare lanes 2 and 4).

Collectively, this data confirms that DNA damage generated by cisplatin underlies increased

WRN acetylation and strongly suggests that the persistence of DNA lesions is important for

the process leading to increased WRN acetylation. Taken together, our results support the

notion that WRN acetylation is at least partly if not wholly attributable to the generation of

DNA damage and the levels of WRN acetylation are further increased as a result of the

persistence of DNA lesions.

Kinetics of WRN acetylation

The data above demonstrate in two independent scenarios that compromised DNA damage

removal superimposed with a relevant DNA damaging treatment increases the levels of

WRN acetylation. One possible interpretation of these findings is that a downstream effect

of persistent DNA damage might be mediating WRN acetylation. Interestingly, the agents

that increase WRN acetylation in our studies produce lesions or otherwise create conditions

that block replication (Jung and Lippard 2007; Liu et al 2003), suggesting that WRN
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acetylation may be related to replication-blocking events. This idea is also consistent with

other studies implying a possible role for WRN in response to stalled or blocked replication

(Machwe et al 2006; Machwe et al 2007; Machwe et al 2011; Sidorova 2008). In order to

address this concept, we followed the dynamics of WRN acetylation upon treatment with a

specific DNA damaging agent. To this end, we monitored WRN acetylation during and after

a 4 h treatment with MMS (1 mM), treatment conditions that yielded the largest increase in

acetylation of WRN. This analysis showed that WRN acetylation starts to increase gradually

1 h after addition of MMS, reaching its maximum level at around 4 h (Fig. 4a and b).

However, WRN acetylation gradually decreases during the 4 h after MMS removal,

returning to levels close to that observed in untreated cells (Fig. 4b). In parallel, we

measured DNA replication during and after MMS treatment by following

bromodeoxyuridine (BrdU) incorporation. Interestingly, the incorporation of BrdU after

MMS treatment dropped to 29% of the untreated control by 1 h and to undetectable levels

thereafter (Fig. 4b, see table below graph). These results confirm that our MMS treatment

dramatically inhibits DNA replication and indicate that the timing of the increase in WRN

acetylation after MMS corresponds to its inhibitory effect on DNA replication. It is also

noteworthy that cells treated with 2 mM HU for 16 h accumulated in S phase, further

supporting a correlation between replication blockage and increased WRN acetylation (data

not shown). Collectively, these results support the notion that increased acetylation of WRN

observed after MMS and HU treatments correlates with blockage of replication during S

phase. However, it is also notable that WRN acetylation levels drop after removal of MMS,

yet DNA synthesis is not recovered (Fig. 4b). Thus, while the timing of WRN acetylation

may correspond to initial inhibition or blockage of DNA synthesis, these two events are not

mechanistically linked, i.e., later decreases in WRN acetylation do not cause resumption of

DNA replication..

Role of sirtuins and other HDACs in regulating WRN acetylation

To better understand the dynamics of WRN acetylation, we used inhibitors that block the

activity of histone deacetylase enzymes (HDACs). While Class I, II, and IV HDACs can be

inhibited by trichostatin A (TSA), sirtuins (Class III HDACs) are inhibited by nicotinamide

(Moradei et al 2005). Thus, we could examine the contributions of classes of deacetylases to

the acetylation status of WRN by using TSA and/or nicotinamide in cells with or without

DNA damaging treatments. Initially, we treated cells with MMS alone, MMS plus both

inhibitors, or both inhibitors alone for 4 h. The results indicate that treatment of cells with

MMS, TSA and nicotinamide further increased WRN acetylation levels when compared

with MMS alone (Fig. 5a, lanes 2–4). When results from multiple experiments were

quantified with respect to baseline levels of acetylated WRN in untreated cells, MMS

treatment alone led to an approximately 3-fold increase in acetylated WRN, consistent with

previous results; however, MMS treatment combined with TSA and nicotinamide resulted in

the level of acetylated WRN being elevated 7-fold, an increase that was significant

compared to MMS alone (Fig. 5d). A similar result was observed when cells were treated for

10 h with HU without or with TSA and nicotinamide--i.e., although HU alone increased the

level of acetylated WRN about 2-fold, significantly higher levels (approximately 4-fold) of

acetylated WRN were observed after HU in the presence of deacetylase inhibitors (Fig. 5b,

lanes 2–4, and 5E). Somewhat surprisingly, treatment with TSA and nicotinamide even in

Lozada et al. Page 7

Biogerontology. Author manuscript; available in PMC 2015 August 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



the absence of MMS or HU also substantially increased the levels of acetylated WRN

approximately 5-fold (Fig. 5a and b, lanes 5; Fig. 5d–f). These results indicate that WRN is

actively deacetylated in vivo and that acetylation of WRN is a dynamic process controlled

by the opposing actions of acetyltransferases and deacetylases. In the absence of deacetylase

inhibitors, our DNA damaging conditions appear to shift this process to favor acetylation of

WRN. At the same time, these results confirm that our immunoprecipitation reaction was

pulling down only the acetylated form of WRN, since inhibiting deacetylation specifically

increased the levels of acetylated WRN while not affecting total WRN levels. To explore the

role of the different classes of deacetylases on WRN acetylation state, we treated cells for 4

h with TSA and/or nicotinamide. While the levels of acetylated WRN were highest when

both inhibitors were used, TSA alone resulted in higher levels of acetylated WRN when

compared to nicotinamide alone (Fig. 5c, lanes 2–5, and 5f). These findings suggest that, at

least under normal conditions in the absence of DNA damage, both sirtuins and other classes

of HDACs contribute to endogenous WRN deacetylation.

WRN acetylation regulates its enzymatic activities

The results above demonstrate increased levels of acetylated WRN in response to DNA

damaging agents as well as to inhibition of deacetylase activity. WRN acetylation also

appears to correlate with its relocation from the nucleolus to distinct nuclear foci after DNA

damaging treatments (Blander et al 2002; Karmakar and Bohr 2005). After HU treatment,

WRN is found in nuclear foci that contain replication protein A and correspond to sites of

ongoing or blocked replication (Constantinou et al 2000). Since WRN has been postulated to

help cells respond properly to replication blocking events (Machwe et al 2006; Machwe et al

2007; Machwe et al 2011; Sidorova 2008), its acetylation may be important for its

enzymatic function in such a pathway. Indeed, we have previously determined that WRN

acetylation alters both its helicase and exonuclease activities on simple partial duplex DNA

substrates (Li et al 2008). However, it is well-established that WRN prefers to act on special

DNA structures including replication and recombination intermediates (Brosh et al 2002;

Constantinou et al 2000; Brosh et al 2001; Mohaghegh et al 2001; Machwe et al 2002; Orren

et al 2002), and can combine its unwinding and annealing activities to regress model

replication forks (Machwe et al 2006). Therefore, we examined the activities of unmodified

and acetylated WRN in further depth not only on simple substrates but also on more

complex DNA structures. For these experiments, we used unmodified FLAG-WRN and

acetylated FLAG-WRN proteins purified from HEK293 cells transfected with a WRN

expression construct without and with, respectively, co-transfection of p300 or CBP

acetyltransferase (Li et al 2008; see Methods for details]. To facilitate comparison and

quantification of activities, all DNA substrates (3′ overhang, 2-stranded fork, 3-way junction

and 4-stranded replication fork) used in these experiments were constructed using a

common 32P-labeled oligomer (K70P3). These DNA substrates were then incubated, in

parallel, with equimolar amounts of unmodified or acetylated WRN, and their helicase, fork

regression, and exonuclease activities were compared. From our unwinding assays, it is clear

that unmodified WRN unwinds the 3′ overhang, 2-stranded fork and 3-way junction with

higher efficiency than acetylated WRN, with the magnitude of the difference more

pronounced on the 2-stranded fork and 3-way junction than on the 3′ overhang (Fig. 6a,

lanes 1–9, and 6b); the 3-way junction was unwound to generate several products, all of
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which were included in the quantitation. We further tested a series of 3-way junction

substrates with different sequences on the 3′-flap. Consistent with the results above,

acetylated WRN was less efficient than unmodified WRN in unwinding each of these

substrates (data not shown). In striking contrast, unmodified and acetylated WRN have

comparable fork regression activity on the 4-stranded replication fork substrate, as

evidenced by production of parental duplex (K70P3/70-lag) species (Fig. 6a, lanes 10–12,

and 6b). We also measured the exonuclease activities of unmodified and acetylated WRN on

the 3′ overhang, 2-stranded fork and 4-stranded replication fork. Similar to our unwinding

results, the exonuclease activity of unmodified WRN was stronger than that of acetylated

WRN on the 3′ overhang and 2-stranded fork (Fig. 7a, lanes 1–6, and 7b), while their

exonuclease activities were almost indistinguishable on the model replication fork (Fig. 7a,

lanes 7–9, and b). Somewhat surprisingly, the magnitude of the difference in exonuclease

activity between unmodified and acetylated WRN on the 2-stranded fork appears less

pronounced than observed for their unwinding activities on this substrate. Nevertheless, our

results indicate that acetylation of WRN reduces its unwinding and exonuclease activities on

some types of DNA substrates, but has little or no impact on its fork regression and

exonuclease activities on a 4-stranded replication fork.

The results above suggest that acetylation of WRN might influence not only its activity but

also perhaps its binding affinity for certain DNA structures. To examine this possibility, we

performed pull-down assays to compare the binding of unmodified and acetylated WRN to

specific DNA substrates. For our experimental approach, we incubated purified unmodified

or acetylated WRN (in equimolar amounts) in the presence of ATPγS with either our 2-

stranded fork or 4-stranded replication fork substrate (both constructed using a common

biotinylated strand and equimolar with respect to one another). These reactions were then

incubated separately with streptavidin-agarose beads and, after extensive washing, WRN

binding specifically to the biotin-tagged DNA substrate was assessed by Western blotting

(see Fig. 8a for a representative blot). Within each experiment, the data was normalized to

the band intensity of unmodified WRN bound to 2-stranded fork substrate. This analysis

(Fig. 8b) revealed that 1) acetylated WRN bound about half as well (mean ratio = 0.51 ±

0.13) as unmodified WRN to the 2-stranded fork, 2) both unmodified and acetylated WRN

bound to the four-stranded replication fork in much higher amounts (mean ratios of 4.80 and

5.86, respectively) than to the 2-stranded fork and most importantly, 3) acetylated WRN

reproducibly bound with equal or higher affinity (mean ratio = 1.23 ± 0.29) to the

replication fork than did unmodified WRN. Thus, acetylation of WRN does not negatively

impact its affinity for a 4-stranded replication fork as it does on a 2-stranded fork. Notably,

our DNA binding results are also consistent with the relative unwinding and fork regression

activities of unmodified and acetylated WRN presented above. Taken together, these results

indicate that acetylation of WRN alters its specificity for certain types of DNA structures

and perhaps plays a role in determining the physiological targets of WRN function.

DISCUSSION

Recent studies have shown that WRN is subject to post-translational modification, including

phosphorylation, acetylation, and sumoylation. In this study, we analyzed WRN acetylation

in further depth to clarify the relationship of this modification with WRN function in DNA
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metabolism. The results of our experiments indicate that endogenous WRN is acetylated to

some degree under normal conditions and that the levels of acetylated WRN significantly

increase after treatment with DNA damaging agents (MMS, MMC, and cisplatin) or the

replication inhibitor HU. Although these agents may impact other cellular components, we

confirmed that DNA damage induced by these agents is, at least in part, involved in

increasing the levels of acetylated WRN and that persistence of DNA lesions further

increases the levels of acetylated WRN. Our results also showed a correlation between the

timing of WRN acetylation and inhibition of DNA replication following MMS and HU

treatments. Notably, acetylation of WRN has differential effects on its DNA binding affinity

and enzymatic activities in a manner related to DNA structure.

We devised a strategy to examine acetylation of endogenous WRN protein, in contrast to

some previous reports (Blander et al 2002; Karmakar and Bohr, 2005; Li et al 2008) that

monitored modification of ectopically expressed WRN. In our experiments, independent

treatments of human fibroblasts with HU, MMS, MMC, and cisplatin did not influence the

total level of endogenous WRN protein but caused 2–4 fold increases in the levels of WRN

protein that was acetylated. Although other reports have noted that WRN stability and

abundance correlates to its acetylation status (Li et al 2010; Vaitiekunaite et al 2007; Kahyo

et al 2008), the lack of changes in total WRN levels in our experiments may be due to

shorter time frames for most of our experiments and/or our measurement of endogenous

WRN instead of ectopically expressed WRN. Treatment with UV-C irradiation (20 or 40

J/m2), however, had no significant effect on the levels of acetylated WRN. Importantly, our

results are in general agreement with the relative sensitivity of WS cells to killing by these

agents (Gebhart et al 1988; Ogburn et al 1997; Poot et al 1999; Poot et al 2001; Pichierri et

al 2001). Although MMS, MMC, and cisplatin clearly generate DNA lesions, it was possible

that treatment with these agents cause other effects on cells that triggered increases in levels

of acetylated WRN. By employing strategies to inhibit removal of the respective lesions, we

examined whether particular lesions and their persistence might be influencing WRN

acetylation. These experiments indicated that the presence and persistence of cisplatin

lesions and certain alkylated bases was partly if not wholly responsible for increasing the

intracellular levels of acetylated WRN. Specifically, loss of NER capacity prevents removal

of the vast majority of cisplatin-induced DNA lesions and increases the levels of acetylated

WRN compared to what is observed in NER-proficient cells. Similarly, the PARP inhibitor

olaparib inhibits BER and removal of 3-methyladenine and 7-methylguanine lesions

produced by MMS and also further increases levels of acetylated WRN following MMS

treatment. On the other hand, O6-methylguanine lesions produced by MMS seem unrelated

to WRN acetylation, as inhibition of their MGMT-mediated removal by O6-benzylguanine

had no effect on the levels of acetylated WRN. This lack of an effect might be explained by

1) relatively low levels of O6-methylguanine lesions generated by MMS and/or 2) the fact

that persistent O6-methylguanine lesions cause mainly misincorporation instead of blockage

during replication. In this regard, it is very interesting that all of the DNA damaging agents

that increase the levels of acetylated WRN in our studies produce lesions that block

replication; specifically, MMC interstrand crosslinks, cisplatin adducts and MMS-generated

3-methyladenine lesions block synthesis by replicative DNA polymerases (Jung and Lippard

2007; Liu et al 2003; Johnson et al 2007). Moreover, the levels of acetylated WRN are also
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increased after treatment with HU, which blocks replication by depleting nucleotide pools.

Collectively, this evidence suggests that levels of acetylated WRN may be increased in

response to blockage of replication by lesions or other circumstances. Consistent with this

concept, we also showed that, following MMS treatment, the onset and extent of the

increase in level of acetylated WRN corresponded with the initial inhibition of DNA

synthesis, as measured by BrdU incorporation. Importantly, DNA synthesis is not connected

mechanistically to this modification, as it does not resume once the levels of acetylated

WRN decrease. When considered in the context of other studies, our results suggest that

acetylation of WRN is one of the many responses that occur subsequent to inhibition of

replication fork movement.

Our results demonstrate, for the first time, that acetylation of endogenous WRN is detectable

even in the absence of DNA damaging treatments, even though the levels of acetylated

WRN are clearly lower in untreated cells than after treatment with HU, MMS, MMC or

cisplatin. Furthermore, inhibition of deacetylase activity using TSA and nicotinamide

dramatically increases the levels of acetylated WRN regardless of whether DNA damaging

agents are employed or not. This result suggests that acetylation of WRN is a dynamic

process controlled by the opposing actions of acetylases (p300/CBP) and deacetylases.

When deacetylase activity is prevented, levels of acetylated WRN rise substantially by 4 h

even in the absence of exogenous damage. Furthermore, our results indicate that both

sirtuins and other HDACs contribute to deacetylation of WRN, as treatment with

nicotinamide or TSA alone each resulted in increased levels of acetylated WRN. Although

several studies indicated involvement of sirtuins in deacetylation of WRN (Li et al 2010, Li

et al 2008; Vaitiekunaite et al 2007; Kahyo et al 2008), our observation regarding

involvement of other classes of HDACs in deacetylation of endogenous WRN is consistent

with the observed relocalization of WRN following TSA treatment from nucleoli to nuclear

foci, a phenomenon also linked to increased WRN acetylation (Blander et al 2002). Notably,

WRN appears to be acetylated on multiple lysine residues; ectopically expressed WRN is

acetylated by CBP and p300 acetylases at K366, K887, K1117, K1127, K1389, and K1413,

with K1117, K1389, and K1413 appearing to be the primary acetylation sites (Li et al 2010).

At this time, it is unclear how individual residues on WRN might be acetylated and

deacetylated in response to various conditions and the precise roles of specific acetylase and

deacetylase enzymes at distinct residues. Clarification of these roles will require

examination of site-specific WRN mutants lacking individual or multiple acetylation sites.

Nevertheless, the results presented here demonstrate roles for both sirtuins and other

HDACs in deacetylation of endogenous WRN, while our previous studies indicate a specific

role for SIRT1 deacetylase (Li et al 2010; Li et al 2008).

We also examined the functional consequences of WRN acetylation. Earlier studies showed

a correlation between WRN acetylation and its translocation from the nucleolus to discrete

nuclear foci following DNA damaging treatments (Blander et al 2002; Karmakar and Bohr

2005). These WRN-containing nuclear foci would also appear to correspond to sites of

blocked replication (Constantinou et al 2000), suggesting that WRN acetylation is related to

its recruitment to blocked replication forks. Consistent with this concept, WRN and other

RecQ helicases are often postulated to participate in proper resolution of stalled or blocked

replication forks; this is also supported by replication abnormalities and chromosomal
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instability associated with WRN deficiency (Gebhart et al 1988; Fukuchi et al 1989; Honma

et al 2002; Rodriguez-Lopez et al 2002; Takeuchi et al 1982; Poot et al 1992). Here, we

compared the DNA binding and enzymatic activities of unmodified and acetylated WRN on

several DNA structures, including a model replication fork. Intriguingly, our results show

that acetylation of WRN alters its DNA binding affinity and enzymatic activities in a DNA

structure-dependent manner. Compared to unmodified WRN, acetylated WRN had lower

unwinding activity on 2-stranded forks, 3-way junction and partial duplex substrates and

lower exonuclease activity on 2-stranded forks and partial duplexes. These actions on partial

duplex substrates are in agreement with our initial comparisons of unmodified and

acetylated WRN (Li et al 2008). However, the exonuclease and fork regression activities of

unmodified and acetylated WRN on model replication forks are essentially identical.

Consistent with these results, the binding affinity of acetylated WRN for a four-stranded

replication fork structure was at least as high as that of unmodified WRN, but much lower

than unmodified WRN on a two-stranded fork structure. Taken together, our findings

suggest that acetylation of WRN modifies its DNA binding specificity that, in turn, impacts

its enzymatic activities in a DNA structure-dependent manner. Interestingly, acetylated

WRN retains robust activity on four-stranded replication forks that represent a likely

physiologically relevant target. It could be speculated that acetylation of WRN at certain

positively charged lysine residues lessens the electrostatic interaction with negatively

charged phosphodiester DNA backbone and reduces its association with non-physiological

DNA target structures, thus enhancing its relative specificity for its site of action. This

concept might also be consistent with the correlation between acetylation of WRN and its

relocation from the nucleoli to sites of replication blockage. It should be noted that our

results on the effects of WRN acetylation on its helicase and exonuclease activities are

somewhat different than those of another group that found acetylation of WRN increases its

helicase and exonuclease activity on a forked duplex substrate (Muftoglu et al 2008). We

attribute these differences to the distinct experimental systems used for these studies. Our

experiments (Li et al 2008; this study) used WRN protein that had been expressed and

acetylated within a mammalian cell system, then directly purified and used in subsequent

activity assays. In contrast, the other group added pure unmodified WRN, p300

acetyltransferase, acetyl CoA, and DNA substrate in individual reactions to simultaneously

acetylate WRN in vitro and determine its effects on WRN’s DNA metabolic activities

(Muftoglu et al 2008). It seems likely that these systems might yield versions of acetylated

WRN that are markedly different with regard to the extent and specificity of lysine

modifications that might take place, thus possibly explaining the differences in results.

Our aim in this study was to specifically determine what intracellular conditions might

influence WRN acetylation and how this modification might affect its DNA metabolic

function. Nevertheless, it is relevant to consider how our findings might be linked to

genomic instability and premature aging phenotypes observed in WS as well as normal

aging processes. Substantial evidence indicates that WRN plays a role in the proper response

to replication blockage, and results presented here suggest that acetylation of WRN is

associated with and possibly required for this response. It is certainly possible that altered

acetylation (or deacetylation) of WRN will disrupt its role in this pathway with deleterious

downstream consequences, such as increased genomic change. In the total absence of WRN,
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replication blocking events likely lead to collapse of replication forks, double-strand break

formation and initiation of homologous recombination repair processes, consistent with

increased appearance of γ-H2AX and RAD51 foci in WRN-deficient cells (Pichierri et al

2001; Franchitto et al 2008). Relevant to age-related phenotypes, double-strand breaks

resulting from altered WRN function (or other circumstances) can have two distinct

outcomes. First, in cells retaining p53 function, double-strand breaks can trigger p53

activation that can lead to cellular senescence or apoptosis. As has been suggested by others

(Campisi 2003; Chandler and Peters 2013), increased cellular senescence or cell death in

specific tissues over time may lead to tissue dysfunction and development of aging

phenotypes. Second, in cells with normal or altered p53 function, misrepair of double-strand

breaks causes chromosome instability that can drive tumorigenesis. While these molecular

and cellular events probably occur frequently in WRN-deficient cells and lead to accelerated

aging and increased cancer, it is possible that parallel events occur occasionally even in wild

type cells and contribute to normal aging. We should point out that our experiments were

performed in transformed cells with altered p53 function. In this respect, it is expected that

p53 status would impact long-term cellular responses (senescence, apoptosis) to DNA

damaging treatments used here, and we cannot rule out the possibility that it might influence

some short term responses including the dynamics of WRN acetylation. These issues need to

be addressed by further investigation.

In summary, our studies have demonstrated that the amount of endogenous WRN protein

that is acetylated increases significantly in response to treatment of cells with certain

genotoxic agents. This increase in WRN acetylation appears to be a consequence of

induction and persistence of DNA damage, possibly relating to the ability of certain lesions

to inhibit ongoing DNA replication. In agreement, the replication inhibitor HU also

significantly increases the levels of acetylated WRN. At the enzymatic level, acetylation of

WRN modulates its DNA binding, helicase and exonuclease activities, apparently favoring

its relative specificity for four-stranded replication fork structures compared to simpler DNA

substrates. We speculate that acetylation of WRN facilitates a rapid response to replication

stress, perhaps even modulating WRN function in remodeling its physiologically relevant

DNA substrate.

METHODS

Culture medium and reagents

The SV40-transformed human fibroblast cell lines, 1-O and 8-D, used in our experiments

were obtained from J. Christopher States, University of Louisville, and as described

previously (States et al 1993). Methylmethanesulfonate (MMS),

phenylmethylsulfonylfluoride (PMSF), TSA, nicotinamide, HU, MMC, cisplatin, O6-

benzylguanine and protease inhibitor cocktail were purchased from Sigma-Aldrich. Olaparib

was purchased from ChemieTek. Cell culture media and reagents were purchased from

Invitrogen. Cells were grown in MEM-α medium plus Glutamax also supplemented with

10% FBS, 1% HEPES, and 1% penicillin-streptomycin at 37°C in a humidified atmosphere

containing 5% CO2. For DNA damaging treatments, cells were incubated in growth medium

containing 1 mM MMS for 4 h, 2 mM HU for 16 h (or 10 h when indicated), 7 μM MMC
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for 16 h or 25 μM cisplatin for 19 h before harvesting. For inhibition of deacetylases, cells

were incubated in growth medium containing 1 μM TSA and/or 5 mM nicotinamide for 4 h

or 10 h (as indicated in figure legends) in the presence or absence of MMS or HU,

respectively. For inhibition of MGMT, cells were pre-incubated in growth medium

containing 40 μM O6-benzylguanine for 4 h followed by incubation without or with 1 mM

MMS for an additional 4 h. For inhibition of PARP, cells were treated with 5 nM olaparib

for 38 h followed by incubation without or with 1 mM MMS for an additional 4 h.

Expression and purification of unmodified and acetylated WRN

FLAG-tagged WRN and FLAG-tagged acetylated WRN were overexpressed in HEK293

cells using a transient transfection assay described previously (Li et al 2008). To obtain

unmodified FLAG-WRN, HEK293 cells were transfected with vector specifying production

of FLAG-WRN. To obtain acetylated WRN, cells were co-transfected with individual

vectors specifying production of FLAG-WRN and CMV-p300 or CMV-CBP; p300 and

CBP are two acetyltransferases that acetylate WRN in vivo (Blander et al 2002). To

maximally recover acetylated WRN, cells were treated with TSA and nicotinamide to inhibit

cellular deacetylase activity 6 h before harvest. Cells were harvested 36 h after transfection

and lysed in FLAG-lysis buffer (50 mM Tris-HCl pH 7.8, 137 mM NaCl, 1 mM NaF, 1 mM

NaVO3, 1% Triton X-100, 0.2% Sarkosyl, 1 mM DTT, 10% glycerol) containing fresh

protease inhibitor cocktail, PMSF, 10 μM TSA and 5 mM nicotinamide. After anti-FLAG

M2 immunoprecipitation, immobilized FLAG-WRN proteins were released using FLAG

peptide (Sigma) and purified unmodified or acetylated FLAG-WRN was collected. To

determine relative protein concentration and confirm WRN acetylation, the eluted protein

preparations were resolved by 8% SDS-PAGE gels and analyzed by Western blotting using

anti-WRN antibody (Santa Cruz Biotechnology) and anti-acetylated lysine antibody (Cell

Signaling), respectively.

Immunoprecipitation and detection of WRN acetylation

Immunoprecipitation experiments were performed similarly to those described previously

(Machwe et al 2011), except the bulk of acetylated proteins were isolated from cell lysates

using antibodies specific for acetylated lysine residues. Briefly, cells were lysed by

sonication in RIPA buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1% NP-40, 0.25%

sodium deoxycholate, and 1 mM EDTA) supplemented with protease inhibitor cocktail, 1

mM PMSF and 10 units/ml of DNase I (New England Biolabs). After centrifugation at

21,000 × g for 12 min at 4°C, the clarified lysates were isolated and their protein

concentrations measured. Aliquots of the clarified lysates (600 ng of protein each) were then

pre-cleared with equilibrated Protein G Plus/Protein A agarose beads (Calbiochem) and 1 ug

of normal mouse IgG (Santa Cruz) for 1 h at 4°C, then incubated with anti-acetylated lysine

antibody (Cell Signaling) and 30 μl of equilibrated Protein G Plus/Protein A bead

suspension for 18 h at 4°C. After collection by centrifugation and removal of supernatant,

the beads were then washed three times with RIPA buffer supplemented with protease

cocktail inhibitors, 1 mM PMSF and 200 ug/ml ethidium bromide. After removal of the final

wash, equal portions of RIPA and 2X SDS sample buffer (4% SDS, 20% glycerol, 0.05%

bromophenol blue, and 2 M 2-mercaptoethanol) were added to the beads and

immunoprecipitated proteins were released by heating at 95°C for 5 min. Equal volumes of
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each sample were resolved by SDS-PAGE (8%). For the loading control, 30–50 ng of each

clarified lysate (as specified in figure legends) was also resolved by SDS-PAGE (8%).

Proteins were transferred to PVDF membranes (Bio-Rad) by electroblotting. Membranes

were blocked with 5% nonfat dry milk in TBST buffer (20 mM Tris, pH 7.4, 140 mM NaCl

and 0.1% Tween-20) and analyzed by Western blotting using mouse monoclonal anti-WRN

(Abcam) antibody for 18 h at 4°C followed by incubation with peroxidase-labeled secondary

anti-mouse (GE Healthcare) for 1 h at 25°C and chemiluminescent development using an

ECL Plus (GE Healthcare) or ECL 2 (Pierce/Thermo-Sceintific) kit. Membranes were

subject to autoradiography and scanned using a STORM 860 imaging system; quantitation

was accomplished using ImageQuant software.

BrdU incorporation Assay

BrdU incorporation was measured using the BrdU cell proliferation assay kit (Exalpha

Biologicals) according to the manufacturer’s instructions; this methodology has been

described in detail previously (Hawker 2003). Briefly, 1.5 × 105 1-O cells/ml suspensions

were prepared using culture media and 100 ul was added to each well of a 96-well plate,

which was then placed in an incubator for 8 h. Then, cells were incubated with 2 mM HU

for 16 h or 1 mM MMS for the indicated times. BrdU was added 1 h prior to the end of the

treatment intervals. Media was aspirated from the wells and cells were fixed at 25°C for 30

min. After washing, an anti-BrdU monoclonal detector antibody was added and cells were

incubated for 1 h at 25°C, washed again, and incubated for 30 min at 25°C with peroxidase

goat anti-mouse IgG conjugate. After washing, peroxidase substrate (3,3′, 5,5″-

tetramethylbenzidine) was added and cells were incubated for 30 min at 25°C in the dark.

Stop solution was added to each well and absorbance was measured at 450 nm using a

microtiter plate reader (Molecular Devices SpectraMax Plus 384).

DNA substrate construction

Oligonucleotides were purchased from Integrated DNA Technologies and their sequences

are given in Supplemental Table 1. To track WRN helicase or exonuclease activity, each

substrate contained a 5′ radiolabeled strand (K70), generated using [γ-32P] ATP and T4

polynucleotide kinase, 3′ phosphatase-free (Roche Molecular Biologicals) according to

standard end-labeling protocols, as described (Sambrook et al 1989). With the exception of

the four-stranded replication fork, other multi-stranded DNA substrates were generated by

annealing radiolabeled strands with a two-fold excess of one or more unlabeled

complementary strands. Specifically, 3′ overhang substrates were constructed with labeled

K70 and 21-lead, two-stranded fork substrate with K70 and K70leftfork, and 3-way junction

substrate with K70, K70leftfork and K70rightfork. Replication fork substrates were

constructed by a two-step annealing process described previously (Machwe et al 2006). To

initially form parental daughter partial duplexes, labeled parental strand (K70) was heated to

90°C and slow-cooled with excess complementary unlabeled daughter strand (21-lead)

while the other unlabeled parental strand (70-lag) was treated similarly in individual

reactions with excess of its complementary daughter strand (32-lag). The resulting lagging

and leading parental-daughter partial duplexes were then mixed together at 25°C for 18 h.

After separation by native PAGE, all substrates were excised, extracted into TEN buffer (10

mM Tris, pH 8.0, 1 mM EDTA and 10 mM NaCl), and stored at 4°C prior to use. For DNA
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binding assays, 2-stranded fork and replication fork substrates were similarly constructed

and isolated, except using biotin-tagged K70 oligomer to mediate binding to streptavidin-

agarose beads.

Helicase and Fork Regression Assays

Helicase and fork regression assays were performed similarly to those described previously

by our group (Machwe et al 2006), with minor modifications. To measure enzyme-catalyzed

unwinding or regression, DNA substrates (partial duplex 3′ overhang, 2-stranded fork, 3-

way junction, or 4-stranded replication fork) were incubated without or with unmodified and

acetylated FLAG-WRN protein (as specified in Fig. 6) in WRN reaction buffer (40 mM

Tris-HCl, pH 8.0, 4 mM MgCl2, 0.1% Nonidet P-40, 0.1 mg/ml bovine serum albumin

(BSA), and 5 mM dithiothreitol) plus 1 mM ATP at 37°C for 1 h. Reactions were

subsequently incubated with Proteinase K (1 mg/ml), SDS (0.2%) and EDTA (5 mM) for

30–60 min at 37°C and then stopped by addition of one-sixth volume of loading dyes (30%

glycerol, 0.25% bromphenol blue, 0.25% xylene cyanol, and 50 mM EDTA). Samples were

separated by native (8%) PAGE run in 1X Tris-borate-EDTA (1XTBE) at 100 V for 3 h at

25°C. The gel was vacuum-dried at 80°C for 1 h, and radioactive DNA was visualized by

phosphorimaging using a STORM 860. Percent unwinding or regression was quantified by

dividing the amounts of the unwound or regression products with total radioactive signal in

each respective reaction.

Exonuclease Assays

Exonuclease assays were performed similarly to previous reports (Machwe et al 2002;

Machwe et al 2007). Briefly, reactions (10 μl) containing (as specified in Fig. 7) the

substrate of interest (3′ overhang, 2-stranded fork, or 4-stranded replication fork) and

FLAG-WRN protein (unmodified or acetylated) in WRN reaction buffer were preincubated

on ice for 5 min, and then transferred to 37°C for 5 min. Reactions were stopped by addition

of formamide loading buffer (95% formamide, 20 mM EDTA, 0.1% bromphenol blue, and

0.1% xylene cyanol) and heated at 90°C. DNA products were separated by denaturing (14%)

PAGE in 1XTBE. After gel drying, digestion of the labeled strand by the 3′ to 5′

exonuclease activity of WRN proteins was visualized by phosphorimaging as above and

quantified with respect to the amount of undigested substrate remaining.

DNA Binding Assays

Biotin-tagged 2-stranded fork and replication fork DNA substrates (2 pmol each) were

incubated with unmodified or acetylated FLAG-WRN proteins in WRN reaction buffer plus

1 mM ATPγS and 50 mM NaCl at 4°C for 30 min. Reactions were subsequently incubated

with constant mixing with 20 ul of pre-equilibrated Streptavidin-Agarose beads (Sigma) for

30 min at 25°C. After collection by centrifugation and removal of supernatant, the beads

were then washed two times with WRN reaction buffer at 25°C for 1 min. After removal of

the final wash, equal portions of WRN reaction buffer and 2X SDS sample buffer were

added to the beads and bound proteins were released by heating at 95°C for 5 min. Equal

volumes of each sample, along with protein only controls were resolved by SDS-PAGE

(8%). Proteins were transferred to PVDF membranes (Bio-Rad) by electroblotting.

Membranes were blocked with 5% nonfat dry milk in TBST buffer (20 mM Tris, pH 7.4,
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140 mM NaCl and 0.1% Tween-20) and analyzed by Western blotting with mouse

monoclonal anti-WRN (Abcam) antibody for 18 h at 4°C followed by incubation with

peroxidase-labeled secondary anti-mouse (GE Healthcare) for 1 h at 25°C. Signal was

visualized by chemiluminescent analysis using an ECL 2 kit and quantified using a

fluorimager (Storm 860) and ImageQuant software. For individual binding reactions, signal

intensities associated with bound WRN were normalized to the intensity achieved with

unmodified WRN bound to 2-stranded fork substrate; these normalized values were used to

calculate means and standard deviations from 5 independent experiments.

Statistical Analysis

Comparative differences in the levels of acetylated WRN between treatment regimens were

analyzed using one-way ANOVA followed by Newman Keuls post-test (GraphPad

Prism-4). WRN acetylation was considered differentially increased between control and the

different drug treatments if a significant physiologic state effect was observed at p < 0.05.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. WRN is acetylated in response to DNA damaging agents/replication inhibitors
a) 8-D cells were incubated with or without 1 mM MMS for 4 h, 2 mM HU for 16 h, 7 uM

MMC for 16 h or 25 uM cisplatin (Pt) for 19 h prior to harvesting Clarified cell lysates were

processed for immunoprecipitation (IP) with anti-acetylated lysine antibody. IP products

were subjected to SDS-PAGE and Western blotting with anti-WRN antibody (upper panel).

In parallel, 50 ug of each cell lysate were subjected to SDS-PAGE and Western blotting

with anti-WRN antibody (lower panel). b) Bar graph for WRN acetylation from experiments

performed as in A (mean ± SEM of 3 independent experiments; * = p < 0.05 when compared

with untreated cells). C) Cells were irradiated (20 J/m2 or 40 J/m2 UV-C) or treated with 1

mM MMS for 4 h before harvest for IP as in A; (upper panel) IP products and (lower panel)

cell lysates (40 ug each). D) Bar graph for WRN acetylation from experiments performed as

in C (mean ± SEM of 4 independent experiments; * = p < 0.05 when compared with

untreated cells). Lanes 1 in A and C are purified acetylated WRN (upper panel) or

unmodified WRN (lower panel) used as markers (MKR)
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Fig. 2. Correlation between DNA damage and WRN acetylation
a) 8-D cells were incubated with or without 40 μM O6-benzylguanine (O6-BG) for 4 h

followed by incubation with 1 mM MMS for an additional 4 h. For treatment with O6-BG

alone, cells were treated with 40 μM O6-BG for 8 h. After harvesting and processing, cell

lysates were subjected to IP with anti-acetylated lysine antibody and analysis of IP products

with anti-WRN antibody (upper panel). In parallel, cell lysates (40 ug each) were analyzed

by Western blotting with anti-WRN antibody (lower panel). b) Bar graph for WRN

acetylation from experiments performed as in A (mean ± SEM of 3 independent

experiments; * = p < 0.05 when compared with untreated cells). c) 8-D cells were incubated

in growth medium with or without 5 nM olaparib for 38 h followed by incubation with 1

mM MMS for an additional 4 h. For treatment with olaparib alone, cells were treated with 5

nM olaparib for 42 h. Cell lysates from each treatment were analyzed by IP as in A, showing

(upper panel) IP products and (lower panel) cell lysates (60 ug each). d) Bar graph for WRN

acetylation for experiments performed as in C (mean ± SEM for two independent

experiments; * = p < 0.05 when compared with control and # = p < 0.05 when compared

with cells treated with MMS alone). Lanes 1 in A and C are purified acetylated WRN (upper

panel) or unmodified WRN (lower panel) used as markers (MKR)
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Fig. 3. WRN acetylation is amplified as a result of persistent DNA lesions subject to NER
a) 8-D (NER-proficient) and 1-O (NER-deficient) cells were incubated with or without 25

uM cisplatin for 19 h before harvest for IP with anti-acetylated lysine antibody. IP products

(upper panel) and cell lysates (60 ug each, lower panel) were subjected to Western blotting

with anti-WRN antibody. Lane 1 is purified acetylated WRN (upper panel) or unmodified

WRN (lower panel) used as markers (MKR). b) Bar graph for WRN acetylation from

experiments performed as in A (mean ± SEM. of 4 independent experiments; * = p < 0.05

when compared with untreated cells, and # = p < 0.05 when compared with cisplatin-treated,

NER-proficient cells)
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Fig. 4. Kinetics of WRN acetylation
a) 8-D cells were untreated, incubated with 1 mM MMS for 1, 2 or 4 h, or incubated with

MMS for 4 h then released into fresh medium for an additional 2 or 4 h (recovery). For each

treatment, cells were harvested and lysates processed for IP with anti-acetylated lysine

antibody. The IP products (upper panel) and cell lysates (45 ug each, lower panel) were

subjected to Western blotting with anti-WRN antibody. b) Bar graph for WRN acetylation

from experiment performed in A, along with table showing, at corresponding time points

after MMS treatment, percentages of BrdU incorporation with respect to untreated control

(N.D. = not detectable above background)
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Fig. 5. Role of sirtuins and other HDACs in regulation of WRN acetylation
a) 8-D cells were incubated with or without 1 mM MMS, 5 mM nicotinamide (Nico), and/or

10 uM TSA for 4 h before harvest for IP with anti-acetylated lysine antibody. IP products

(upper panel) and cell lysates (50 ug each, lower panel) were subjected to Western blotting

with anti-WRN antibody. c) 8-D cells were incubated with or without 2 mM HU, 5 mM

Nico, and/or 10 uM TSA for 10 h before harvest for IP using anti-acetylated lysine antibody.

IP products (upper panel) and cell lysates (lower panel, 30 ug each) were analyzed by

Western blotting with anti-WRN antibody. e) 8-D cells were incubated with 5 mM Nico

and/or 10 uM TSA for 4 h. Cell lysates were processed for IP (upper panel) and direct

analysis (lower panel) as described in A. b, d, f) Bar graphs for WRN acetylation for

experiments performed in A, C, and E, respectively (mean ± SEM of 3 independent

experiments; * = p < 0.05 when compared with untreated cells, and # = p < 0.05 when

compared with MMS (in B) or HU (in D) alone
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Fig. 6. Acetylation differentially regulates WRN helicase and fork regression activity
a) Radiolabeled 3′ overhang, 2-stranded fork, 3-way junction, and 4-stranded replication

fork substrates (0.1 fmol each) were incubated at 37°C for 1 h in WRN-reaction buffer

containing equimolar amounts of unmodified or acetylated WRN and analyzed by native

PAGE as described in Methods. b) For experiments performed as in A, percent of

unwinding/regression was calculated and presented in bar graph form (mean and SEM from

4 independent experiments)
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Fig. 7. Acetylation regulates the specificity of WRN exonuclease activity
a) Radiolabeled 3′overhang, 2-stranded fork, and 4-stranded replication fork substrates were

incubated at 37°C for 5 min in WRN-reaction buffer containing equimolar amounts of

unmodified or acetylated WRN and analyzed by denaturing PAGE as described in Methods.

b) For experiments performed as in A, relative exonuclease activity was calculated (mean

and SEM for 3 independent experiments) based on the percentage of initial substrate

digested
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Fig. 8. Binding of unmodified and acetylated WRN to 2-stranded fork and 4-stranded replication
fork substrates
a) As described in Methods, individual reactions containing equimolar amounts of

unmodified (lanes 1–3) or acetylated (lanes 4–6) FLAG-tagged WRN were incubated

without or with biotin-tagged 2-stranded fork or 4-stranded replication fork substrate (2

pmol) as indicated and added to streptavidin-agarose beads to bind biotin-tagged DNA.

After washing away unbound WRN, bound proteins were released, separated by SDS-

PAGE, detected by Western blotting using anti-WRN antibody, and visualized using

chemiluminescence. b) For experiments performed as in A, signal intensity for amounts of

bound WRN in DNA-containing samples was quantified and normalized to signal intensity

for unmodified WRN bound to the 2-stranded fork. Data are mean and standard deviation

from 5 independent experiments
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