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SUMMARY

c-Myc oncogenic activity is thought to be mediated
in part by its ability to generate DNA replication
stress and subsequent genomic instability when
deregulated. Previous studies have demonstrated a
nontranscriptional role for c-Myc in regulating DNA
replication. Here, we analyze the mechanisms by
which c-Myc deregulation generates DNA replication
stress. We find that overexpression of c-Myc alters
the spatiotemporal program of replication initiation
by increasing the density of early-replicating origins.
We further show that c-Myc deregulation results
in elevated replication-fork stalling or collapse and
subsequent DNA damage. Notably, these pheno-
types are independent of RNA transcription. Finally,
we demonstrate that overexpression of Cdc45 reca-
pitulates all c-Myc-induced replication and damage
phenotypes and that Cdc45 and GINS function
downstream of Myc.
INTRODUCTION

DNA replication involves the stepwise assembly of the prerepli-

cative complex on chromatin (Machida et al., 2005; Méchali,

2010; Remus and Diffley, 2009). The origin recognition complex

(ORC) is recruited first, followed by the Cdc6- and Cdt1-depen-

dent loading of the mini chromosome maintenance (MCM)2–7

helicase. MCMs are present on DNA in excess, as inactive

double hexamers (Blow et al., 2011; Evrin et al., 2009; Remus

and Diffley, 2009). Replication initiation occurs upon the action

of S phase CDKs and CDC7, which promote Cdc45 and GINS

binding to and subsequent activation of the MCMs (Costa

et al., 2011; Remus and Diffley, 2009). DNA is then unwound

by the Cdc45-MCM2-7-GINS (CMG) complex (Fu et al., 2011;

Gambus et al., 2006; Ilves et al., 2010; Pacek et al., 2006), which

also facilitates the loading of DNA polymerase-a to initiate DNA

synthesis (Heller et al., 2011; Labib, 2010; Mimura and Takisawa,

1998).

The mechanisms that determine the exact sites of replication

initiation are not well understood in metazoans. Genome-wide

and fine-mapping studies suggest that chromatin context,
C

transcriptional interference, epigenetic regulation, and specific

sequence bias play a role in positioning origins (Gilbert, 2010;

Méchali, 2010). More replication origins are assembled than

those actually used; these additional, dormant origins are criti-

cal to prevent genomic instability at times of replication fork

failure and ensure the timely completion of DNA replication

(Anglana et al., 2003; Ge et al., 2007; Lucas and Hyrien, 2000;

Woodward et al., 2006). In addition, proper availability of dor-

mant origins appears to protect against tumorigenesis (Kawa-

bata et al., 2011).

The c-Myc proto-oncogene (Myc) is an essential regulator of

cell growth, and its expression is frequently altered in cancer

(Dang et al., 2006; Grandori et al., 2000). Myc regulates tran-

scription of several genes that control key cellular functions

including cell growth and cell-cycle progression (Fernandez

et al., 2003; Patel et al., 2004). When deregulated, Myc pro-

motes oncogenesis, as demonstrated in different cell types

and in transgenic mice (Adams et al., 1985; Kovalchuk et al.,

2000). However, the mechanism of Myc-induced oncogenesis

remains unclear. Myc may contribute to tumorigenesis by over-

stimulating cell growth and metabolism, and/or by causing

genomic instability (Classon et al., 1987; Pelengaris et al.,

2002). The latter effect has been attributed in part to the role

of Myc in regulating DNA replication (Cole and Cowling, 2008;

Dominguez-Sola et al., 2007; Sankar et al., 2009). Replication

of DNA in the absence of Myc is impaired, whereas Myc overex-

pression triggers signs of origin hyperactivation. Deregulated

Myc also activates a DNA damage response (Dominguez-Sola

et al., 2007); however, the aberrant DNA structure that is

responsible has not been identified.

Here, we used DNA combing to investigate the conse-

quences of Myc overexpression on the spatiotemporal program

of DNA replication, and on the stability of replication forks in

Xenopus-cell-free extracts and mammalian cells. We show

that Myc initiates premature origin firing, increases origin

density, and leads to asymmetrical fork progression and DNA

damage. We further demonstrate that Cdc45 overexpression

phenocopies all Myc-dependent phenotypes and that the

Myc-induced replication alterations are manifested only when

Cdc45 or GINS are available, indicating that Myc functions

upstream of the CMG complex in a pathway that leads to

activation of replication origins. Finally, we provide insight into

the mechanism by which Myc facilitates initiation of DNA

replication.
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Figure 1. Myc Triggers Premature Activation of Replication Origins

(A) Schematic representation of the experiments.

(B) Types of DNA fibers scored in (C). Since digoxygenin-dUTP is not removed

prior to addition of biotin-dUTP, DNA incorporating green and red nucleotides

results in orange tracks. Scale bar is 10 kb.

(C) Percentage of fibers that replicate early (green, before 60 min) or late (red,

after 60 min) in control, Myc-, and mutant-Myc-supplemented extracts.

Number of DNA molecules analyzed: NBuffer = 120; NMyc = 106.

Error bars represent SD of the mean. See also Figure S1.
RESULTS

Myc Influences the Spatiotemporal Pattern of Origin
Activity
Myc positively regulates DNA replication (Herold et al., 2009; Pe-

lengaris et al., 2002), and our previous studies helped identify the

nontranscriptional role of Myc in replication. Myc directly binds

to DNA and appears to influence the activity of replication origins

(Dominguez-Sola et al., 2007). To get insights into the mecha-

nism ofMyc-induced replication, we usedmolecular DNA comb-

ing (Marheineke et al., 2009) and cell-free extracts derived from

Xenopus eggs to monitor origin activity under normal or Myc-

overexpressing conditions. The Xenopus system recapitulates

semiconservative, chromosomal DNA replication but does not

support RNA transcription (Srinivasan and Gautier, 2011).

The experimental strategy is depicted in Figure 1A. Replicating

chromosomal DNA is sequentially labeled with two nucleotide

analogs that can be differentially detected with specific anti-

bodies. Addition of the nucleotide analogs at different times in

the experiment allowed us to differentiate between stretches of

early- (before 60 min) and late- (after 60 min) replicating DNA

(Figure 1B), monitor fork movement, fork symmetry, and interor-

igin distance.

First, we monitored the impact of adding recombinant Myc

protein on the timing of origin firing. To this end, we quantified
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DNA fibers in which replication was initiated and completed

within 1 hr (green only) and fibers in which replication was initi-

ated after 1 hr and progressed until termination of the reaction

at 2 hr (red only). The average length of DNA molecules was

calculated using YO-YO-iodide staining, which stains both repli-

cated and unreplicated DNA. We observed that DNA supple-

mented with either buffer (73.42 kb) or recombinant Myc (74.89

kb) did not significantly differ in length (p = 0.2407; Figure S1A).

However, the distribution of replicated DNA (Figure S1B) showed

that DNA replicated upon Myc overexpression was shorter than

controls (83.18 kb for buffer versus 69.34 kb for Myc).

The addition of full-length Myc protein (75 nM) resulted in 25%

of DNA fully replicating before 1 hr when compared to the 5% of

early replicated fibers in the buffer control (Figure 1C). In

contrast, addition of recombinant Myc protein with a C-terminal

truncation removing the bHLH domain and thus abrogating DNA

binding (amino acid residues 337–420; Mut Myc) had no signifi-

cant impact on the timing of origin firing (Figure 1C). Myc there-

fore triggers early origin firing consistent with our previous data

showing an early burst in radiolabeled nucleotide incorporation

in Myc-supplemented extracts (Dominguez-Sola et al., 2007).

To evaluate the impact of Myc on the spatial distribution, i.e.,

density of origins, we next measured the distance between

consecutive origins of replication. Origins that fire within the

initial 60 min and continue to elongate past 60 min yield green

tracks (digoxigenin-dUTP) flanked by orange tracks (digoxige-

nin-dUTP + biotin-dUTP). In DNA molecules where multiple ori-

gins fire, the fibers showed alternate stretches of green and

red. The midpoint of each green track was scored as a replica-

tion origin. The distance from one origin to another is the ‘‘inter-

origin distance’’ (Figure 2A) measured in kilobases. We scored

DNA fibers that contain two origins or more, which represented

about 60% of the total DNA molecules. Comparison of DNA

from buffer and Myc-supplemented extracts shows that origins

are more closely spaced following addition of Myc and thereby

caused a shift in the distribution of interorigin distances (Fig-

ure 2B). The mean distance between origins was 29.83 kb

(SD = 4.2 kb) in control and 19.2 kb (SD = 2.3 kb) uponMyc over-

expression (Figure 2B). The number of origins per DNA fiber was

also greater upon Myc overexpression (Figure 2C) despite the

fact that the average length of replicated DNA was slightly

shorter in Myc-treated extracts than in control (Figure S1B).

Next, we investigated the effect of Myc overexpression on

DNA replication in mammalian cells. We used B cells from

mice expressing a Myc transgene (l-Myc mice), a mouse

model in which Myc deregulation promotes the development

of immature B cell neoplasias (Kovalchuk et al., 2000). B cells

were isolated from splenic mononuclear cell suspensions, stim-

ulated to proliferate in vitro, and sequentially labeled with nucle-

otide analogs (5-chloro-2-deoxyuridine- green followed by

5-iodo-2-deoxyuridine- red). Interorigin distance was measured

following the isolation and staining of combed DNA molecules.

The DNA of B cells isolated from transgenic l-Myc mice had

shorter interorigin distances than their controls (15.04 kb versus

22.07 kb) (Figure 2D). Thus, constitutive overexpression of

Myc in murine B cells resulted in a significant decrease in inter-

origin distance, as did the addition of recombinant Myc protein

to Xenopus extracts.
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Figure 2. Myc Overexpression Decreases Interorigin Distance in Xenopus Extracts and Mammalian Cells

(A) Representative images of DNA molecules scored in (B) and (C). White arrows indicate the putative position of replication origins. Scale bar is 10 kb.

(B) The interorigin distance is plotted against the percentage of DNA molecules in buffer and Myc-supplemented extracts. Number of origins analyzed:

NBuffer = 117 NMyc = 118.

(C) Number of origins was plotted against DNA length (kb). The numbers on/beside the circle represent the number of DNA fibers with a given number of origins.

(D) B cells isolated fromwild-type or l-Mycmice were sequentially labeled with CldU and IdU. The combed DNA from cells was stained for early- (green) and late-

(red) replicating tracts, and interorigin distances were plotted as described in (B).

Error bars represent SD of the mean. See also Figure S1.
Myc Causes Aberrant Fork Progression
Myc overexpression triggers a robust DNA damage response

(Dominguez-Sola et al., 2007; Karlsson et al., 2003). The aberrant

DNA structure that elicits this response is not known.We hypoth-

esized that stalled or collapsed replication forks could be the

structures responsible for Myc-dependent DNA damage and

therefore sought to assess the impact of Myc on fork progres-

sion. Following origin firing, replication elongation typically pro-

ceeds symmetrically on either side of the origin. To assess fork

symmetry, we scored DNA molecules that were at least 40 kb

in length and contained a single origin that fired before 60 min

(green), flanked by tracks indicating fork progression (red) on

one or both sides (Figure 3A). The DNA molecules with a single

origin represented about 10%–15% of the total population of

DNA fibers analyzed. To quantify the symmetry of fork progres-

sion, the extent of biotin-dUTP incorporation to the right and left

of the origin was measured (length of red tracks that flank the

origin, l: left, r: right) and the ratio between them (fork progression

ratio [FPR]) was computed (Figure 3A). Perfectly symmetric forks
C

have an FPR of 1, whereas unidirectional forks (with a single red

track) have an FPR of 0. In the absence of exogenous Myc, 50%

of forks were largely symmetrical, with an FPR value between

0.75 and 1.0. In contrast, the addition of Myc resulted in 50%

of forks being highly asymmetrical with FPR values between

0 and 0.25 (Figure 3B). Notably, Myc addition did not yield

many forks with partial asymmetry (FPR values between 0.25

and 0.75). This observation suggests that Myc overexpression

does not slow down fork progression but rather triggers fork-

stalling events that occur in close proximity to the origin.

We also analyzed the number of ‘‘acutely’’ asymmetric forks

(unidirectional fork progression) and observed that Myc-supple-

mented extracts had a significantly higher percentage of

completely asymmetric forks (Figure 3C). These DNAmolecules,

in which replication did not progress bidirectionally following

addition of biotin-dUTP, could result from DNA breakage or

fork stalling or correspond to DNA molecules with an origin

positioned close to the end of the DNA fiber. Since the

YOYO-1 DNA dye is no longer detectable after the anti-biotin
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Figure 3. Myc Causes Replication Fork Stalling in Xenopus Extracts and Mammalian Cells

(A–D) The DNA fibers that had only one origin and contained forks that progressed either uni- or bidirectionally were analyzed.

(A) Representative images of DNA molecules that incorporated digoxigenin (green) or biotin (red) in control (buffer) or upon Myc overexpression (Myc). Scale bar

is 10 kb.

(B) Fork progression ratio (FPR) of DNA fibers in control andMyc-supplemented extracts. FPR is calculated bymeasuring the lengths of red tracts and dividing the

smaller value by the larger one.

(C) Fraction of DNA fibers that had unidirectional fork progression in control and Myc-supplemented extracts. The dashed line for Myc represents the corrected

value. n R 100; the p value reflects the adjusted value.

(D) B cells isolated from wild-type or l-Myc mice were isolated and processed as in Figure 2D. Asymmetric forks were graphed as in Figure 3C.

Error bars represent SD of the mean.
and anti-digoxygenin staining, we could not selectively count

only those fibers that had unlabeled DNA at the end. However,

since Myc expression results in increased origin density, the

probability of an origin firing close to the end of a DNA fiber is

higher in Myc-overexpressing extracts than in controls. There-

fore, the contribution to fork asymmetry of origins positioned

close to the end of a DNA strand is higher in Myc extracts than

controls. Since the interorigin distance inMyc-supplemented ex-

tracts is one-third shorter than in controls (29.8 versus 19.2 kb),

we applied a correction factor of 0.66 to the Myc value, which is

shown as the dotted line in Figure 3C. Comparison of fork asym-

metry in B cells isolated from l-Myc mice or control mice re-

vealed that the percentage of asymmetric forks was higher in

l-Myc B cells (Figure 3D) than in controls (20.74% versus

7.39%). The presence of significantly more asymmetric forks

upon Myc expression suggests that Myc increases the stalling

or collapse of replication forks.

Cdc45 Recapitulates Myc-Dependent DNA Replication
Stress
Since Myc overexpression increases the association of Cdc45

on chromatin (Dominguez-Sola et al., 2007), we decided to

evaluate the role of Cdc45 in Myc-dependent replication stress.
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We initially assessed the consequences of Cdc45 overexpres-

sion on DNA replication. To do this, we used Cdc45-depleted

extracts (Figure S2A) and first tested the activity of Cdc45 re-

combinant protein (Figure S2A); we found that recombinant

Cdc45 was functional and rescued P32 incorporation in

Cdc45-depleted extracts (Figure S2B). We then supplemented

nondepleted extracts with Cdc45 (Figure 4A) and observed that

overexpression of Cdc45 resulted in precocious origin firing

(Figure 4B), increased origin density as reflected by decreased

interorigin distance (Figure 4C), and increased asymmetry of

replication forks (Figure 4D). Increased expression of Cdc45

thus recapitulated the phenotypes observed upon Myc overex-

pression. Next, we asked whether coexpression of Myc and

Cdc45 has an additive or synergistic effect. We observed that

cooverexpression of Myc and Cdc45 did not result in a higher

fraction of early-replicating DNA fibers when compared with the

effect of Myc or Cdc45 alone (Figure 4B). Similarly, coexpres-

sion of Myc and Cdc45 did not result in a further decrease of

interorigin distance (Figure 4C) or any additional increase in

fork asymmetry (Figure 4D). Since coexpression of both pro-

teins did not augment the overexpression phenotype, these

data strongly suggest that Myc and Cdc45 might function in

the same pathway.
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Figure 4. Cdc45 Recapitulates the Myc-Induced Replication Phenotype
(A) Schematic representation of the experiment.

(B) Early- versus late-replicating DNA (green only versus red only) were plotted for control, Myc, Cdc45, and coexpression of Myc and Cdc45.

(C) The interorigin distances for buffer, Myc, Cdc45, and coexpression of Myc and Cdc45 were measured and plotted as in Figures 1 and 2.

(D) Graph showing the fraction of DNA that had unidirectional fork progression (FPR < 0.25) in control, Myc-, Cdc45-, and Cdc45- and Myc-supplemented

extracts; n R 100.

(E) Interorigin distance was measured after addition of recombinant GINS protein as described in Figure 2.

(F) Asymmetric forks were measured after addition of recombinant GINS as described in Figure 3.

Error bars represent SD of the mean. See also Figure S2.
Cdc45 protein associates with MCM2-7 and GINS to form the

CMG complex, which controls origin firing and DNA unwinding.

Thus, we tested whether GINS overexpression triggers DNA

replication stress. We supplemented extracts with purified, re-

combinant GINS complex (Boskovic et al., 2007) and monitored

the impact on DNA replication. We found that GINS overexpres-

sion increased origin density as reflected by decreased interori-

gin distance (Figure 4E). We also observed more asymmetry of

replication forks in presence of added GINS, although the differ-

ence was not statistically significant (p = 0.1694) possibly due to

sequence divergence between Xenopus and human GINS used

in these experiments (Figure 4F).

Myc-Induced DNA Replication Stress Requires Cdc45
and GINS
To further test the idea that Myc and the CMG complex work in

the same pathway, we next investigated whether Myc-induced

replication stress depended on Cdc45. We hypothesized that

Myc increases origin firing through increased recruitment of

Cdc45 to chromatin and that manifestation of the Myc pheno-
C

type requires Cdc45. To test this, we experimentally created

conditions where Cdc45 becomes rate limiting. We first

established partial Cdc45-depletion conditions (one round of

depletion for 15 min) in which Cdc45 levels are reduced to

approximately 20% of control levels (Figure S2A) but are suffi-

cient to support chromosomal DNA replication to levels compa-

rable to that observed in control extracts (Figure S2C). Reducing

Cdc45 levels to about 20% of controls did not hinder normal

replication (Figure S2C), but reduced the overall pool of available

Cdc45 in the extracts (Figure S2A). We then overexpressed Myc

in bothmock-depleted extracts and in extracts partially depleted

of Cdc45. As anticipated, overexpressingMyc in mock-depleted

extracts resulted in the characteristic Myc phenotypes of early

origin firing (Figure 5A), decreased interorigin distance (Fig-

ure 5B), and increased fork stalling (Figure 5C). In contrast, all

these phenotypes were abrogated when Cdc45 was rate limiting

(Figures 5A–5C and S3).

Next, we evaluated the potential requirement of GINS for

Myc-dependent DNA replication stress. Since GINS are essen-

tial for DNA replication (MacNeill, 2010), we established
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Figure 5. Cdc45 and GINS Are Required for Myc-Dependent Phenotypes

(A) Early- versus late-replicating DNA fibers (green only versus red only) for buffer or Myc-supplemented extracts in mock- or Cdc45-depleted extracts.

(B) Interorigin distances for buffer (control) or Myc extracts in mock- or Cdc45-depleted conditions.

(C) Asymmetric fork progression for buffer or Myc extracts in mock- or Cdc45-depleted conditions were plotted as described in Figure 2; n R 100.

(D and E) The GINS complex was partially depleted using Psf2 antibody. The effect of overexpressing Myc in mock- or GINS-depleted extracts was evaluated.

The experimental setup and measurement of interorigin distances (D) and asymmetric forks (E) are described earlier (Figures 2 and 3).

Error bars represent SD of the mean. See also Figure S3.
conditions for partial depletion of GINS using specific anti-

bodies against Psf2 (Boskovic et al., 2007). This strategy,

although reducing the amount of available GINS (Figure S2D),

successfully preserved genomic DNA replication. Under these

conditions, we found that overexpression of Myc in GINS-

depleted extracts did not significantly alter interorigin distance

(Figure 5D) and did not significantly affect the degree of fork

asymmetry (Figure 5E). We conclude that Myc-dependent

DNA replication stress requires the downstream activity of the

CMG complex.

Mechanisms of Myc-Dependent DNA Damage
Our lab and others have previously described how Myc-depen-

dent DNA replication stress results in DNA damage, a known

consequence of Myc deregulation in different cell types (Domi-

nguez-Sola et al., 2007; Karlsson et al., 2003). Given that

Cdc45 is required for Myc-dependent replication stress, we

next compared the ability of Myc and Cdc45 to trigger DNA

damage. First, we monitored phosphorylation of the H2AX

variant, which is a marker of double-stranded breaks (DSBs)

and aberrant DNA structures following phosphorylation by

ATM, DNA-PKcs, or ATR. As shown in Figure 6A, we confirmed

that Myc expression resulted in elevated g-H2AX. Notably, addi-

tion of recombinant Cdc45 protein to extracts also resulted in
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increased levels of g-H2AX on chromatin (Figure 6A). The in-

crease in g-H2AX correlated with increased levels of the auto-

phosphorylated form of ATM (p-ATM) in extracts overexpressing

Myc or Cdc45 (Figure 6A), thus indicating the concomitant

activation of ATM (Bakkenist and Kastan, 2003) upon Myc or

Cdc45 overexpression. We conclude that Cdc45 recapitulates

all aspects of Myc-dependent replication phenotypes: altered

DNA replication patterns and DNA damage. To assess whether

Myc was required for Cdc45-dependent DNA damage, we first

established Myc-depletion conditions that allowed DNA replica-

tion to proceed with similar kinetics as control, undepleted

extracts (data not shown). We then monitored DNA replication

(interorigin distance) in these Myc-depleted extracts that were

supplemented with either buffer or recombinant Cdc45. We

found that addition of Cdc45 protein to Myc-depleted extracts

shortened the interorigin distance when compared with buffer-

supplemented extracts (Figure S4). This strongly suggests

that Cdc45 exerts its function downstream of Myc. Next, we

assessed whether Myc-dependent DNA damage, i.e., g-H2AX

and p-ATM, required Cdc45. We monitored chromatin-bound

g-H2AX and p-ATM following addition of Myc to control extracts

or extracts partially depleted of Cdc45. Myc-dependent DNA

damage was abrogated in extracts that were deficient in

Cdc45 (Figure 6B). Therefore, both Myc-dependent replication
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Figure 6. Mechanisms of Myc-Dependent

DNA Damage

(A) Chromatin was incubated with extracts that

were supplemented with buffer, Myc, or Cdc45

protein for 45 min. Chromatin-bound proteins

were isolated and immunoblotted with phospho-

ATM (pATM) and gH2AX antibodies (H2AX). His-

tone H3 was used as loading control. The numer-

ical values indicate densitometric analysis of band

intensity using ImageJ.

(B) Mock- or Cdc45-depleted extracts were sup-

plemented with sperm chromatin and incubated

for 1 hr. Chromatin-bound pATM and gH2AX

were assessed as in (A). Band intensities were

quantified using ImageJ; control/buffer was

assigned a value of 1. Depleted extracts were

compared with their corresponding mock-

depleted controls.

(C) Sperm chromatin was replicated in extracts

supplemented with P32 dCTP and increasing

amounts of recombinant p27 protein. The repli-

cation assay was performed as described in

Experimental Procedures. Radioactivity incorpo-

rated into DNA was quantified and plotted. The

arrow indicates the concentration of p27 that in-

hibited DNA replication by 66%.

(D) Chromatin was isolated from extracts supple-

mented with buffer (lane 1), Myc alone (lane 2),

p27 alone (lane 3), or Myc and p27 (lane 4). The concentration of p27 protein that inhibits DNA replication by 66% (as determined from Figure 6C) was

used. Chromatin-bound proteins were blotted with Cdc45 antibodies. Histone H3 was used as a loading control.
stress and subsequent DNA damage require the activity of

Cdc45 downstream of Myc.

Next, we attempted to gain insights into the mechanism by

which Myc recruits Cdc45 to chromatin. Myc is known to antag-

onize p27, the CDK2/cyclin E inhibitor (Vlach et al., 1996), and

CDK2/cyclin E complexes, in turn, modulate p27 (Xic1) activity

at Xenopus replication origins (Furstenthal et al., 2001). More-

over, origin activation and firing require the local activity of

CDK2/cyclin E complexes, which results in the recruitment of

Cdc45 and GINS to primed origins (Mimura and Takisawa,

1998). Therefore, we hypothesized that Myc overexpression

could lower the threshold of CDK activity required for origin acti-

vation and Cdc45 recruitment. To test our hypothesis experi-

mentally, we added recombinant p27 protein at a concentration

that significantly inhibited both DNA replication (Figure 6C), and

Cdc45 loading onto chromatin (Figure 6D, lane 3). Under these

inhibitory conditions, we overexpressed Myc and found that

Cdc45 loading was restored (Figure 6D, compare lanes 3

and 4). This strongly suggests that Myc facilitates Cdc45 recruit-

ment to chromatin and to replication origins by antagonizing the

inhibitory activity of p27.

DISCUSSION

Aberrant DNA replication initiation is a critical source of genomic

instability leading to chromosomal alterations (Davidson et al.,

2006; Kawabata et al., 2011; Lebofsky and Walter, 2007; Shima

et al., 2007). Our previous study demonstrating a nontranscrip-

tional role for Myc in regulating the initiation of DNA replication

prompted us to explore the mechanisms by which this

commonly deregulated oncogene influences DNA replication.
C

Notably, while several studies have documented the transcrip-

tional functions of Myc in regulating S phase entry (Alexandrow

and Moses, 1998; Classon et al., 1987; Heikkila et al., 1987;

Pelengaris et al., 2002), our approach using Xenopus cell-free

extracts allows us to specifically address the nontranscriptional

functions of Myc in regulating replication and triggering onco-

genic DNA damage (Dominguez-Sola et al., 2007; Lebofsky

and Walter, 2007).

Myc Alters Overall DNA Replication Kinetics
Using molecular DNA combing, we observe that Myc overex-

pression triggers premature and more synchronous firing of

replication origins than in control, untreated conditions. This

is supported by the significant increase in DNA fibers that

are fully replicated early. Consistent with the analysis of

replication kinetics by radionucleotide incorporation, Myc

accelerates S phase entry. Since Myc does not alter fork

progression rate (Dominguez-Sola et al., 2007), our results

indicate that Myc alters the intrinsic temporal program of

DNA replication (Czajkowsky et al., 2008; Gilbert et al.,

2010). Notably, Myc also influences the spatial regulation of

DNA replication initiation, as seen by the decrease in interori-

gin distance and the increased incidence of fibers harboring

clusters of origins in Xenopus and mammalian cells upon

Myc overexpression. Of note, interorigin distance was shorter

in B cells than the average values previously reported for

mammalian cells. We believe this could be due in part to the

average size of the DNA fibers analyzed (80 kb), which would

skew the analysis toward short interorigin distance. In addition,

we note that B cells stimulated to proliferate in vitro have a

rapid doubling time.
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Origin Firing and Myc
The spatiotemporal program of origin firing is thought to be

regulated by several mechanisms including origin interference,

activation of dormant origins, and localized activity of protein

kinases. Interference is a mechanism by which newly fired

origins inhibit firing of adjacent potential origins. Interference de-

creases with increased distances from the fired origins (Lebofsky

et al., 2006). It is thought that origin interference helps in

achieving complete replication of the genome by regulating

origin spacing. The activation of dormant origins within unrepli-

cated DNA then allows completion of S phase and is critical to

achieve full replication during normal S phase (Lucas et al.,

2000) or under stress conditions (Anglana et al., 2003; Courbet

et al., 2008; Ge et al., 2007; Woodward et al., 2006). Myc could

alter origin interference early by allowing clusters of origins to

fire, thus disrupting the normal spacing and timing program

(Berezney et al., 2000). Alternatively, since Myc triggers DNA

damage (see below), it is conceivable that Myc-dependent in-

crease in origin density could be due to firing of dormant origins

as a consequence of replication stress. However, our findings do

not favor this theory. In replication assays using radionucleotide

incorporation, Myc-induced replication burst occurs very early.

In fact, as replication proceeds, overall replication actually slows

down due to checkpoint activation (Dominguez-Sola et al.,

2007). Also, in DNA-combing experiments, Myc expression is

accompanied by an increase of early firing origins (‘‘green-

only’’ fibers). The data suggest that the ‘‘green-only’’ tracks

result from excessive early firing and not from the increased firing

of dormant origins activated later in response to fork stalling. By

triggering premature firing of normally silent origins, Myc expres-

sion could accelerate the precocious depletion of origins such

that no dormant origins would be left to fire in case of replication

problems. It is also possible that Myc can render origins more

sensitive to origin-triggering factors whose concentration may

otherwise limit firing early in S phase. Based on our results, we

propose that one mechanism by which Myc stimulates origin

firing is by lowering the threshold of CDK2/cyclin E activity

required to antagonize the CDK inhibitor p27. Some studies sug-

gest that Myc could affect CDK2 activity through multiple mech-

anisms. It has been proposed that Myc directly activates cyclin

D2 transcription resulting in the sequestration of p27 and the

subsequent increase in CDK2/cyclin E activity (Bouchard et al.,

1999). Other reports indicate that Myc can regulate cyclin

E/CDK2 activity in ways that are independent of cyclin D2 (Cam-

paner et al., 2010; Deb-Basu et al., 2006; Hydbring et al., 2010;

Vlach et al., 1996). We suggest that the direct (nontranscrip-

tional) modulation of CDK2 activity, which we observe in tran-

scriptionally inactive extracts, could be most relevant to the

role of Myc in origin firing when cyclin/cdk complexes are readily

available, which is the case in Xenopus extracts or cycling cells.

In contrast, regulation of CDK2 activity byMyc via transcriptional

activation of cyclin D2 could be more relevant to the role of Myc

in facilitating the G0 to S transition in quiescent cells.

Myc, Fork Symmetry, and Subsequent DNA Damage
We have shown that a significant number of forks initiated in

presence of excess Myc do not progress bidirectionally. Since

Xenopus extracts are devoid of transcription, fork arrest cannot
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be the result of collisions between the replication and transcrip-

tion machinery. Additionally, we find that Myc expression does

not impact the fraction of forks with moderate asymmetry; the

presence of excessMyc results in replication forks that are either

symmetric or profoundly asymmetric, with only about 25% of

fibers exhibiting intermediate phenotypes. The absence of a

Gaussian distribution of fork progression ratios strongly sug-

gests that fork stalling is an early event.

When stalled forks fail to restart, the replisome might disas-

semble and cause DNA breaks (Labib and Hodgson, 2007).

Furthermore, the inaccurate restart of stalled replication forks

can cause genome instability (Petermann and Helleday, 2010).

Since themodes of dealing with stalled replication forks is restart

without recombination, or the formation of double-strand breaks

(Labib and Hodgson, 2007), and Myc deregulation leads to DNA

damage including DSBs (Karlsson et al., 2003), we propose that

Myc-dependent stalled forks are more prone to generate DSBs.

Thus, it is possible that by increasing origin firing, Myc over-

whelms processes that ensure proper fork progression, fork

restart at stalled forks, or fork termination. For example, en-

zymes such as DNA topoisomerases, nucleases required for

replication fork progression (MRN complex), or DNA helicases

involved in resolution of aberrant replication intermediates could

become limiting when too many origins are activated at once.

Indeed, there is evidence that Myc overexpression challenges

the normal physiology of DNA replication forks because loss of

the WRN RecQ helicase, a protein that is critical for replication

fork stability and restart (Ammazzalorso et al., 2010; Sarkies

et al., 2012; Sidorova et al., 2008), sensitizes cells toMyc expres-

sion and triggers cellular senescence (Grandori et al., 2003;

Moser et al., 2012; Robinson et al., 2009).

CMG and Myc-Dependent DNA Replication Stress
Cdc45 and GINS are essential for DNA replication: they are part

of the complex that unwinds DNA at each replication fork and

tethers DNA polymerase to the initiation complex (Gambus

et al., 2006; Hashimoto et al., 2012; Jares and Blow, 2000;

Mimura and Takisawa, 1998; Pacek et al., 2006). In contrast to

MCMs, which are loaded in excess (Hyrien et al., 2003), Cdc45

is rate limiting in yeast (Edwards et al., 2002; Tanaka et al.,

2011) and is thought to be a better marker for active replication

forks (Hashimoto et al., 2012). However, our present study and

others (Edwards et al., 2002) indicate that Cdc45 may not be

rate limiting in Xenopus. Furthermore, excess Cdc45 is known

to activate dormant origins (Wong et al., 2011).

Myc overexpression results in increased binding of Cdc45 on

chromatin (Dominguez-Sola et al., 2007), and the increased

dosage of Cdc45 allows late origins to fire earlier in the S phase

(Wong et al., 2011). In this study, we have demonstrated that

Cdc45 is a critical regulator of Myc-driven DNA replication

stress. Cdc45 overexpression, and to a lesser extent overex-

pression of GINS, recapitulates all the phenotypes of Myc over-

expression: increase in early origin firing, decreased interorigin

distance, increase in asymmetrical forks, and subsequent DNA

damage. Our data are in agreement with studies demonstrating

that increasing Cdc45 levels leads to increased origin usage

(Wong et al., 2011; Wu and Nurse, 2009). Importantly, when

Cdc45 or GINS are depleted such that normal replication is



allowed but these factors become rate limiting, Myc overexpres-

sion no longer alters DNA replication timing and fork stability, nor

does it trigger DNA damage. The abrogation of Myc-dependent

replication stress phenotypes in a Cdc45- or GINS-deficient

setting indicates that the CMG complex acts downstream of

Myc and is required for the DNA replication stress generated

by Myc. Furthermore, and consistent with Myc and Cdc45 oper-

ating in a single pathway, we show that coexpression of Myc and

Cdc45 does not exacerbate the phenotypes of Myc or Cdc45

expression alone. Therefore, our work suggests that Myc over-

expression enhances Cdc45 recruitment to replication origins

in a manner that does not require transcription; excess Cdc45

on chromatin then hyperactivates origin firing, which, in turn,

results in fork stalling that could lead to genomic instability.

Our studies are consistent with the idea that CDK2/cyclin E is

a limiting factor for origin activation, and that the threshold of

CDK2/cyclin E activity required for origin firing is, at least in

part, controlled by Myc. Our studies further raise the possibility

that Cdc45 and possibly the CMG complex could collaborate

with Myc overexpression in tumor development or, when over-

expressed or amplified, could act as oncogenes.

EXPERIMENTAL PROCEDURES

All animal experiments were approved by the Institutional Animal Care andUse

Committee at Columbia University Health Sciences Center under the supervi-

sion of the Institute of Comparative Medicine.

Preparation of Xenopus Interphase Extracts

Xenopus extracts were prepared as described earlier (Srinivasan and Gautier,

2011). Briefly, eggs were crushed by centrifugation to obtain the cytosol/

membrane fractions and supplemented with cycloheximide (20 mg/ml), crea-

tine phosphate, creatine phosphokinase, and protease inhibitors cocktail

before use.

Preparation of Sperm Chromatin

Sperm chromatin was prepared as described previously (Srinivasan and Gaut-

ier, 2011). For radioactive replication assays, 10,000 nuclei were used for a

10 ml reaction. For replication assays in DNA-combing experiments, 40,000

nuclei were used per 20 ml of extract.

Isolation, Induction, and Labeling of B Cells

B cells were isolated from spleens of nonimmunized, 3-month-old, wild-type

or l-Myc mice, using the B cell Isolation Kit (Miltenyi Biotec). B-cell-enriched

fractions were cultured (0.5 3 106 cells/ml) in RPMI (Life Technologies) with

10% fetal bovine serum (Hyclone), 53 nM B-mercaptoethanol, 1% sodium py-

ruvate, 1% glutamine, 10 mM HEPES, and antibiotics. Cells were induced by

20 mg/ml lipopolysaccharide (Sigma-Aldrich) and 5 ng/ml interleukin-4 (RBD

Systems), grown for 2 days, and then labeled with 5-chloro-2-deoxyuridine

(green) (2 hr) followed by 5-iodo-2-deoxyuridine (Sigma-Aldrich) (2 hr). Labeled

cells were processed for DNA combing and immunofluorescence staining.

Radioactive Replication Assay I

The reaction was set up with 10 ml of extract, 0.1 ml of P32 dCTP, and 10,000

sperm nuclei. Where indicated, recombinant protein (Myc, Cdc45, p27, or

GINS) was added. The samples were processed, electrophoresed, and

analyzed as described previously (Srinivasan and Gautier, 2011).

Replication Assay II and DNA Combing

Twenty microliters of undepleted, mock-depleted, or partially depleted ex-

tracts was supplemented with 2,000 sperm nuclei/ml and 0.4 ml digoxigenin

dUTP (1 mM stock Roche) and incubated at 21�C for 1 hr. After the first

hour, biotin dUTP (0.4 ml of 1 mM stock) was added, and the reaction was incu-
C

bated at 21�C for 1 hr; reaction was stopped with ice-cold 13 PBS. After

terminating the reaction, DNA was processed and combed onto silanized cov-

erslips. The incorporated digoxigenin (green) and biotin (red) were detected by

immunofluorescence staining. Technical details have been carefully described

earlier (Marheineke et al., 2009). For DNA combing, we used a custom-built

DNA-combing device that immersed silanized coverslips in the MES/DNA

solution for 5min and lifted themat the rate of 300 mMper second. For the anal-

ysis of replication, we used DNA molecules that were 40 kb or longer and had

incorporated either digoxigenin (green) or both digoxigenin and biotin (reddish-

orange). Only DNA fibers that exhibited continuous staining or had gaps <2 kb

were analyzed. Experiments were repeated at least three times.
Immunofluorescence Staining

Detection of digoxygenin-dUTP and biotin-dUTP (extracts) and of the IdU and

CldU incorporation (B cells) is described earlier (Marheineke et al., 2009).
Protein Preparation and Purification

Preparation of Myc:Flag-tagged recombinant XenopusMyc protein (both wild-

type and mutant) was prepared as previously described (Dominguez-Sola

et al., 2007). Recombinant Myc protein was used at a final concentration of

75 nM in overexpression experiments.

Preparation of Cdc45 Protein

Recombinant Cdc45 was prepared by amplifying the Cdc45-encoding

baculovirus in Sf9 cells and infecting High Five cells to produce recombinant

protein. Cells were harvested, and protein was purified using standard nickel

column purification techniques (Life Technologies).

Preparation of Recombinant p27 Protein

The pGEX-p27 plasmid (a kind gift from Dr. R. Yew) was used to transform

BL21 cells; p27 is expressed as a GST-fusion protein. The BL21 cells were

cultured at 27�C and induced with isopropyl b-D-1-thiogalactopyranoside

for 6 hr before harvesting. Standard GST protein purification methods were

used to isolate p27 protein.
Depletion of Xenopus Extracts

Cdc45 serum (a generous gift from Dr. J. Walter) was used to deplete the

extract of Cdc45. Protein A beads were incubated with Cdc45 serum over-

night. Xenopus extract was added to the washed beads, incubated for

15 min at 4�C, and recovered by low-speed centrifugation through a cellulose

column. One round of depletion was sufficient to render the extract Cdc45

deficient; two rounds of depletion for 15 min each was performed to obtain ex-

tracts devoid of Cdc45. Depletion of Myc and GINS was performed using Myc

and GINS (Psf2, a kind gift from Dr. Mendez) antibodies.
Western Blotting and Detection of Chromatin-Bound Proteins

Depletion of Cdc45/GINS or Myc in the extracts was confirmed by western

blotting. To detect chromatin-bound proteins, reactions were assembled

with 50 ml of extract and 10,000 sperm nuclei/ml and recombinant protein

wherever indicated. Chromatin was isolated through a sucrose cushion;

bound proteins were resolved by SDS-PAGE and detected with indicated

antibodies (Srinivasan and Gautier 2011).
Microscopy

The Zeiss Palm Microbeam Fluorescent Microscope with a 1003 objective

and 103 eye piece was used to capture images. Images were taken in a series

using an automated stage with 10% overlap and then stitched to generate a

comprehensive image.
Data analysis

Data analysis was carried out using ImageJ 1.46d software (http://imagej.nih.

gov/ij/index). The pixel to micrometer ratio used was 0.09 for multiple-tiled im-

ages and 0.06 for individual images and was in accordancewith the calibration

of the microscope. A conversion factor of 1 mm = 2 kb was applied to obtain

DNA length. All error bars represent SD of the mean. The two-tailed t test

was used to determine significance.
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Hurwitz, J., van Oijen, A., Schärer, O.D., and Walter, J.C. (2011). Selective

bypass of a lagging strand roadblock by the eukaryotic replicative DNA heli-

case. Cell 146, 931–941.

Furstenthal, L., Swanson, C., Kaiser, B.K., Eldridge, A.G., and Jackson, P.K.

(2001). Triggering ubiquitination of a CDK inhibitor at origins of DNA replica-

tion. Nat. Cell Biol. 3, 715–722.

Gambus, A., Jones, R.C., Sanchez-Diaz, A., Kanemaki, M., van Deursen, F.,

Edmondson, R.D., and Labib, K. (2006). GINS maintains association of

Cdc45 with MCM in replisome progression complexes at eukaryotic DNA

replication forks. Nat. Cell Biol. 8, 358–366.

Ge, X.Q., Jackson, D.A., and Blow, J.J. (2007). Dormant origins licensed by

excess Mcm2-7 are required for human cells to survive replicative stress.

Genes Dev. 21, 3331–3341.

Gilbert, D.M. (2010). Evaluating genome-scale approaches to eukaryotic DNA

replication. Nat. Rev. Genet. 11, 673–684.

Gilbert, D.M., Takebayashi, S.I., Ryba, T., Lu, J., Pope, B.D., Wilson, K.A., and

Hiratani, I. (2010). Space and time in the nucleus: developmental control of

replication timing and chromosome architecture. Cold Spring Harb. Symp.

Quant. Biol. 75, 143–153.

Grandori, C., Cowley, S.M., James, L.P., and Eisenman, R.N. (2000). The Myc/

Max/Mad network and the transcriptional control of cell behavior. Annu. Rev.

Cell Dev. Biol. 16, 653–699.

Grandori, C., Wu, K.J., Fernandez, P., Ngouenet, C., Grim, J., Clurman, B.E.,

Moser, M.J., Oshima, J., Russell, D.W., Swisshelm, K., et al. (2003). Werner

http://dx.doi.org/10.1016/j.celrep.2013.04.002


syndrome protein limits MYC-induced cellular senescence. Genes Dev. 17,

1569–1574.

Hashimoto, Y., Puddu, F., and Costanzo, V. (2012). RAD51- and MRE11-

dependent reassembly of uncoupled CMG helicase complex at collapsed

replication forks. Nat. Struct. Mol. Biol. 19, 17–24.

Heikkila, R., Schwab, G.,Wickstrom, E., Loke, S.L., Pluznik, D.H.,Watt, R., and

Neckers, L.M. (1987). A c-myc antisense oligodeoxynucleotide inhibits entry

into S phase but not progress from G0 to G1. Nature 328, 445–449.

Heller, R.C., Kang, S., Lam, W.M., Chen, S., Chan, C.S., and Bell, S.P. (2011).

Eukaryotic origin-dependent DNA replication in vitro reveals sequential action

of DDK and S-CDK kinases. Cell 146, 80–91.

Herold, S., Herkert, B., and Eilers, M. (2009). Facilitating replication under

stress: an oncogenic function of MYC? Nat. Rev. Cancer 9, 441–444.

Hydbring, P., Bahram, F., Su, Y., Tronnersjö, S., Högstrand, K., von der Lehr,
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Supplemental Information

Figure S1. Size Distribution of DNA Fibers A, Related to Figures 1 and 2

(A) Distribution of lengths (in Kb) of YO-YO-iodide stained DNAmolecules in control (buffer) orMyc-overexpression conditions from a representative experiment is

plotted; N = 100. (Average DNA fiber lengths: Buffer = 73.42kb; Myc = 74.89kb).

(B) Distribution of lengths (in Kb) of replicatedDNAmolecules in control (buffer) orMyc-overexpression conditions from a representative experiment is plotted. N =

118. Range of replicated DNA lengths for buffer = 40.08 to 182.9Kb; Myc = 40.1 to 130.2Kb. Average replicated DNA lengths: Buffer = 83.18kb; Myc = 69.34kb.

The DNA molecules that were at least 40Kb in length and longer were analyzed for replicated DNA length.
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Figure S2. Partial Depletion of Cdc45 and Activity of Recombinant Cdc45 in Extracts, Related to Figure 4

(A–D) Conditions were standardized for the partial depletion of Cdc45 by using the indicated intervals (15 min) and rounds (1X or 2X) of depletion.

(A)Western Blot of bothMock andCdc45 depleted lysates was probedwith Cdc45 antibody to determine the level of Cdc45 in the extracts. The amount of extract

loaded (in microliters) in each lane is indicated in the figure. Densitometry analysis of the bands was performed using Image J and the values obtained are

indicated.

(B) Radioactive P32 incorporation assay to indicate replication in Cdc45-depleted extracts. Extracts were depleted of Cdc45 for one round of fifteen minutes and

then supplemented with either buffer or recombinant Cdc45 and assayed for the ability to replicate DNA.

(C) Replication Assay using radioactive P32 incorporation was preformed to assess the replication efficiency of extracts that were Mock- or Cdc45-depleted for

one (1X) or two (2X) rounds of 15 min each. Depletion of Cdc45 for one round of fifteen minutes was used in further experiments since it limited Cdc45 availability

while allowing DNA replication to proceed at levels comparable to mock-depleted extracts.

(D) Western blot analysis of extracts with partial depletion of GINS (one round, for 15 min). Psf1 (a component of the GINS complex) antibody was used to detect

GINS. Histone H3 was used as a loading control.
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Figure S3. Myc-Induced Acceleration of DNA Replication Requires Cdc45, Related to Figure 5

Replication reactions using radioactive P32 incorporation at 1 hr was carried out with buffer or Myc overexpression in Mock or Cdc45-depleted conditions. The

total amount of P32 incorporation was obtained by densitometry analysis of the gel images.
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Figure S4. Cdc45 Overexpression Can Compensate for Myc Depletion in Xenopus Extracts, Related to Discussion

Replication reactions were assembled with Mock or Myc-depleted Xenopus extracts supplemented with recombinant Cdc45 protein. Inter-origin distance was

measured as described in Figure 2.
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